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Highly accurate quantum chemical calculations were used in a comparative study of the π-conjugation length
and CH/N heterosubstitution effects on the structure and a number of properties of tris(o-phenylenedioxy)
cyclotrisphosphazene (TPP) derivatives to identify the role of each of them in the modulation of the host · · ·guest
complex stability and available space for the adsorbate within TPP-like organic zeolite (OZ). From the
BH&HLYP/6-31G(d,p) structures it was found that extending the side fragment with a phenyl ring and
substituting CH/N preserve the “paddle wheel” molecular shape, a key factor in the tunnel formation on
which the organic zeolite use of TPP is based on. Compared to the unsubstituted molecules, the side fragment
is shortened for CH/N heterosubstitution, which may decrease the diameter of the tunnel. In addition, through
accurate ionization potential (IP) calculations (at the HF/6-311+G(d) level) the electron-donor (E-D) capacity
was found to be more significantly enhanced by a lateral than a linear extension with phenyl ring, while it
decreased upon CH/N heterosubstitution, which can affect the stability of some related host · · ·guest complexes
in the same order. Finally, as recently reported for TPP, the current results based on PBE0/6-31G(d,p) show
that upon release of an electron the structural stability may not be altered by a CH/N mono- or disubstitution.
From these features it was concluded that if the crystal requirement can be attained clathrates of good tolerance
toward guest molecules in a wide range of Lewis acidity with variable E-D strength and available space for
adsorbates may be reasonably awaited by exploiting these two approaches.

1. Introduction

Formed by three or more -PdN- units, cyclophosphazenes
are cyclic compounds1,2 that have been revealed to be very
versatile materials.3-5 Such diverse structures as clathrates,6 ionic
conductors,7 ion receptors,8 or dendrimers9,10 have been prepared
using cyclophosphazene units, and researchers have realized that
these can be used as building blocks for preparation of self-
assembled materials.11 As a result of their unique features,
organic zeolites (OZ) and molecular self-assembled materials12,13

seem to constitute a competing alternative for strategic industrial
and environmental applications such as gas storage, selective
gas recognition, and separation, where absorption properties of
materials are emerging as a forefront issue of present-day
research.14-16 Thus far it has been reported that these can be
prepared simply by exploiting soft interactions: the ease of
formation results in a surprising modularity of the preparation
approach. The available space for absorbates can be engineered
in the shape of nanochannels lined with an infinite number of
receptors for targeted and selective physisorption. Selectivity
is provided not only by the channel opening as in conventional
zeolites but also by organic groups that focus specific interac-
tions on the channel core and fabricate supramolecular structures
that cooperatively stabilize gases that diffuse in. Originally
studied by Allcock,17 tris(o-phenylenedioxy)cyclotriphosphazene
(TPP, 1) has become a compound of choice to investigate the

structural features of organic zeolites and their potential ap-
plications. Studies have focused on the stability of the hexagonal
modification compared to compact guest-free monoclinic struc-
tures:18 single-crystal X-ray determination of the crystal struc-
ture,19 investigation of gas storage or aromatic guest insertion
by advanced NMR techniques20 and X-ray diffraction,21 con-
finement of iodine molecules by several crystallization proce-
dures,22 insertion of dipolar molecules,23 obtainment of func-
tional materials by inclusion of electroactive molecules,24 and
formation of nanocomposites containing macromolecules.25

