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The co-crystal of iron(II) complex hydrate with
hydroxybenzoic acid: [Fe(Phen)3]Cl(p-hydroxybenzoate).
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Crystal of [Fe(Phen)3]Cl(PHB).2(PHBH).7H2O (1) is triclinic, space group P-1 with
a = 12.0388(11) Å, b = 15.5286(14) Å, c = 15.7794(14) Å, α = 89.759(2)◦,
β = 75.818(2)◦, γ = 71.900(2)◦ and Z = 2, (phen = phenanthroline, PHBH =
p-hydroxybenzoic acid, PHB = p-hydroxybenzoate anion). The phen in adjacent
Fe(phen)3

2+ cations are π−π interacted forming offset face to face (OFF) motifs. Juxtapo-
sition of four phen ligands from two cations encapsulate an R2

2(8) dimeric unit of H-bonded
PHBH molecules within a centrosymmetric box froming a filled aryl box motif (FAB). Al-
ternation of OFF and FAB motifs form {OFF · · · FAB} ∞ strands. The Fe(phen)3

2+ cation
engages its phen ligands in π−π and/or CH−π interactions with two crystalographically
different PHBH molecules and one PHB anion. Seven water molecules and a chloride
anion per iron(II) trisphenanthroline cation fill empty spaces in the structure forming a
hydrophilic cluster. Extensive intermolecular H-bond interactions occur between water
molecules, chloride anions, PHBH molecules, and PHB anions. Thermal analysis of (1)
was done under N2(g). The TG, and dTG curves revealed the expected mass losses. All
associated processes are endothermic as shown in the DSC curve.

KEY WORDS: Iron(II) trisphenanthroline; p-hydroxybenzoic acid; p-hydroxybenzoate anion; OFF motif; filled
aryl box; π−π ; CH−π interaction; H–bond; 1–D chain; thermal analysis.

Introduction

Metal chelates [M(LL)3]n+ (where LL is
1,10-phenanthroline (phen) or a modified phen
ligand) are important species for developing new
diagnostic and therapeutic agents that can recog-
nize and cleave DNA.1–3 Variation in the ligand
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or the metal in these complexes has provided easy
understanding of DNA-bonding and cleavage.4–6

Ruthenium compounds for example, have shown
intercalating properties with DNA.6,7 Another in-
teresting property of phen metal complexes is the
catalytic role of ferriin-ferroin couple in oscil-
lating chemical reactions between organic sub-
strates (malonic acid) and bromate ions known
as Belousov—Zhabotinskii reactions,8 which
involves periodic changes in concentrations of
substances in the reactions.9–16

Because of their inherent pocket struc-
ture, [M(LL)3]n+ complexes have the ability to
form outer sphere complexes with anions,17–19
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neutral molecules,20 or combination of them.21

The interaction of counter ions and inclusion
molecules affect the lattice crystal structure
of iron phen complexes: H-bonded iodide an-
ions and water molecules in minor pockets oc-
cupy spaces between layers of [Fe(phen)3]2+

cations in [Fe(phen)3]I2.2H2O.22 Perchlorate an-
ions occupy all pockets and form alternating
sheets with [Fe(phen)3]2+ cations, while wa-
ter molecules fill empty spaces.23 In the com-
plex [Fe(phen)3]sac2.sacH.6H2O, a 3-D H-bond
network is formed with saccharinate anions
(sac), free saccharin molecule (sacH) and wa-
ter molecules leaving channels where cations re-
side.21 The hydrophobic character of the pocket
made by aromatic phen ligands causes these com-
plexes to embrace one another,24 or attract or-
ganic molecules through van der Waals π−π

interactions.25 The embracing iron phenanthro-
line cations form zigzag chains and layers in
[Fe(phen)3]I2.2H2O where two of phen ligands
intrude into major pockets of the adjacent host
cation in a parallel way.22 Benzene ring of ni-
trobenzene replaces one of the two intruding phen
ligands and occupies one of the major pockets of
the chelate cation through π−π interaction in
[Fe(phen)3]I2.2H2O.C6H5NO2.25

Recently there has been growing interest in
the supramolecular motif of metal phenanthroline
complexes caused by aryl interactions between
planar phen in an offset face–to–face (OFF),24

edge–to–face (EF) primary motif,26 or P4AE (par-
allel four fold aryl embrace) secondary motif
which consists of one OFF and two EF primary
motifs.24,27 These interactions can be extended as
net in one, two and three dimensions.24

In this study we describe the supramolec-
ular structure of (1) [Fe(Phen)3]Cl(PHB).
2(PHBH).7H2O, Fig. 1.

