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Abstract
Nucleophilic substitutions of the reactive chlorine atoms in either cyanuric or phosphonitrilic chloride by the bridging 1,4-phenylenediamine
and benzidine units lead to the formation of two- (2-D) or three-dimensional (3-D) covalent networks, according to the spatial arrangement of the
chlorine atoms in each particular triazine core. The materials are electrochemically active and stable, and exhibit interesting optical properties.
The UVevisible spectral absorptions are significantly red-shifted and can been altered upon chemical oxidation. Furthermore, a three-band ab-
sorption spectrum typical of polaronic nature is observed in the case of the layered benzidine/cyanuric chloride network. Either spherical (2-D)
or cubic (3-D) morphologies were revealed by SEM analysis, while the XRD patterns indicated partial crystallinity. Due to the inherited ion-
exchange properties of the 2-D and 3-D ionic networks, the materials can be regarded as the organic analogues of conventional inorganic layered
or zeolitic ion-exchangers.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Triazine molecules appear to be of significant importance
in the construction of supramolecular organic networks with
widespread applications [1e4]. Especially cyanuric chloride
has been consistently reported to form supramolecular net-
works with interesting properties, e.g. optical, after nucleo-
philic substitution with certain aromatic diamines [2]. More
specifically, nucleophilic substitutions of the reactive chlorine
atoms in cyanuric chloride by the bridging 4,40-bipyridine in
refluxing toluene have previously led to quaternization of the
latter and the subsequent formation of a covalent layered
network [2]. The layered network is composed of central
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1,3,5-triazine units with 4,40-bipyridinium rings covalently
attached and balanced by the released chloride counterions. Co-
valently engineered networks of this kind introduce a new class
of functional organic materials with fundamental and practical
interest in materials science. The method can potentially give
access to a wide class of novel triazine-based derivatives by
varying the type of the bridging diamine or the triazine core.
Furthermore, by manipulating the local chemical environment
of a targeted substance via redox and/or ion-exchange reactions
it is possible to receive new reconstructed derivatives. In all
respects, the affordable structural changes may impart new
physical properties in the solid state, like optical or electronic.
Besides cyanuric chloride, phosphonitrilic chloride has also
been utilized for the construction of various dendritic structures
[5]. These lightweight materials are promising candidates for
various applications like optical organic materials [6] or nano-
structured electronic devices [7].
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On the other hand, many scientific studies continue to focus
on the synthesis and characterization of various low band gap
materials [8] such as thiophene [9], oligoquinoline [7] or xan-
thene derivatives [10]. Another promising area of application
of these conjugated organic materials is their use in the solar
cells technology [11], where the efficiency is highly enhanced
if a p- and n-type conjugated materials’ heterojunction is ap-
plied [12]. This field of materials science appears to be of sig-
nificant interest due to the molecular symmetry, p-interaction
ability and charge transfer properties of the conjugated poly-
mers. The band gap of these polyaromatic systems is highly de-
pendent on the electron density of the constituents, the planarity
and symmetry of the macromolecules and the intermolecular in-
teractions [13,14]. Furthermore, the tendency of the conjugated
molecules to assemble in various morphologies and nanostruc-
tures is well known and definitely affects various applications,
like the use of conductive polymers as chemical sensors [15].

In the present work we have employed 1,4-phenylenedi-
amine and benzidine as the bridging units with cyanuric and
phosphonitrilic chloride acting as the central building blocks.
The reactions are performed in refluxing solvents of relatively
high boiling point (>100 �C) in order to ensure complete sub-
stitution of the chlorine atoms. The symmetry of the reactants
finally dictates the growth of two- (2-D) or three-dimensional
(3-D) covalent networks with inherited ion-exchange proper-
ties, with cyanuric and phosphonitrilic chlorides favouring 2-
D and 3-D lattices, respectively. The samples exhibit interesting
electrochemical and optical properties, such as reversible redox
reactions and low band gap optical excitations. The organic net-
works structurally mimic traditional inorganic ion-exchangers,
like layered double hydroxides (2-D) and zeolites (3-D).