From TPP to some of its derivatives it has been shown that the
available space for absorbates can be modulated by the choice
of the side group, which substitutes the dioxyphenylene in the
former, the key factor of tunnel formation being reported to be
the rigid “paddle wheel” molecular shape and requirements of
the crystal state.26 For example, it was reported that TPP and
tris(2,3-dioxynaphthyl)cyclotriphosphazene (TNP, 3) spontane-
ously form inclusion adducts with benzene, toluene, heptane,
octanes, and many other compounds,17,27 whereas tris(2,2′-
dioxybiphenyl)cyclotriphosphazene (2) forms no inclusion ad-
ducts when crystallized from or brought into contact with
organic liquids. Furthermore, 3 is stable at least up to 350 °C,
while 2 polymerizes above 250 °C.27 These differences have
been attributed to the greater molecular rigidity of 1 compared
to 2 and the stabilizing influence of a seven-membered ring at
phosphorus in the latter.27 On the other hand, spontaneous
inclusion adducts formation with 1 and a series of related
derivatives was attributed to the “paddle wheel” molecular shape
(associated to the requirements of the crystal packing). In the
case of 1 and those derivatives clathration was characterized as
a pure mechanical phenomenon.28 Some of its relevant applica-
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tions however may be based on the physicochemical properties
of these kinds of materials. Within TPP OZ, for example, which
shows a strong affinity to include gaseous methane, carbon
dioxide,19 iodine,22,25 and xenon,20c specific host-guest interac-
tions of the donor-acceptor type were expected for channels.19

Thus, the stability of the inclusion compound TPP(I2)0.75 up to
temperatures as high as about 420 K22 was interpreted based
on the Lewis acidity of iodine and the electron-donor (E-D)
capacity of the TPP-phenylenedioxy rings.22 Although a
number of theoretical investigations on phosphazene-containing
systems can be found in the literature,29-33 very few were
devoted to phosphazene-based organic zeolite. Thus far a
number of TPP derivatives have been experimentally isolated
by extending the phenylenedioxy from one to three phenyl
rings17,27,28b,34 and through a partial or total O/NH substitution.35

With 2 a set of interesting (structural) features was experimen-
tally investigated.28b Among these, a comparison in bond lengths,
bond angles, and phosphazene ring conformation with related
cyclophosphazene was made to obtain some insight into the
influence of the bulky dioxybiphenyl unit on the bonding within
the phosphazene skeleton and a structural explanation of the
chemical differences between 1 and 2.28b No such study was
found in the literature about other already isolated derivatives,
and to the best of our knowledge, no CH/N derivatives have
been reported. Even for the already isolated derivatives (3-5)
many of their properties are still unknown.

In our previous reports36,37 both ab initio and density
functional theory (DFT) approaches were used with the aim of
searching for a more accurate method for prediction of the
molecular structure of TPP. Although a reliable model was
found based on a hybrid-generalized gradient approximation
(GGA) method, careful analysis of the optimized geometry
showed that, at a certain degree, a more accurate model is still
needed for such a molecule whose geometry is known as being
key to tunnel formation on which its utility as zeolite is based.
In this study more accurate methods are used to examine the
effect of the CH/N heterosubstitution on a set of properties
including the “paddle wheel” molecular shape, the structural
stability upon charge injection, and the E-D capacity and thus
electronic structure, which seemingly make TPP a good material
for OZ use. In addition, we also discuss its influence on the
length of the side fragment on which the available space for
absorbates depends. In this way, we hope to contribute to a
good understanding of the chemical and physical properties of
such a growing family of materials while at the same time
attempting to design new candidates.

2. Computational Methods

All single molecular geometry optimizations for the neutral
and ionic forms were performed using the BH&HLYP half and
half functional (where the HF exchange contribution amounts
to 50%)38 with the 6-31G(d,p)39-42 basis set. Hartree-Fock (HF)
theory was combined with the 6-311+G(d) basis set being
applied in a single-point calculation to predict the orbital
energies. The neutral form was optimized within C3 symmetry
and the cation without any symmetry constrains (C1). The
calculated harmonic vibrational frequencies did not reveal any
imaginary frequency. Using the optimized geometries single-
point energy calculation was carried out at a higher level with
the aid of the same functional coupled to 6-311+G(d)43-45 to
improve the accuracy in energy. The first ionization potential
(IP) was then calculated as described in the following equations

IP)EM
+-EM

0 (1)