Experimental

Physical measurements

Infrared data were collected on a Schimadzu
8300 FTIR spectrophotometer using KBr pellet

method. The magnetic susceptibility of crystalline
samples was measured on a Quantum Design
Model 6000 Physical Property Measurement Sys-
tem. Elemental analysis of C, H, N were per-
formed by Microanalytical Service, Department
of Chemistry, University of Surrey, Guildford,
Surrey, GU2 5XH. Thermal analysis was per-
formed on Setaram-Labsys instrument using TG-
DSC module. The heating rate was 2◦C/min. Dry
nitrogen was passed over 15 mg of the sample
placed in a platinum crucible.

Synthesis of (1) [Fe(Phen)3]
Cl(PHB).(PHBH)2.7H2O

To FeCl3.6H2O (0.54 g, 2.0 mmol) was
added Phen (0.36 g, 2.0 mmol), and sodium p-
hydroxbenzoate (0.64 g, 4.0 mmol) in 100 ml
ethanol. The reaction was heated and then left
to stand for one month, red platelet crystals of (1)
was then formed in 25% yield. Anal. Calcd(%)
for C57H55ClFeN6O16 (%): C, 58.39; H, 4.69; N,
7.17. Found: C, 57.15; H, 4.58; N, 7.25.

IR (KBr) cm−1: 3388.7 (w), 3116.7 (w),
3083.3 (w), 3018.8 (w), 2993.3 (w), 2817.8 (w),
2666.67 (w), 2547.8 (w), 1674.1 (s), 1608.5 (m),
1595.0 (m), 1510.2 (w), 1448.4 (m), 1425.3 (m),
1365.5 (w), 1317.3 (m), 1290.3 (m), 1244.0 (s),
1168.8 (m), 1128.3 (w), 1101.3 (w), 1012.6 (w),
929.6 (w), 854.4 (m), 769.5 (m), 723.3 (w), 692.4
(w), 640.3 (w), 619.1 (m), 547.7 (w), 503.4 (w),
422.4 (w).

Crystallographic data collection and
solution of structure of (1)

Crystallographic data for (1) are summa-
rized in Table 1. The crystal was mounted
on a Bruker-AXS SMART APEX/CCD diffrac-
tometer using graphite monochromated MoKα

(λ = 0.71073 Å ) radiation. Reflection data were
measured at 100(2) K with a � and � scan mode.
Intensities were corrected for Lorentz and polar-
ization effects. The data were corrected for ab-
sorption using SADABS program.



The co-crystal of iron(II) complex hydrate with hydroxybenzoic acid 221

Fig. 1. Thermal ellipsoids of the asymmetric part of the unit cell of (1) with
50% probability level.

The structure was solved by direct method
using SHELXS-97. Nonhydrogen atoms were re-
fined on F2 anisotropically by full-matrix least
squares method. The H atoms on carbon atoms
were placed in calculated positions. Only part
of the hydrogen atoms on oxygen atoms were
found on difference electron density map. They
were refined using AFIX 147 and AFIX 83
procedures. The final least-squares cycle gave
R = 0.0780, wR2 = 0.1909 for 5678 reflec-
tions with I > 2σ (I) using the weighing scheme,
w = 1/[σ 2(Fo2) + (0.01000P)2 + 0.0000P]
where P = (Fo2 + 2Fc2)/3.

Results

Description of the structure of the asymmetric
unit of (1)

Complex (1) has been confirmed as diamag-
netic low-spin by magnetic measurements. The

asymmetric unit of (1) with atom labeling is
shown in Fig. 1. Selected bond lengths (Å) and
angles (◦) are listed in Table 2. Complex (1) crys-
tallized with one [Fe(phen)3]2+ cation, one chlo-
ride anion, one PHB anion, two PHBH and seven
water molecules.

