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ABSTRACT: The title compound crystallizes in the monoclinic P2,/c space
group with a = 11.2470(3) A, b = 5.9034(2) A, ¢ = 12.0886(3) A, f =
115.143(1)°, and V = 726.58(4) A® and consists of discrete monomeric
NiCl,(o-phenylendiamine), molecules. Each o-phen ligand coordinates in a
bidentate mode with the chloride ions occupying trans positions in the
resulting tetragonally distorted octahedral coordination sphere. Two discrete
sets of N—H--Cl hydrogen bonds link the octahedral molecules into a two-
dimensional network, with type 1 interactions linking adjacent monomers
along the ¢ axis and type 2 interactions linking monomers along the diagonals
in the bc plane. Analysis of the magnetic data reveals the existence of weak
antiferromagnetic coupling within the layers via these hydrogen bonds, in
addition to the presence of zero field splitting, with the best fit obtained for a
1d antiferromagnetic model with g = 2.0917(7), J/k = —2.11(4) K [J =

—1.47(3) em™'], and D = 1.05(3) cm™ [ = D/IJl = 0.72(6)] for the model with D > 0 and g = 2.0911(6), J/k = —2.26(1) K [J =
—1.57(1) em™], and D = —0.86(1) cm™ [B = D/IJl = 0.55(6)] for the model with D < 0. Theoretical calculations of the

exchange coupling confirm the experimental results, yielding values of ],

—0.56 cm™ for the type 2 hydrogen bonds.

B INTRODUCTION

The organic compound o-phenylenediamine is a well-known
reagent that is used extensively in the preparation of Schiff base
complexes." The complex species obtained in solution with
NiCl, is often used as a templating reagent in these syntheses.”
In studies with metal ions, o-phenylenediamine has been shown
to act in a variety of ways: as a bidentate ligand, as a
monodentate ligand, and even as a bridging ligand.3 On the
other side, although Ni(II) complexes with o-cyclohexanedi-
amine are quite numerous (up 27 examples can be found in the
CCDC database updated Nov 2011)," the number of Ni(II)
complexes with the corresponding aromatic o-phenylenedi-
amine ligand is much lower (only seven complexes can be
found in the CCDC database, including the title compound).>®
A preliminary report of the crystal structure of NiCl,(o-
phenylenediamine), (henceforth NiCl,(opda),) showed the
structure contains discrete trans octahedral NiCl,(opda),
species in which the o-phenylenediamine molecules serve as
bidentate ligands.® In this paper, we reexamine the crystal
structure of NiCl,(opda),, focusing on the N—H--Cl hydrogen
bond network, whose presence in this compound leads to an
interesting example of molecular self-assembly through weak
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—1.39 cm™" for the type 1 hydrogen bonds and J,/k =

interactions, an important topic in supramolecular chemistry.”
We report here the magnetic properties of the title compound,
where octahedral Ni(II) complexes show weak antiferromag-
netic interaction through the H-bonds. The fit of the magnetic
properties to different 1D and 2D models with and without
zero field splitting (ZFS) has raised an ambiguity with two
possible exchange pathways. DFT calculations were performed
to evaluate the magnetic coupling constant through the two
different H-bond exchange pathways, since this methodology
has proved to be a very useful tool to study the exchange
interactions in dinuclear® or polynuclear complexes.’

B EXPERIMENTAL SECTION

Crystal Growth and X-ray Analysis. X-ray intensity data were
collected at 90(2) K using a Bruker/Siemens SMART APEX
instrument (Mo Ka radiation, A = 0.71073 A) equipped with a
Cryocool Neverlce low-temperature device. Data were measured using
omega scans of 0.3° per frame for S s, and a full sphere of data was
collected. A total of 2400 frames were collected with a final resolution
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of 0.83 A. Cell parameters were retrieved using SMART" software
and refined using SAINTPlus'' on all observed reflections. Data
reduction and correction for Lp and decay were performed using the
SAINTPlus software. Absorption corrections were applied using
SADABS."> The structure was solved by direct methods and refined
by a least-squares method on F* using the SHELXTL program
package.”® The structure was solved in the space group P2,/c by
analysis of systematic absences. All non-hydrogen atoms were refined
anisotropically. Data collection and refinement parameters are given in

Table 1. Crystal Data and Structure Refinement

empirical formula C,H,,CLN,Ni

fw 345.90

T (K) 90(2)

cryst syst monoclinic
space group P2,/c

a (A) 11.2470(3)
b (A) 5.9034(2)
c (A) 12.0886(3)
P (deg) 115.143(1)
V (A% 726.58(4)
z 2