IP)-EHOMO (2)

where EM
+ and EM

0 are the total energies of the neutral and
cationic forms, EHOMO being the energy of the highest occupied
molecular orbital (HOMO) at the optimized molecular structure
in the neutral form according to Koopmans’ theorem.46 All
computational studies were performed with the GAUSSIAN 0347

series of programs with density functional methods as imple-
mented in the computational package. The optimized geometries
and molecular orbitals were plotted using MOLEKEL, 4.3
version,48 and the density of states (DOS) calculated and
convoluted using Pymolyze 2.0.49 Computational studies on the
packing structures were performed using the module Discover
of the software package Materials Studio 4.050 and the compass
force field parametrized for phosphazenes. 51

3. Results and Discussion

3.1. Choice of the Computational Methods. A preliminary
study based on different DFT approaches used to predict the
TPP and TPP-like molecular structures showed that PdN and
P-O bonds are very sensitive to the DFT approach applied (see
Table S1, Supporting Information). While the meta-GGA do
not offer any significant accuracy improvement with respect to
the GGA approaches, both providing too large deviations from
experimental structures, more accurate results were obtained
with hybrid-GGA, where the percent of HF exchange rules the
quantitative results, especially for the P-O bond. It was found
that the hybrids including 50% of HF exchange (BH&H/
BH&HLYP)38 are the most accurate, whereas B3PW9152 and
PBE053 also provide relatively good estimates (see Table S1,
Supporting Information). For comparison and calibration, since
no gas-phase electron diffraction (GED) structure is available
yet for TPP, [NPCF3]3 and P-(OMe)3 bearing PdN and P-O
bonds (Figure 1a and 1b) were calculated with the same methods
and compared to their GED structures.54,55 An excellent agree-
ment was found with BH&HLYP structures (see Table S2,
Supporting Information).

To evaluate the structural stability of this class of growing
interest against charge injection it was found that HF leads to
spin-contaminated results (see Table S3, Supporting Informa-
tion). Although BH&HLYP was proven to be a robust method
in prediction of the structures for neutral species, a certain spin
contamination was also detected and, compared to the PBE0
and B3PW91 results, it was thought that BH&HLYP may not
be suitable for ionic species in the case of TPP and TPP-like
derivatives.

The E-D strength of the phenyl ring within TPP affects the
stability of the adsorbent · · · adsorbate complex.22 Recently, we
demonstrated a tight relation between the IP of TPP-like
molecules and that of the free side fragment.37 Then, one may
directly estimate the effect of CH/N heterosubstitution on the
E-D capacity of the side fragment from the IP of the entire

Figure 1. BH&LYP/6-31G(d)-optimized structures for [NPCF3]3 (a)
and P-(OMe)3 (b), where phosphorus, oxygen, nitrogen, carbon, fluorine,
and hydrogen are shown in pink, red, blue, green, gray, and white,
respectively.
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molecule. Preliminary calculations have proved that based on
Koopmans’ theory46 HF/6-311+G* can yield an excellent
accuracy for adiabatic IP (see Table S4, Supporting Informa-
tion). Again, since no experimental IP value for TPP is available
yet, a number of molecules with nearly the same atomic
composition whose experimental IP values are already available
were selected.

Those include P3N3F5OCHdCH2, P3N3F4(OCHdCH2)2,
P3N3F5C6H5, 2,2-P3N3F4(C6H5)2, cis-2,4-P3N3F4(C6H5)2, and
trans-2,4-P3N3F4(C6H5)2 studied by C. W. Allen et al.56 As
shown in Table 1 very good accuracy was also found between
our predicted IP values and the experimental adiabatic first-
ionization potentials56 for a number of substituted phosphazenes
considered as references in this work. Consequently, more
reliable structures for neutral species, estimates of the structural
stability upon charge injection, and IP evolution in the new TPP
derivatives of interest in this study can be reasonably awaited
from the BH&HLYP/6-31G(d,p), PBE0/6-31G(d,p), and HF/
6-311+G(d) levels, respectively.