The iron(II) trisphen cation in (1) exhibits a
slightly distorted octahedron geometry in which
the iron atom is coordinated to six nitrogen atoms
from three phen molecules with Fe-N bond
distance ranging from 1.956(4) to 1.980(4) Å,
Fig. 1, Table 2. The average 1.970(4) Å is in good
agreement with the previously reported structures,
1.966(3) Å in [Fe (phen)3]sac2.sacH.6H2O,21

1.973(5) Å in [Fe(phen)3]I2.2H2O,22 1.978
(3) Å in [Fe(phen)3](ClO4)2.0.5H2O,28 1.970 Å in
L-[Fe(phen)3]bis[SbIII-D-tartrate].8H2O,29 and
1.980 Å in [Fe(phen)3]sac2.4H2O.30

Three phen ligands are bonded to iron form-
ing five-member chelate rings. The bite angles
between the three phen chelate rings and the
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Table 1. Crystal Data and Structure Refinement for (1)

Empirical formula C57H55ClFe N6O16

Formula weight 1171.37
Temperature 100(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P-1

a (Å) 12.0388(11)
b (Å) 15.5286(14)
c (Å) 15.7794(14)
α (◦) 89.759(2)
β (◦) 75.818(2)
γ (◦) 71.900(2)

Volume (Å 3) 2710.2(4)
Z 2
Dx (g cm−3) 1.435
µ (mm−1) 0.406
Crystal size 0.15 × 0.10 × 0.07 mm3

θ range 1.84◦ − 27.50◦
Reflections collected 17355
Independent reflections 11905 [R(int) = 0.0510]
Correction None
Data / restraints / parameters 11905 / 0 / 723
Goodness-of-fit on F2 0.862
Final R indices [I > 2sigma(I)] R1 = 0.0780, wR2 = 0.1909
R indices (all data) R1 = 0.1431, wR2 = 0.2205
Largest diff. peak and hole 1.762 and − 0.648 e.Å−3

iron atoms are similar: 82.81(16)◦, 83.03(16)◦

and 82.70(16)◦ for angles N1–Fe–N2, N3–Fe–N4
and N5–Fe–N6 respectively, Table 2. The bite
angle appears to correlate well with the metal-
to-N-atom distance for different [M(phen)3]2+:
82.85(16)◦ and 1.970(4) Å in [Fe(phen)3]2+ in
(1), 82.6(4)◦ and 1.978(3) Å in [Fe(phen)3]2+,28

79.5(1)◦ and 2.097(2) Å in [Ni(phen)3]2+,31

78.1(3)◦ and 2.127(14) Å in [Co(phen)3]2+,32

79.25(5)◦ and 2.185(1) Å in [Cu(phen)3]2+,33

70.2(2)◦ and 2.400(6) Å in [Hg(phen)3]2+34.
Accordingly, the regression analysis equa-

tion is represented by Y = − 28.216 X +
138.741, where Y is the bite angle and X is
the metal-to-N-atom bond distance, giving R =
0.972.

However, there are little deviation from lin-
earity for the trans atoms with angles N1–Fe–N4,
N3–Fe–N6, and N2–Fe–N5 at 176.96(15)◦,
174.06(16)◦ and 174.81(16)◦ respectively owing
to the rigidity of phen ligand, Table 2.35 The cen-

Table 2. Bond Lengths [Å] and angles [◦] for (1)

Fe(1)–N(3) 1.956(4)
Fe(1)–N(2) 1.965(4)
Fe(1)–N(5) 1.966(4)
Fe(1)–N(6) 1.971(4)
Fe(1)–N(4) 1.980(4)
Fe(1)–N(1) 1.980(4)
O(1)–C(43) 1.295(7)
O(3)–C(40) 1.358(8)
O(2)–C(43) 1.244(6)
O(4)–C(50) 1.323(6)
O(5)–C(50) 1.231(6)
O(6)–C(47) 1.368(6)
C(54)–O(9) 1.361(6)
C(57)–O(8) 1.263(8)
C(57)–O(7) 1.266(9)
N(3)–Fe(1)–N(2) 89.41(15)
N(3)–Fe(1)–N(5) 93.61(16)
N(2)–Fe(1)–N(5) 174.81(16)
N(3)–Fe(1)–N(6) 174.06(16)
N(2)–Fe(1)–N(6) 94.61(15)
N(5)–Fe(1)–N(6) 82.70(16)
N(3)–Fe(1)–N(4) 83.03(16)
N(2)–Fe(1)–N(4) 94.79(16)
N(5)–Fe(1)–N(4) 89.76(16)
N(6)–Fe(1)–N(4) 92.28(15)
N(3)–Fe(1)–N(1) 95.05(16)
N(2)–Fe(1)–N(1) 82.81(16)
N(5)–Fe(1)–N(1) 92.72(16)
N(6)–Fe(1)–N(1) 89.79(15)
N(4)–Fe(1)–N(1) 176.96(15)