Dy (Mg/m?®) 1.581

1 (mm™) 1.694
F(000) 356

cryst size (mm®) 0.38 X 0.14 X 0.13
cryst color and habit blue needle
reflns collected 10 696

1674 [R(int) = 0.0157]
0.8099 and 0.5654
1674/0/104

1.070

R, = 0.0198, wR, = 0.0513
R, = 0.0204, wR, = 0.0518
0.424 and —0.230

indep reflns

max. and min. transmn
data/restraints/params

GOOF

final R indices [I > 20(I)]

R indices (all data)

largest diff peak and hole (e A™3)

Table 1. Further details are provided in the Supporting Information.
Crystallographic data for the structure has been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tions no. CCDC-732815.

Magnetic Measurements. Variable-temperature susceptibility
measurements were carried out in the temperature range 2—300 K
with an applied magnetic field of 0.1 T on a ground polycrystalline
sample (96.75 mg) with a SQUID magnetometer (Quantum Design
MPMS-XL-5). The susceptibility data were corrected for the
diamagnetic contributions of the sample as deduced by using Pascal's
constant tables. In addition, the isothermal magnetization of the
sample was measured at 2 K in fields ranging from 0 to 9 T with a
Quantum Design PPMS-9 apparatus.

Computational Details. To support and validate the results of the
magnetic study, theoretical calculations were undertaken for the
exchange pathways present in this system. Since a detailed description
of the computational strategy adopted in this work can be found
elsewhere,"*™"7 only a brief sketch of its most relevant aspects will be
given here. A phenomenological Heisenberg Hamiltonian, i =
—]31-32, is used to describe the exchange coupling in a dinuclear
compound, where ] is the exchange coupling constant and S, and S,
the local spins on centers 1 and 2, respectively. It has been found that,
when using DFT-based wave functions, a reasonable estimate of the
exchange coupling constants can be obtained from the energy
difference between the state with highest spin, Eys, and the low-spin
wave function, E;¢ (traditionally called broken-symmetry solution)
obtained by just flipping one of the spins through the following
equation:
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J= Eis — Byg

- 258, + S, (1)

This equation does not include the spin projection as originally
proposed by Noodlemann et al.'® The presence of the self-interaction
error in the exchange—correlation functional includes an unspecified
amount of nondynamic correlation energy, resulting in the fact that the
monodeterminantal solution corresponding to the low-spin wave
function provides an energy value close to that corresponding to the
low-spin state."* The inclusion of the spin projection gives a strong
overestimation of the calculated ] values, especially for system with
small S; values.

The hybrid, DFT-based B3LYP method"® has been used in all
calculations as implemented in Gaussian03,”° mixing the exact
exchange with Becke’s expression for the exchange functional® and
using the Lee—Yang—Parr correlation functional** The triple-{ basis
set proposed by Schaefer et al** was employed including two extra p
functions for the Ni atoms as well as a d polarization function and two
s and p diffuse functions for Cl atoms in order to improve the
description of the hydrogen bond interactions. Due to the small
magnitude of the exchange coupling constants, all energy calculations
must be performed including the SCF = Tight option of Gaussian to
ensure sufficiently well converged values for the calculated energies.

B RESULTS AND DISCUSSION

Structural Description. The monomeric trans octahedral
NiCl,(opda), species, in which the o-phenylenediamine
molecules serve as bidentate ligands, is illustrated in Figure 1.

Figure 1. Illustration of the molecular structure for NiCl,(o-
phenylenediamine), .

Bond distances are normal (Ni—Cl = 2.4497(3) A and Ni—N1
and Ni—N8 = 2.081(1) and 2.07(1) A, respectively). The small
bidentate bite angle (81.68(4)°) exerts a rhombic distortion on
the tetragonally elongated octahedral coordination sphere. The
octahedra are hydrogen bonded together into layers parallel to
the bc plane through two sets of intermolecular hydrogen
bonds, as illustrated in Figure 2. Pairs of N—H---Cl bonds (type
1) link adjacent octahedra along the ¢ axis (N—Cl = 3.256 A,
Ni—Cl--N = 122.76°, H---Cl = 2.395 A, and N-H---Cl =
171.98°), while single N—H--Cl bonds (type 2) (N-Cl =
3275 A, Ni—Cl---N = 144.46°, H---Cl = 2.417 A, and N—H---Cl
= 171.58°) link octahedra that lie at the unit cell corners and bc
face centers. The structural parameters are virtually identical in
both sets of hydrogen bonds, except for the Ni—Cl---N angles.
Adjacent Ni/Cl hydrogen-bonded networks are separated by
double layers of the phenyl groups of the o-phen ligands, as
seen in the space-filling diagram in Figure 3. Adjacent layers are
separated by unit cell translations in the a direction.