3.2. Neutral Species. 3.2.1. Molecular Features. TPP and
TPP-like with Enhanced π Conjugation. We begin our discus-
sion with the already synthesized compounds (1-5) which
correspond to extending the phenylenedioxyl side group (within
TPP) with one or two more phenyl rings, linearly or laterally.
In Scheme 1 we show the chemical structures corresponding to
a different arrangement of the two or three rings in one side
fragment. Some of the corresponding optimized structures are
displayed in Figure 2, and selected parameters are listed in
Tables 2 and S4, in the Supporting Information (which also
show available experimental data for comparison). Since
experimental observations favor C2 symmetry for 2, geometry
optimization within this symmetry was also considered besides
the C3 one. From the optimized geometries the common and
most important feature was found to be the planarity of the
cyclophosphazene ring, in agreement with an experimental
report, except for 2 for which a slight deviation from the
planarity of the phosphazene ring (by ∼3°) was predicted for
C2, in agreement with an experimental report.15 According to
theBH&HLYP/6-31G(d,p)resultstheC3conformation(-3024.998714
au) was found to be the preferred form of 2, being energetically
more stable than the C2 one (-3024.9969577 au) by ∼1.1 kcal,
in agreement with our previous report based on different levels
of theory.37 This feature also agrees with an experimental report
by Allcock et al.28b according to which conformations other than
the experimentally observed C2 may be awaited in solution or
the molten state since the later was demonstrated as mainly
resulting from crystal packing forces. Also in agreement with
experimental observations is the planarity of the side fragment
in the case of 1, 3, and 5 and, of course, the twisted heterocycle
(containing the two O atoms) in 4.

Despite the use of 6-31G(d,p), which includes the d polariza-
tion functions known to be necessary for an accurate description
of the chemistry of phosphorus36 and the BH&HLYP that takes
into account the electron correlation proved to be necessary for
proper description in the case of TPP, some of the optimized
(geometrical) parameters for 2 significantly deviates from the
reported crystal structure (geometrical not given in this contribu-
tion).27 This can be reasonably ascribed to the reported fact that
the molecular geometry of 2 suffers from the solid-state effects
in its crystal.27 In general, this may be taken as being in
agreement with experimental observation. Again, these features
give credit to the BH&HLYP/6-31G(d,p) chemical model to
predict the geometrical structures of this kind of systems.

CH/N-Substituted DeriVatiVes. With the aim of evaluating
the influence of CH/N heterosubstitution on the molecular
structure of TPP and TPP-like molecules, compounds 1 and 2
were considered for this issue. The molecular models used in
our calculations, obtained by a systematic substitution of CH
groups with N atoms in positions 3, 6, 4, and/or 5 for 1 on one

TABLE 1: Computed Ionization Potential (IP) along with
Available Experimental Data for the Phosphazene
Derivatives of Referencea

molecule IPv IPa Calcdd expd

P3N3F5OCHdCH2 10.08,b 10.09c 9.35c 10.79 10.61
P3N3F4(OCHdCH2)2 9.27,b 9.30c 8.89c 10.37 10.09
P3N3F5C6H5 10.04 10.07
2,2-P3N3F4(C6H5)2 9.52 9.64
cis-2,4-P3N3F4(C6H5)2 9.81 9.62
trans-2,4-P3N3F4(C6H5)2 9.76 9.62

a IPv and IPa represent the vertical and adiabatic ionization
potentials, respectively. b From eq 1 at the B3LYP/6-311+G* level.
c From eq 1 at the PBE0/6-311+G* level. d From eq 2 at the HF/
6-311+G(d) level. d From ref 56.

SCHEME 1: Chemical Structures of the Derivatives
under Investigationa

a Only 1-5 have been synthesized and clathration evidenced for 1
and 3-5.17,26,28,34 The numbering scheme used in the text for the atoms
in the side group is also shown. b The positions for systematic
substitution of CH groups with N atoms. c TPP, TNP, and their
derivatives.
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hand and 1, 4, 5, 8, 6, and/or 7 for 2 on the other hand, are
shown in Scheme 1. In the following the results are presented
according to the labeling method adopted in the same scheme.
From the optimized geometries of this series of derivatives
(7-24) the common feature was found to be preservation of
the “paddle wheel” molecular shape with longer side fragments
for TNP derivatives than for TPP derivatives.