tral Fe atom in (1) is close to coplanarity with
each of the four surrounding N atoms, the de-
viations of Fe atom from the planes defined by
the atoms N1, N2, N4 and N5; N1, N6, N3 and
N4; and N2, N3, N5 and N6 are 0.071, 0.077,
and 0.095 Å respectively. These values are close
to those found in [Fe(phen)3](sac)2.sacH.6H2O,21

and [Fe(phen)3](sac)2.4H2O.37 Bond lengths and
angles in the phen ligands of (1) are identical to
those found in other structures.22,23,28,36

Trisphen Iron cations have three major pock-
ets between the planar phen ligands and two minor
pockets along the three-fold axis.17 Molecules or
ions of suitable sizes can therefore intrude into
these pockets and bind by electrostatic or dipole-
dipole interaction to the [Fe(phen)3]n+ cations.
However, the hydrophobic pockets made by aro-
matic phen ligands prefer inclusion of neutral
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Table 3. Hydrogen bonds for (1)

D–H · · · A d(D–H) (Å) d(H · · · A) (Å) d(D · · · A) (Å) < (DHA) (◦)

O(1)–H(1A) · · · O(5W) 0.820 1.940 2.709(7) 155.7
0.819 1.939 2.707(7)

O(3)–H(3) · · · Cl(1) 0.820 2.220 3.027(6) 168.1
0.820 2.219 3.026(6)

O(4)–H(4) · · · O(5)#1 0.820 1.820 2.631(5) 167.8
0.820 1.824 2.631(5)

O(6)–H(6A) · · · O(4W)#2 0.820 1.870 2.666(6) 163.9
0.820 1.868 2.665(6)

O(9)–H(9A) · · · O(3W) 0.820 1.920 2.704(6) 160.5
0.819 1.917 2.703(6)

Note. Symmetry code: #1 − x + 1, − y, − z + 1; #2 x + 1, y, z.

molecules with π− ring systems over anions and
water molecules.22,25 In compound (1), the aro-
matic PHBH molecules intrude into two major
pockets and PHB anion into a minor pocket of the
[Fe(phen)3]2+ cation, Fig. 1. In addition, seven
water molecules and one chloride anion form a
hydrophilic cluster on the outer sphere of the
complex cation. The hydrogen atoms of water
molecules are not refined, Fig. 1.

Hydrogen bonding network involving water
molecules, p-hydroxybenzoic acid molecules,
p-hydroxybenzoate and chloride anions

Seven water molecules with oxygen atoms
O(3W), O(1W), O(5W), O(7W), O(6W), O(2W),
and O(4W) are arranged in a close proximity to
each other in an irregular chain forming a hy-
drophilic cluster, Fig. 1. The short separating dis-
tances between oxygen atoms of water molecules
suggest the occurrence of H − bonds between
them. The short contacts are: O(3W) · · · O
(1W) = 3.095 Å, O(1W) · · · O(5W) = 2.957 Å,
O(5W) · · · O(7W) = 2.702 Å, O(7W) · · · O
(6W) = 2.587 Å, O(6W) · · · O(2W) = 2.903 Å,
O(2W) · · · O(4W) = 2.855 Å . Water molecules
in the cluster are also involved in H-bonding with
other ions and molecules, Fig. 1. The H-bond dis-
tances (Å) and angles (◦) are listed in Table 3:

i) H–bond O(9)–H(9A) · · · O(3W). Water
molecule with oxygen O(3W) acts as
a H–bond acceptor from the hydroxide
group O(9)–H(9A) of PHB anion.

ii) H–bond O(1)–H(1A) · · · O(5W). O(1)–
H(1A) from carboxylic group of PHBH
(II) molecule acts as a H–bond donor to
O(5W) of a water molecule.

iii) H–bond O(6)–H(6A) · · · O(4W). Water
molecule with oxygen O(4W) acts as
a hydrogen bond acceptor from hy-
droxyl group O(6)–H(6A) of PHBH (I)
molecule.