The analysis of the magnetic data (vide infra) shows that
antiferromagnetic interactions are present in this system. These
interactions must be mediated by the hydrogen bonds within
the Ni/Cl layers. Via these hydrogen bond interactions,
complex two-dimensional magnetic layers are defined. A
number of possibilities exist, depending on the sign and
magnitude of the exchange coupling via the two types of
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Figure 2. Illustration of the layer structure. Type 1 hydrogen bonds
are shown as red, dashed lines, and type 2 as blue, dashed lines. Color
code: Ni = red, Cl = green, N = blue. The ¢ axis is horizontal, and the b
axis is vertical.

Figure 3. Space-filling illustration of the packing between layers,
demonstrating the effective isolation of adjacent magnetic layers. The
Ni and Cl atoms are shown as green balls.

hydrogen bonds. If the interactions through the pairs of
hydrogen bonds along the ¢ axis dominate (denoted as J;), the
NiCl,(opda), species will be linked into uniform one-
dimensional magnetic chains (dashed lines in Scheme 1). In
contrast, if the interactions through the single hydrogen bonds
between the species at the cell corners and the bc face centers

Scheme 1
0 c -I1
H li ¢ ————-PNi
1) u". J\I
fﬁ
"‘ ’.'
Ni € —-T—--»Ni
:‘ ».-‘
;':

"
bNi— Nie----»Ni
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are dominant, denoted as J,, they will link the system into a
square magnetic lattice (dotted lines in Scheme 1).
Importantly, it should be noted that if the ], interaction is
antiferromagnetic, the coupling through the ], pathway will
always be frustrated, be it ferromagnetic or antiferromagnetic,
since the Ni ions in positions 0 and ¢ present different spin
orientation as ] is antiferromagnetic and the central Ni ion is
equally coupled to both Ni ions (in 0 and ¢ positions).
Magnetic Studies. To analyze the magnetic data, both zero
field splitting in the S = 1 Ni(Il) ions and the exchange
coupling within the layers must be considered. The magnetic
susceptibility data for the NiCl,(opda), sample show
continuously increasing values as the temperature is lowered,
as seen for the low-temperature portion of the data in Figure 4.
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Figure 4. Low-temperature portion of the y,, vs T plot.

At the lowest temperatures, there is just a hint that it is
approaching a maximum value, suggesting the presence of
dominant weak antiferromagnetic interactions within the layers.
The plot of ¥, T vs T (Figure S) shows continuously decreasing
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Figure S. Plots of the experimental y,, T vs T data (open circles) and
theoretical calculations for a 1D, 2D, corrected 1D, monomer with
ZFS, and 1D with ZFS for D > 0 and D < 0 models. Inset shows the
low-temperature region.

values as the temperature is lowered, confirming the presence
of dominant antiferromagnetic interactions. Although it could
be argued that the decrease in the y,,T product may be due
exclusively to the presence of a zero field splitting in the § = 1
Ni(II) ions, the hint observed in the y,, plot (Figure 4) and the
fact that the decrease in the y,, T product at low temperatures
starts at ca. SO K (Figure 5) suggest that there must be a
dominant antiferromagnetic interaction (along with the ZFS,
see below). The magnetization plot (M vs H, not shown)
shows a value of ca. 1.6 yy at 9 T, below the expected value (ca.
2.0 yig), confirming the presence of dominant antiferromagnetic
exchange interactions. As can also be seen in Figure S, y,,T is
still declining rapidly at T = 2 K, with a y,,T value less that 0.3
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emu K mol™. This result rules out the possibility that the
system is behaving as a frustrated magnet.

According to the structural features described above, we can,
in principle, imagine two p0551b1e limiting exchange pathways:
(i) an S = 1 AFM 1D system * and (ii) an S = 1 AFM 2D
system (quadratic layer antiferromagnet, QLAF).”® These two
models reproduce quite well the magnetic data in the whole
temperature range with the following parameters: J/k =
—2.182(7) K [J = —1.516(5) cm™] with g = 2.095(1) for
the 1D model and J/k = —1.257(7) K [J = —0.873(5) cm™]
with g = 2.099(1) for the 2D model (Figure S and Table 2).