2. Experimental section
2.1. Chemicals
The phosphonitrilic chloride trimer was purchased from
Alfa Aesar (98%), cyanuric chloride from Fluka, 1,4-phenyle-
nediamine from Merck (98%) and benzidine from Fluka. So-
lutions of cyanuric chloride were filtered off prior to reaction.
2.2. Synthesis of cyanuric 2-D networks
The experimental procedure involves the nearly quantitative
reaction of cyanuric chloride (180 mg, 0.98 mmol) with either
benzidine (538 mg, 3 mmol; sample name: benz/cyan) or 1,4-
phenylenediamine (316 mg, 3 mmol; sample name: phd/cyan)
in refluxing toluene (40 mL) for 24 h. Each precipitate was
isolated by centrifugation, washed with toluene and acetone
and finally dried. Yields exceed 85% assuming that the tri-
azine/bridging amine molar ratio is 1:1.5.
2.3. Synthesis of phosphonitrilic 3-D networks
Typically, phosphonitrilic chloride (180 mg, 0.52 mmol) re-
acts with an excess of 1,4-phenylenediamine (316 mg, 3 mmol)
in refluxing xylene (40 mL) for 72 h. The precipitate was
isolated by centrifugation, washed several times with toluene
and once with acetone and finally dried. The sample is hereafter
denoted as phd/ptr. The reaction yield is 80% assuming a tri-
azine/bridging amine molar ratio of 1:3.
2.4. Characterization techniques
X-ray powder diffraction (XRD) patterns were collected on
a D-500 Siemens diffractometer (Cu Ka radiation) using back-
ground-free holders and a scan rate of 0.03� s�1. Infrared spec-
tra were taken with a FT-IR spectrometer of Bruker, Equinox
55/S model (4000e400 cm�1). The samples were measured
in the form of KBr pellets. The optical spectra were recorded
on a Shimadzu UV2100 spectrophotometer (200e900 nm) in
the solid state or using diluted colloidal dispersions in quartz
cuvettes. The DSC thermal analysis traces were obtained with
a TA Instruments temperature modulated DSC (Model 2920)
with a heating rate of 5 �C min�1 under nitrogen. The modula-
tion step was 0.8 �C min�1. The thermogravimetric analysis
was performed in a PerkineElmer Pyris TGA with a heating
rate of 10 �C min�1. For the cyclic voltammetry study a typical
three-electrode electrochemical cell was used, connected to
a SOLARTRON 1287 potentiostat. All potentials were recorder
versus a saturated calomel electrode (SCE). A platinum grid
served as the counter electrode while the working electrode
was the Pt previously covered with a thin film of the solid.
The measurements were performed in a 0.1 M NaCl aqueous
solution and at a scanning rate of 50 mV s�1. Scanning Electron
Microscopy (SEM) images were recorded by a FEI INSPECT
apparatus. For this purpose, the samples were suspended in ac-
etone and sonicated. Drops from a particular suspension were
placed on a silicon wafer followed by evaporation of the solvent
at ambient conditions. The obtained films were sputtered with
gold prior to direct imaging at 20 kV under vacuum.

3. Results and discussion
3.1. Layered 2-D cyanuric derivatives
In both cases, the reaction yield is almost quantitative result-
ing in either light green (benz/cyan) or light purple (phd/cyan)
powders that lack solubility in aqueous or organic solvents, as it
is common for conjugate polymeric materials [16]. However,
dispersion of benz/cyan in excess of water provides a clear,
diluted colloid. The complete nucleophilic replacement of the
chlorine atoms of the triazine was evidenced by IR spectros-
copy by the absence of the characteristic CeCl stretching vibra-
tion at 850 cm�1 (Fig. 1a). Furthermore, the medium band
centered at 2600 cm�1 is typical of the ammonium cation e
NH2
þe, i.e. the bridging diamine units are protonated and bal-

anced by the released chlorine anions, although eNHe groups
are also detected from a very weak band at 3200 cm�1. Since
the reaction takes place in an excess of diamine, it is reasonable
to assume that the edges of the network consist of both non-
protonated and protonated pending amine groups. Thus the cor-
responding sharp eNH2 vibration modes appear at 3420 and
3320 cm�1 while the presence of eNH3