The chloride ion Cl(1) is also H–bonded to
PHBH (II) molecule through its hydroxyl group
O(3)–H(3), Fig. 1. The distances (Å) and angles
(◦) involved for O(3)–H(3) · · · Cl(1) are listed in
Table 3.

Binding of p-hydroxybenzoic acid molecules and
p-hydroxybenzoate anion with phen ligands in
the pockets of [Fe(phen)3]2+ cation through
π−π and CH−π interactions

An important feature in the outer sphere of
complex (1) is the intrusion of two crystallo-
graphically different PHBH molecules into two
major pockets and one PHB anion into a minor
pocket of [Fe(phen)3]2+ cation, Fig. 1. PHBH
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Fig. 2. p-hydroxybenzoic acid molecule PHBH (I) H-bonded to one another forming
R2

2(8) unit and involved in π−π interactions with phen ligands in (1).

molecules and PHB anions bind to phen ligands
through π−π and CH−π interactions as shown
in Figs. 2–5. These interactions disrupt the contin-
uous interactions of phen in [Fe(phen)3]n+ cations
in primary OFF motifs or secondary P4AE mo-
tifs and thus affect their expected mode of pack-
ing into 1, 2 or 3-D network observed in other
compounds.24

The aromatic rings arrangement in (1) be-
tween PHBH (I) molecule or PHB anions with
respect to phen ligands is a π−π stacked in an
offset packing, Fig. 2 and 5.38 The short atoms

Fig. 3. Filled aryl box motif (FAB) made by juxtaposition of
four phen ligands from two cations. The FAB is filled with
H-bonded p-hydroxybenzoic acid PHBH (I) dimer.

contacts between aromatic rings (less than 3.8 Å)
indicate the presence of medium strength π−π

interactions in (1)39. The attractive van-der-Waals
π−π interactions range from dipole–dipole to
induced dipole-induced dipole electrostatic inter-
actions; also present are the attractions between
the positively charged hydrogen atoms and the
π−electrons of the slipped rings. These attractive
forces overcome the π−π Pauli repulsions caused
by filled electron clouds of interacting rings.38–40

The presence of electronegative nitrogen in the
phen ring of (1) withdraws electron density ren-
dering it electron deficient. This strengthen its
π−π interaction because of decrease in electron-
electron repulsions.39–41

Intemolecular interaction involving
p-hydroxybenzoic acid molecule PHBH(I)

Figure 2 indicates the occurrence of π−
π interaction between PHBH (I) molecule and
phen ligand. The PHBH molecules intrude into
two major pockets of two opposing iron(II)
trisphenanthroline cations. Each cation has two
of its phen parallel to facing phen ligands of



The co-crystal of iron(II) complex hydrate with hydroxybenzoic acid 225

Fig. 4. CH−π interactions between phen ligands and benzoic acid molecule PHBH (II) in (1).

an opposing cation forming a hydrophobic filled
aryl box (FAB) around a center of symme-
try.42,43 The FAB encloses a H-bonded dimer of
PHBH (I) molecules and can be described as
{[Fe(phen)3]2+(PHBH)2[Fe(phen)3]2+}, Figs. 2
and 3.

Each Hydroxide group of a PHBH (I)
molecule protrudes to the outside while the car-
boxylic group intrudes to the inside of the aryl
box and interacts through H-bond with a car-
boxylic group of an opposing PHBH (I) molecule,
Fig. 2. O(4)H(4) of one PHBH (I) molecule acts
as a hydrogen-bond donor to O(5) of an opposing
coplanar molecule. The distances (Å) and angle
(◦) for O(4)–H(4) · · · O(5) are listed in Table 3.
Two hydrogen bond ineractions of this type form
a centrosymmetric R2

2(8) dimeric unit of PHBH
(I) molecules, Fig. 2. This type of H–bond dimer
was found the most stable compared to other pos-
sible arrangement of p-chlorobenzoic acid dimer

such as parallel or umbrella complex. The cal-
culated binding energy of H–bonded dimer of
p-chlorobenzoic acid 21.3 Kcal/mol is one order
of magnitude greater than the binding energy of
the umbrella complex (2.6 kcal/mol).44 The angles
between two phenyl rings or two planes of car-
boxylic groups of opposing H-bonded molecules
are 180.00◦. The rotation angle of phenyl ring rela-
tive to the carboxylic group in PHBH (I) molecule
is ø rot = 10.18◦. Each PHBH (I) molecule is
π−π interacting with a phen ligand in the FAB.
The centroid separation between two slipped rings
is 4.449 Å. Atoms contacts are 3.647, 3.248, and
3.802 Å, Figs. 2 and 3.