Table 2. Magnetic Parameters Obtained with the Different
Models Used (See Text)?

model g J (em™) J (em™) DI (em™)
1D 2.095(1) —1.516(5)
corrected 1D 2.0877(5) —1.72(1) —0.22(1)
2D 2.099(1) —0.873(5)
monomer ZFS 2.000(2) 12.0(1)
ID + ZFS (D > 0)  2.0917(7)  —1.47(3) 1.05(3)
1D + ZFS (D <0)  20911(6) —1.57(1) —0.86(1)

“The Hamiltonian is written as H = —J§,-5,.

Given the existence of two hydrogen-bonding pathways, the
data were then fit to the molecular field corrected 1D model.>®
This model also reproduces quite well the magnetic data in the
whole temperature range (Figure S) with the following
parameters: J/k = —2.48(1) K [J = —=1.72(1) cm™] and J/k
=—031(1) K [J'= =0.22(1) cm™'] with g = 2.0877(5) (Table
2, the Hamiltonian is written as H = —]Sl S, in all cases).
Because of the frustration induced by the ], pathway with J
being antiferromagnetic, the J' value corresponds to the overall
local field and not directly with the J, pathway. Thus, it is
impossible to assert the sign of the J, pathway from the analysis
of the magnetic data. Thus, although the 1D model with the
molecular field correction reproduces slightly better the
magnetic data (especially at high temperatures), it can be
argued that this fact may be only due to the increase in the
number of fitting parameters (from two to three), and thus, the
large number of adjustable parameters becomes an additional
possible reason limiting the extraction of reliable exchange
parameters in the fit. To summarize, we can conclude that there
is a dominant weak antiferromagnetic interaction of ca. 1-2
cm™" between the Ni(II) centers, in at least one direction, along
with a possible ZFS.

Once having established the nature and approximate
magnitude of the dominant magnetic coupling, we have tried
to estimate the possible presence of a ZFS in the S = 1 Ni(1I)
ions using two different limiting models. In a first approach, we
have assumed that the decrease in the y,T product is
exclusively due to the presence of a ZFS, and accordingly, we
have fit the magnetic properties with a simple S = 1 monomer
with a ZFS.>® This model gives only a rough agreement with g

= 2.000(2) and a IDI value as high as 12.0(1) cm™'. The
relatlvely bad agreement and the high D value (usually below
6—8 cm™! for Ni(II) ions)*” confirm the need to consider an
exchange coupling for the title compound. Thus, in a second
approach, we have used the model including the ZFS proposed
by Borras-Almenar et al.>® for an alternating antiferromagnetic
S =1 chain since this model can be reduced to a regular
antiferromagnetic chain when the exchange alternation
parameter («) is fixed to 1 (unfortunately, there is no
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equivalent 2D AF model, including the ZFS, available). The
two different expressions provided by this model (depending
on the sign of the D parameter) give very good agreement with
the experimental data over the whole temperature range with
the following parameters: g = 2.0917(7), J/k = —2.11(4) K [J =
—1.47(3) em™], and D = 1.05(3) ecm™ [ = D/IJl = 0.72(6)]
for the model with D > 0 and g = 2.0911(6), J/k = —2.26(1) K
[J = -1.57(1) em™'], and D = —0.86(1) cm™' [ = D/IJl =
0.55(6)] for the model with D < 0 (solid lines in Figure ).
Although both fits are very similar, precluding an unambiguous
assignment of the sign of D, they confirm the coexistence of
both contributions: a weak antiferromagnetic coupling and a
ZFS. Note that the use of a molecular field corrected model for
an AF S = 1 chain including a ZFS would simply increase to
four the number of adjustable parameters but is not expected to
significantly improve the fit.

Theoretical Results. Although the corrected 1D model
suggests that the exchange pathways through the double
hydrogen bonds along the ¢ axis (type 1, J;, Scheme 1) are
more important than the single hydrogen bonds (type 2, J,,
Scheme 1), we cannot exclude the opposite possibility since the
involved intermolecular distances are very similar in both cases.
In addition, as noted above, the experimental magnetic data are
not capable of predicting the sign of J,. Therefore, in order to
try to elucidate the correct magnetic coupling, we have
performed calculations based on density functional theory
(DFT) to evaluate the exchange coupling constants corre-
sponding to the two interactions (types 1 and 2) as indicated in
Figure 6. A brief description of the employed approach has
been included in the Computational Details section. It is worth