þ groups is marked by
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Fig. 1. (a) FT-IR spectrum of the benz/cyan compared to cyanuric chloride. (b) The TGA traces of both cyanuric derivatives.

1139P. Dallas et al. / Polymer 49 (2008) 1137e1144
a broad absorption band at 3000 cm�1. The materials are ther-
mally stable based on their TGA traces under air showing minor
weight losses up to 200 �C (Fig. 1b).

The XRD profiles of the two derivatives (Fig. 2) are quite
reminiscent of those reported for the 4,40-bipyridine analogue,
thus supporting the growth of layered networks [2,17]. The lay-
ered structure is anticipated on account of the planar symmetry
of the reactants. The XRD patterns differentiate from the start-
ing crystalline reagents showing instead large amorphous
domains that are mainly associated with structural defects
and discontinuities within the layers as well as with the disor-
dered stacking of several numbers of individual layers. Never-
theless, the existence of various sharp diffraction peaks in the
patterns indicates a partial crystallinity. Characteristically, the
pattern of the benzidine derivative is typical for a triazine-based
layered structure [2,17] with the additional peak at 2q¼ 25.2�

(d-spacing¼ 3.5 Å) implying pep stacking of phenyl rings
among adjacent layers [18]. In contrast, the pattern of phd/
cyan lacks this characteristic diffraction peak, thereby suggest-
ing a more amorphous state.
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Fig. 2. XRD patterns of (a) benz/cyan, (b) phd/cyan, and (c) benz/cyan after

anion exchange with SO4
2�.
The chloride ions deliver exchange properties to the solids
allowing the control of the interlayer space with simple or
complex anionic species. In the first attempt, sulfate anions
(from Na2SO4) were used in the exchange process (sample:
benz/cyan). The corresponding XRD pattern (Fig. 2) is typical
for a layered material exhibiting 1st, 2nd and 3rd order diffrac-
tions at the following d-spacings: 13.6 Å (2q¼ 6.4�), 6.8 Å
(2q¼ 13.1�) and 4.5 Å (2q¼ 19.9�). The sulfate anions ex-
pand the spacing among adjacent layers and simultaneously
lead to an ordered stacking. In the second example, the sodium
salt of DNA (calf thymus) was used for the anion-exchange
intercalation of a biomolecule. Once again, DNA insertion in
benz/cyan affords expanded lamellar derivatives with a weak
reflection centered at d¼ 7 Å. Due to their layered structure
and ion-exchange properties, the materials can be considered
as the organic analogues of layered double hydroxides.