Intermolecular interactions involving
p-hydroxybenzoic acid molecule PHBH (II)

Figure 4 shows the occurrence of CH−π

interactions between PHBH (II) molecules and
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Fig. 5. π−π interaction between PHB anion and phen ligand in (1).

phen ligands in two opposing major pockets of
two symmetrically related Fe(phen)3]2+ cations
through a center of inversion. CH−π interac-
tion is a kind of hydrogen bond operating be-
tween a soft acid and a soft base system. Database
surveys on transition metal complexes gave evi-
dence of the CH−π hydrogen bond being an
important factor in controlling the crystal pack-
ing and molecular structure of coordination and
organometallic compound. A short intermolecu-
lar CH−π distances between aromatic ring (less
than 3.0 Å) is an indication for the occurrence
of CH−π hydrogen bond.45–51 The centroids
separation between the T-shaped rings was less
than 5.0 Å.52 The energy of CH−π bonds be-
tween benzene rings estimated by high-level ab
initio calculation is − 2.46 kcal.mol−1.53 This
is in agreement with Montecarlo optimization,38

and the experimental value from a high-precision
ionization measurement.54 In compound (1),
short distances have been found between
CH of PHBH(II) · · ·π (phen): CH39 · · · C29
(2.783 Å) and CH38 · · · C31 (2.821 Å). The
same PHBH(II) acts also as a H-bond accep-
tor from phen. The short contacts have been
found between CH (phen) · · ·π of PHBH(II):
CH32 · · · C42 (2.832 Å), CH32 · · · C37 (2.844 Å)

and CH32 · · · centroid (2.737 Å). The centroids
–centroids separations between PHBH (II) and
each of two phen involved in CH−π are
4.579 Å and 4.811 Å . The rotation angle of phenyl
group relative to the –CO2H group in PHPH (II)
is ø rot = 5.94 deg.

Intermolecular interactions involving
p-hydroxybenzoate

Also involved in π−π interactions with
phen ligands are PHB anions, Fig. 5. The cen-
troid separation between the aryl rings is 4.131 Å.
The atoms contacts are 3.216, 3.551, 3.797 and
3.951 Å. In a close contact and at a symmetri-
cal position to one PHB is located another PHB
anion which is also engaged in a similar π−π in-
teraction though in a reversed direction. The oxy-
gen atoms contact between two facing carboxylate
groups is 3.141 Å. The rotation angle of the phenyl
ring relative to carboxylate group in PHB anion is
17.86 deg. Also present is another weak hydrogen
bond CH/O between CH10 (phen) and O7 (PHB).
The distances are C10 − H10 · · · O7 = 3.217 A
and H10 · · · O7 = 2.436 Å. The angle < (DHA)
is 141.56◦.
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Also from the data that we have about the
carboxylic and carboxylate groups:

C43

O2

O1.....H1

C50

O5

O4....H4

C57

O8

O7

PHBH(II)

PHBH(I)

PHB anion

1.323

1.231

1.244

1.295

1.266

1.263

∆ (CO) = 0.092 Ang.

∆ (CO) = 0.051 Ang.

∆ (CO) = 0.003 Ang.

It is clear from above that the difference in
bond lengths of C–O within the carboxylic group
is much greater than the one found in the PHB
anion. Also, the average distances for C − O bond
in carboxylate (1.264 Å) is less than average single
bond C–O (1.309 Å) and greater than average
double bond C = O (1.238 Å) in carboxylic acid
group of PHBH. This supports our assignment of
PHB anion.