.
w%

Figure 6. Representation of the two main intermolecular interactions.
(a) Motif corresponding to the type 1 interaction (a double N—H---Cl
bond with d(H:--Cl) = 2.395 A) in Figure 2; (b) type 2 interaction (a

simple N—H--Cl bond with d(H---Cl) = 2.417 A). Color code: Ni =
gray, Cl = green, C = brown, and N = blue.
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noting that some theoretical studies devoted to the presence of
the exchange pathways through intermolecular weak inter-
actions have been performed by some of us***° and other
authors®' with a remarkable accuracy in the estimation of the |
values. Also, we would like to remark that this type of hydrogen
bond involving N—H---Cl contacts plays a key role in some
important complexes in molecular magnetism, such as the
single molecule magnet Mn, dimer complex that exhibits
exchange-biased quantum tunneling due to the presence of
these weak interactions.*”

The calculated ] values corresponding to the two
intermolecular exchange pathways represented in Figure 6 are
—1.39 and —0.56 cm™ for the type 1 and 2 bridges,
respectively. These values are in agreement with the
experimental data obtained from the fit of the magnetic
properties (—1.72(1) and —0.22(1) cm™ for the corrected 1D
model, Table 2), confirming the presence of a weak
antiferromagnetic interaction in both bridges. The relative
strength of the two exchange pathways is basically related with
the double pathway for the exchange present in the type 1
interaction since the H---Cl bond distances are very similar. To
confirm this assumption, we have analyzed the influence of the
H---Cl bond distance on the exchange interaction. The
dependence of the J value for the type 1 model is represented
in Figure 7, showing relatively small changes in the exchange

0.5
14
§ .5
5
2
2.5 T T T T T
2.2 2.3 2.4 25 2.6
d(Cl--H) (A)

Figure 7. Dependence of the exchange coupling constant correspond-
ing to the type 1 interaction on the intermolecular Cl--H bond
distance calculated using the B3LYP functional. The solid black circle
corresponds to the experimental bond distance in the studied
compound.

interaction when the intermolecular distance is changed. Thus,
the increase in the antiferromagnetic coupling due to a
shortening of 0.2 A in the H--Cl is less than 1 cm™". In
order to complete the study of the influence of geometrical
parameters, we performed a calculation of the type 2 structure,
modifying the Ni—Cl---N angle (144.46°) until the value of
122.76°, corresponding to the type 1 interaction. The
calculated J value (—0.28 cm™) shows a decrease of the
exchange couplin§ constants because the spin delocalization of
the Ni' cation®*** on the axial chlorine atoms is mainly in the p
orbitals (see Figure 8), and consequently, a smaller Ni—Cl---N
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Figure 8. Representation of the molecular orbitals bearing the four
unpaired electrons in the model structure corresponding to the type 1
interaction and the broken-symmetry solution.

angle will result in a less efficient exchange pathway. Thus, it is
important to keep in mind that the exchange coupling constant
through the type 1 interaction is more than twice as
antiferromagnetic as through the corresponding type 2
interaction, despite the smaller Ni—Cl---N angle. This is not
only due to the presence of a double pathway for the exchange
but also due to the role played by the relative orientation of the
molecules.

The molecular orbitals bearing the unpaired electrons for the
type 1 interaction are represented in Figure 8. These orbitals do
not shown any significant contribution of the hydrogen atoms
involved in the exchange pathway. Thus, it seems that the role
of the hydrogen bonds is just a glue to close up the molecules,
but the hydrogen atoms are not relevant from the point of view
of their participation in the exchange pathway, as has been
noticed previously.”

Finally, it is interesting to note that the exchange coupling
found in the title compound through the N—H---Cl H bonds is
similar to those found in other H-bonded systems with similar
weak H-bonds*~*' but weaker than the ones found in systems
with stronger H-bonds.*' ~**

B CONCLUSIONS

We have shown that NiCl,(opda), presents very weak
antiferromagnetic interactions through two different types of
N—H---Cl H-bonds. Since the fit of the magnetic properties
gives similar J values for both interactions (J = —1.72(1) cm™
and J' = —0.22(1) cm™") and the structural parameters do not
allow an unambiguous assignation of the exchange parameters
to the exchange pathways, we have performed DFT calculations
that show values similar to those obtained experimentally (J =
—139 cm™! and J' = —0.56 cm™') and allow us to assign the
strongest coupling to the double N—H---Cl, type 1, H bond and
the weakest coupling to the single N—H---Cl, type 2, H bond.

dx.doi.org/10.1021/ic3007124 | Inorg. Chem. 2012, 51, 5487—5493
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