Since the bridging units contain amine groups, both materials
are expected to be electrochemically active. The cyclic voltam-
metry diagrams of the corresponding samples (Fig. 3) show that
the derivatives are electrochemically stable over many cycles
exhibiting two reversible redox peaks. Hence, the two oxidation
peaks centered at 0.79/1.22 and 0.23/0.64 V for the benzidine
and 1,4-phenylenediamine derivatives, respectively, are accom-
panied by the corresponding reduction waves centered at 0.45/
�0.73 V and 0.66/�0.51 V in the reverse scanning direction.
The large shift in the oxidation potential values for benz/cyan
may stem from a twisted conformation of the two phenyl rings
in benzidine. Each electrochemical step induces certain color
changes in the materials that, however, fade gradually with
time when the samples are left undisturbed. Besides the instabil-
ity of the oxidized forms, the samples exhibit similar electro-
chemical behaviour with polyaniline [19] where also the
degree of oxidation greatly influences the displayed optical
properties. A schematic of the proposed oxidation steps is shown
in Fig. 3. Note that the particular reaction scheme merely fo-
cuses on the electrochemically active amine bridges, i.e. the
scheme depicts only a part of the 2-D structure. The bonds on
the triazine units imply that the 2-D network continues through
further bonding with diamine bridges, as it is schematically
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Fig. 3. Cyclic voltammetry diagrams of phd/cyan and benz/cyan samples along with a schematic of the proposed oxidation steps for the former system.
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demonstrated for the analogous cyanuric chloride/4,40-bipyri-
dine couple in Ref. [2]. In the first step, the initial protonated
form is oxidized to the radical cation chloride salt. Subsequently,
complete removal of the hydrogen atoms leads to the formation
of a quinoid structure similar to that previously proposed for the
electrochemically active benzidine and 1,4-phenylenediamine
rings [20]. A stepwise oxidation of the samples can also be
achieved by chemical means, e.g. (NH4)2S2O8. Nevertheless,
the reaction seems quite complex heading presumably to differ-
ent oxidized products. Preliminary studies show that the degree
of oxidation is greatly influenced by the amount and type of the
oxidant, temperature conditions and reaction time.

SEM study of phd/cyan at different magnifications (Fig. 4)
reveals the presence of individual or fused submicrometer-
sized grains with a striated surface texture, platy morphology
and multi-layered structure at the edges. These features com-
bined are suggestive of a lamella phase formation [21].

The UVevisible spectrum of benz/cyan after high dilution
in water (Fig. 5) exhibits distinct absorption peaks centered at
the following wavelengths: 833 (energy gap EG¼ 1.49 eV, pe
polaron transition), 607 (EG¼ 1.94 eV, polaronep*), 361 nm
(EG¼ 3.43 eV, pep*) and a small shoulder at 423 nm
(EG¼ 2.93 eV). Note that the optical spectrum may extend at
the NIR region, however, this area falls beyond the measuring
scale of our UVevisible apparatus. The optical spectrum implies
the formation of a low band gap solid with the polaron band arising
from delocalized free radicals [22]. These radicals, which are de-
rived from partial air oxidation of the samples near the layers’
edges, were evidenced by a sharp EPR line centered at g w 2.0
[2]. Besides, as it has been previously discussed, the XRD pattern
of the benz/cyan sample implies the presence of pep stacked ar-
omatic units, and thus an increased p electron overlap that facili-
tates the low band gap excitations [6a]. The 1,4-phenylenediamine
derivative lacks solubility in any solvent and thus the spectrum
was recorded in the solid state (Fig. 5). In contrast to benz/cyan,
the spectrum consists only of a strong absorption centered at
375 nm (EG¼ 3.30 eV) characteristic of an electron delocaliza-
tion within the layered network. A small shoulder appears at
530 nm, however, the spectrum does not evidence the formation
of a polaron band. Generally, solid-state spectra may obscure sub-
tle information due to intense light scattering and in turn consider-
able background contribution. Furthermore, the absence of the
extra phenyl ring combined with the lack of pep stacking (based
on XRD) may also affect the observed optical transitions.
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3.2. 3-D phosphonitrilic derivatives
The reaction takes place in refluxing xylene in order to se-
cure complete substitution of the labile chlorine atoms (Scheme
1). A purple powder was isolated, indicating the presence of
a minor radical concentration due to partial oxidation of the
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Fig. 5. UVevisible spectra of benz/cyan (aqueous colloidal dispersion, top)

and phd/cyan (solid state, bottom).
solid near the surface boundaries. As it is well known, the phos-
phonitrilic chloride trimer consists of a nearly ‘‘aromatic’’ ring
with the chlorine atoms located in and out of the ring’s plane
with a 102� angle between them [23]. The electron delocaliza-
tion arises between the p orbitals from the nitrogen atoms and
the d orbitals from the phosphorus atoms meaning that the elec-
trons are not extensively delocalized alongside the six-mem-
bered ring [23]. On account of the spatial arrangement of the
chlorine atoms, it is expected that nucleophilic substitution by
the symmetric para-phenylenediamine will lead to a 3-D cova-
lent network that is balanced by the released compensating
chloride ions.