Offset face to face “OFF” motif formed by π−π

interacted phen ligands of adjacent
[Fe(phen)3]2+ cations

π−π stacking interaction governs the self
assembly of a variety of complexes and inter-
locked molecular compounds.55 π−π interaction
has been widely studied between π− donors rings
(electron-rich) and π− accepting rings (electron-
deficient).40 It has been also observed between
similar aromatic rings.44–60 The phen ligands of
adjacent [Fe(phen)3]2+ cations in (1) π−π in-
teract in an offset packing, Fig. 6. The phen lig-
ands belong to the family of polyaromatic rings
molecules containing nitrogen heteroatom, which

Fig. 6. Primary OFF motif in the crystal lattice of (1), π−π

interaction between phen ligands.

has been extensively reviewed for their π−π in-
teractions.39 The presence of electronegative ni-
trogen in the ring strengthens this kind of interac-
tion because of less electron repulsion. The hetero
atom also induces a charge dipole in the rings
causing a dipole-dipole attraction. The separation
of 3.416 Å between phen rings in (1) falls in the
usual range (3.3–3.8 Å), and is the result of strong
π−π interactions.38–40,59,60 The atom contacts
are 3.676, 3.479 and 3.687 Å, Fig. 6. This type of
interaction between phen ligands causes complex
(1) to adopt an OFF primary motif, Fig. 6. An
OFF motif is an offset face – to – face overlap of
two parallel aromatic ligands. Primary OFF mo-
tif rarely occurs as isolated motifs in the crystal
lattice of metal phen complexes, but it does occur
in (1). Complex (1) does not contain an edge –
to – face interaction between phen ligands EF
motif. Thus it can not adopt a P4AE motif (par-
allel fourfold phenyl embrace) which consists of
one OFF and two EF motifs and requires embrac-
ing of four phen ligands two from each molecule
as in [Cu(phen)2I]+I3

−.61 The usual distance be-
tween planes of pair of aryl rings participating in
an OFF interaction is about 3.4 Å. This distance
is 3.416 Å in (1). An OFF motif involves wide
range of overlap of 1, 2, or 3 rings. The centroid -
centroid distance between phen ligands (centroid
of central C6 ring of phen) is 3.857 Å in (1).
This represents overlap of three rings since it
is less than 4.0 Å according to a Cambridge
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Fig. 7. View of layer down crystallographic “a” axis: chains of
(1) consist of alternating “OFF” and “FAB” motif enclosing
PHBH(I) dimer. Other molecules and ions are omitted for
clarity.

Structural Database search (CSD).24 The inter-
planar angle between central C6 rings of phen is
0.6◦ (nearly zero). A centroid contact of 3.857 Å,
a plane-plane distance of 3.416 Å and an angle of
21.68◦ between the ring normal and centroid vec-
tor, corresponds to a horizontal displacement of
1.358 Å from face to face alignment. This degree
of offset between phen ligands lies in the expected
range of 1–1.5 Å for three-ring overlaps. The usual
intermolecular van der Waals attractive energy be-
tween two [M(phen)3]2+ cation is 9.8 Kcal/mol−1

with an OFF motif and 9.0 Kcal/mol with P4AE
motif.24,61 Given that the contribution of coulom-
bic repulsion is relatively negligible, both mo-
tifs are favorable thermodynamically to the same
extent. However, complex (1) prefers OFF motif
which involves only two phen ligands over P4AE
motif which requires four phen ligands from the
two interacting cations.

Supramolecular structure of (1)

The supramolecular structure of (1) is the
result of self assemblies62,63 of Fe(phen)3]2+

cations and PHBH molecules into chains due to
π−π interactions and H-bondings, Fig. 7.

Layer of propagating chains in (1) is
observed in a view down crystallographic
a axis, Fig. 7. Alternation of Fe(phen)3]2+

cations with “OFF motif” and PHBH (I) H-
bonded dimeric unit in filled aryl box “FAB
motif” forms the extended · · · OFF · · · FAB · · ·
OFF · · · FAB · · · chain, Fig. 7. Within the chain
each PHBH (I) molecule engages in π−π

interactions with phen of Fe(phen)3]2+. The
separating distance between iron atoms of adja-
cent iron(II) trisphen cations engaged in “OFF
motif” is 9.972 Å, while the separation between
iron atoms in adjacent iron(II) trisphen cations
engaged in “FAB motif” is 10.881 Å. PHB anions
and PHBH molecules are aligned. Hydrophilic
cluster of water molecules and chloride anions
form extensive intra and inter H-bonding network
which also involves PHBH molecules and PHB
anions. The primary OFF motif interaction occurs
only as isolated motifs in the crystal lattice of
(1). This is different from the supramolecular
structures of many other metal phen complexes
which contain extended interaction of cations
in an OFF motif and or P4AE motifs into
1, 2 and 3–D supramolecular structures such
as OFF stack in [Cu(phen)(NO3)(H2O)2]
NO3,24 OFF zigzag chains with outer form
in [Fe(phen)2(NCS)2],64,65 or inner form in
[Fe(phen)3](I3)2.S (S = CH2Cl2, acetone),43

as P4AE chains in [Fe(phen)3](I3)2.S (S =
acetonitrile),43 and M(phen)3]I7 (M = Fe(II),
Mn(II)),27 and as · · · OFF · · · P4AE · · · chains in
[Fe(phen)3](I3)2.S (S = H2O, toluene).43 The
molecules of complex should participate in two
motifs in order to form these OFF chains, P4AE
chains or · · · OFF · · · P4AE · · · chains.

A closely related to the “ · · · OFF · · ·
FAB · · · OFF · · · FAB · · · ” chain structure in (1)
is the [Fe(phen)3]I14 structure which consists
of chains of alternating P4AE and FAB motifs:
“ · · · P4AE · · · FAB · · · P4AE · · · FAB · · · ” where
approximately linear I6 chain is threaded in
the grooves of FAB.42 Other related structure
is that of [Fe(phen)3](I3)2.CH3CN, where the
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Table 4. Thermal Analysis Data TG-DSC for Complex [Fe(Phen)3]Cl(PHB).(PHBH)2.7H2O (1)

T◦C % Mass Exp Loss % Mass Theor loss Expected Fragment
Enthalpy Change 
H

(J/g) (Process)

67.92 7.50 7.68 5 H2O 64.89 (endo)
124.8 3.05 3.07 2 H2O 28.32 (endo)
217.07 26.62 27.15 Phen, PHBH 131.61 (endo)
288.10 17.96 18.40 Phen, Cl 16.89 (endo)
367.27 12.33 11.78 PHBH 46.22 (endo)

layers contain chains of centrosymmetric P4AE
of [Fe(phen)3]2+. FAB motifs occurring be-
tween chains encapsulate pairs of acetonitrile
molecules [CH3CN · · · NCCH3].43 Similarly, the
[M(phen)3]2+ cations in [M(phen)3]I7 (M = Fe,
Mn) occur as parallel (P4AE) ∞ chains. Seg-
ments of disordered polyiodides [I8]2− are po-
sitioned in the FAB motifs formed by (phen)2

grooves from complexes in adjacent (P4AE) ∞

chains.27 Aryl box is also formed between
chains of P4AE in the hydrophobic slab of
[Co(phen)3][BF4]2.H2O.EtOH. This box is filled
with two ethanol molecules with the ethyl group
intruding to the inside and the hydroxyl group
protruding to the outside of the box.24 The
[Mn(phen)3]2+ cations in [Mn(phen)3](I3)2 form
six fold aryl embrace 6AE . The structure contains
FAB encapsulating I3

− anions.43,66 However, the

Fig. 8. Thermal analysis of complex (1).
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inclusion of aromatic PHBH (I) molecule into
the cavity of FAB in complex (1) is enhanced
by π−π interaction with phen walls and allows
the intrusion of carboxylic group into the mid-
dle of hydrophobic box. In (1), the metal phen
cation prefers interaction with PHBH molecules
and PHB anion rather than with the hydrophilic
cluster. This reveals the ability of phen ligands to
attract other neutral molecules with π− electrons
systems. The interactions observed explain why
[Fe(phen)3]2+ cation strongly salts in aromatic
PHBH molecules and PHB anion in polar ethanol
solvent. This is of great interest for the design of
new important materials.

Thermal analysis of (1)

The thermal analysis data for complex (1) in
the range 25◦C–750◦C under nitrogen atmosphere
and heating rate of 2 ◦C/min are tabulated in
Table 4.67 The DSC, TG and dTG curves are
shown in Fig. 8. The % experimental mass vari-
ations are compared to % theoretical mass vari-
ations which correspond to expected molecular
losses. Five solvated water molecules are first
lost at 67.92◦C then followed by two other wa-
ter molecules at 124.81◦C with an associated
average endothermic heat of 13.32 J/g for each
water molecule. Other losses are for phen and
PHBH occurring in one step at 217.07◦C, fol-
lowed by phen and Cl− at 288.10◦C, and PHBH at
367.27◦C.

Supplementary Material CCDC-281055 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB2 1EZ, UK.
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