The material was characterized by FT-IR spectroscopy
(Fig. 6). The spectrum consists of the typical absorptions of
the two interconnected components. Specifically, the P]N
vibration mode of the cyclophosphazene core can be seen at
1210 cm�1 [24] while the aromatic ring absorptions of the
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bridging diamine are located at 1600, 1500 and 800 cm�1. The
complete nucleophilic substitution of the chlorine atoms in the
present case is evidenced mainly by the disappearance of the Pe
Cl stretching vibration mode at 580 cm�1. Furthermore, the
spectrum in the same way with the cyanuric derivatives exhibits
the bands of the ammonium cation eNH2

þe (2600 cm�1) and of
the eNHe group (3200 cm�1). The sharp eNH2 vibration
modes appear at 3420 and 3320 cm�1 while the presence of e
NH3
þ groups is marked by a broad absorption band centered at

3000 cm�1.
The thermogravimetric analysis (TGA) diagram of the sam-

ple (Fig. 7) shows a two-stage decomposition process. The sam-
ple is thermally stable until 180 �C. The first weight loss
(40 wt%) between 180 and 275 �C is assigned to the decompo-
sition of the aromatic diamines [2]. The second one is observed
above 350 �C, where the thermal degradation of the phosphoni-
trilic core commences [25].

Since the ligands are expected to be oriented in a 3-D space,
the question that arises is if a symmetrical ordering can be
Fig. 7. TGA trace under air of phd/ptr.
achieved or the angle between the diamines leads to an amor-
phous structure. To this aim, the XRD pattern has been recorded
and is presented in Fig. 8. The pattern differentiates from that of
the starting crystalline reagents showing various sharp peaks
superimposed on a broad amorphous background. On the other
hand, the absence of any reflection at d¼ 3.5 Å (2q¼ 25�),
which is characteristic for pep stacked phenyl rings [18], pin-
points to a rather open 3-D network. Notably, the reflections
appear quite sharp hence indicating the formation of large crys-
talline domains. In this respect, the structure of the organic net-
work likely resembles that of inorganic zeolites [26].

The modulated DSC diagram (Fig. 9) of phd/ptr shows a
melting transition centered at 145 �C (reversible transition),
while simultaneously an ordering rearrangement process ap-
pears at the non-reversible transition curve. In order to identify
if this process forces the network to a more ordered structure,
the sample was heated at 175 �C for 30 min, cooled at room
temperature and subsequently the XRD pattern was recorded
(Fig. 8). The result is indeed an increased ordering, as it is re-
vealed by the significantly reduced intensity of the amorphous
broad band centered at 2q¼ 11.5� and the increased intensity
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of the sharp crystalline peaks. Similar changes upon heating,
including the presence of a melting transition, have been
previously reported for other dendritic structures based on
phosphonitrilic chloride [27]. The open 3-D structure of the
network combined with certain structural defects (e.g. discon-
tinuities) provides enough space for intracrystallite move-
ments of the constituent parts.

The SEM micrographs of phd/ptr (Fig. 10) show mostly cu-
bic shaped particles with sizes ranging from 50 to 200 nm.
Nevertheless, a minor fraction of spherical particles can be
also observed. The predominant cubic morphology provides
strong evidence that these supramolecular assemblies based
on the cyclophosphazene cores rather adopt a 3-D symmetry.
As mentioned before, the orientation of the chlorine atoms
in the phosphonitrilic trimer dictates the particular type of
growth. For instance, in the case of the analogous cyanuric
chloride derivative one obtains instead a 2-D layered network
due to the planar orientation of the replaceable chlorine atoms.

The crystal structure and morphology of an as-designed ma-
terial is highly depended on the number of phenyl rings in the
aromatic diamine in use. When benzidine is used in the place
of 1,4-phenylenediamine significant changes in the orientation
and symmetry of the network are observed. Accordingly, the
benzidine derivative exhibits a markedly less crystalline struc-
ture, namely amorphous. In addition, SEM study of this sample
revealed an elongated, fibrous morphology. We assign these
discrepancies to steric hindrance effects that in turn favour
the unidirectional growth of linear chains.

The cyclic voltammetry diagram of phd/ptr is presented in
Fig. 11. Similarly, the derivative is electrochemically stable
over many cycles exhibiting two reversible redox peaks. Hence,
the two oxidation peaks centered at 0.095/0.939 V are accom-
panied by the corresponding reduction waves centered at
�0.493/0.878 V in the reverse scanning direction. In the first
step, the initial protonated form is oxidized to the radical cation
chloride salt. Subsequently, complete removal of the hydrogen
atoms leads to the formation of a quinoid structure similar to
that previously proposed for the electrochemically active 1,4-
phenylenediamine [20]. The lower first-step oxidation potential
of phd/ptr compared with phd/cyan could be ascribed to the
Fig. 10. SEM images of phd/pt
carbon substitution in the central triazine core by the more elec-
tropositive phosphorus atoms.

The material is virtually insoluble in any solvent, and thus
the UVevisible spectrum of phd/ptr was recorded in the solid
state (Fig. 12). The spectrum exhibits an intense absorption
peak centered at 575 nm that is significantly red-shifted com-
pared to the initial monomers (230e250 nm). This means that
some electron delocalization still occurs within the network
[6a], albeit the electron overlap cannot be sufficiently high
due to the angle between the phosphorus atoms of the triazine
core and the nitrogen atoms of the tethered amine ligands.
Chemical oxidation of phd/ptr with (NH4)2S2O8 seems to
have a deleterious effect in the ordering of the network. Never-
theless, the oxidized solid holds promise as a low band gap
optical material. The reaction is rapid while the oxidation pro-
ceeds through various steps, each one imparting a different
color in the sample. Eventually, the oxidized material reaches
a final stable state where the color of the sample is permanently
dark red. This sample shows some dispersability in ethanol thus
enabling the recording of its optical spectrum (Fig. 12). The
spectrum exhibits three distinct absorptions centered at the
r at different sample areas.
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following wavelengths: 500 (energy gap EG¼ 2.47 eV), 470
(EG¼ 2.63 eV) and 330 nm (EG¼ 3.74 eV) as well as a small
shoulder at 700 nm of unknown origin. The wavelengths where
these absorptions appear and their intensity are relatively low in
order to imply the formation of a polaron band. Furthermore the
absence of a planar structure does not provide the material with
an appreciable orbital overlapping, as in the case of the layered cy-
anuric chloride derivatives. This is the main reason for the higher
energy gaps observed in the case of phosphonitrilic chloride.

4. Conclusions

2-D covalent networks consisting of central cyanuric units or
3-D covalent network consisting of phosphotriazine cores cou-
pled by aromatic diamine bridges have been synthesized and
characterized. These molecular building units are versatile tools
in the design of novel supramolecular nanostructures with inter-
esting properties. Specifically, the crystalline ordering and the
optical properties can be varied according to the type of the
diamine ligand or triazine core and the degree of oxidation. Since
the ligands are not oriented in a planar conformation in the case of
phosphonitrilic molecules, the band gap cannot be sufficiently
low and there are no indications for the formation of a polaron
band, even if some high wavelength excitations are observed.
In contrast, the benzidine/cyanuric chloride couple exhibits sig-
nificantly low band gap absorptions. On account of their inherited
ion-exchange properties, the 2-D and 3-D organic materials
resemble conventional inorganic layered and zeolitic solids.
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