Again, it was found that the geometrical parameters involving
the phosphazene ring remain practically unaffected. Indeed, no
more than 0.007 Å (0.018 Å) in N-P (P-O) bond lengths of
deviation is predicted, while less than 2° of deviation was
revealed from N-P-N, P-N-P, and O-P-O bond angles.
These results are shown in Table 2 for representatives (9, 14,
16, and 17) of this kind of series. From the length of the side
fragment viewpoint, on which depends the available space for
adsorbates, we anticipate a decreasing diameter of the tunnel
with the degree of CH/N substitution within both TPP and TNP.
This can be explained by comparing the C-C bond length of
the unsubstituted bond (1.37-1.41 Å) to that of the correspond-
ing C-N one (1.28-1.30 Å) in the CH/N-substituted deriva-
tives. On the basis of our results the magnitude of the variation
is expected in the decreasing order unsubsituted > monosub-
stituted derivatives > disustituted derivatives. Thus, the size of
the adsorbing space in CH/N derivatives of TPP may be
anticipated to be smaller than that of TPP itself, while CH/N
derivatives of TNP would lead to crystals having a tunnel space
in between those with TPP and TNP. Compared to the TPP
molecular shape CH/N substitution breaks the D3h symmetry
in the case of the monosubstituted and disubstituted derivatives
other than 11, 12, and 19-24 while inducing a uniform change
on the P-O bond length which is found to be slightly shortened
(e0.007 Å) on one side and remarkably lengthened (up to 0.015
Å) on the other side of the side fragment. It is interesting to
note that in all CH/N derivatives no more than 0.02 Å of change
is predicted in bond length, the greatest deviation in bond angle
being found to be less than 2°, the planarity of the side group
and its perpendicularity to the plane of the central ring being
preserved.

3.2.2. Electronic Structure. Charge Partitioning within the
Phosphazene Ring. The Mulliken partial atomic charges for the
central (and common) part to all of the molecules under
investigation are summarized in Table 3. From these one can
find that the nitrogen atom accumulates an excess of negative
charge (ca. -0.65 e-), the phosphorus atoms being highly
positively charged (∼1.20 e-), resulting in a highly polarized

P-N bond in contrast to the P-O one involving two negatively
charged P and O atoms. This feature agrees well with the
previous ab initio theoretical report by Waltman et al.32 on a
series of cyclophosphazenes and is observed to remain in the
two kinds of derivatives envisaged in this study.

Frontier Molecular Orbitals (FMO) Shape. Analysis of the
molecular orbitals can provide very useful information about a
molecule, such as the site of electron attachment and detachment
as well as chemical reactivity.57 Moreover, in HF calculation it
is possible to obtain the IP from Koopmans’ theorem, which
has proven to be highly accurate for cyclophosphazenes (see
Table 1). In return, DFT has been widely used because the
accuracy of the energy of the energy calculation is normally
higher than that of HF. Therefore, the accuracy of the DFT-
optimized structures is also higher than the HF-based one. In
this work both HF and DFT were applied to probe the electronic
structures of the system of interest. In Figure 3 we show the
HOMOs of 1, 9, 16, and 17 as representative of the series of
derivatives under study. First, it is interesting to note how well
the distribution of the HOMOs for P3N3F5OCHdCH2 and
P3N3F4(OCHdCH2)2 correlates with the assumptions based on
the experimental observations by C. W. Allen et al., who
assigned the first vertical IPs for P3N3F5OCHdCH2 (10.61 eV)
and P3N3F4(OCHdCH2)2 (10.09 eV) to the phosphazene out-
of-plane π-orbital ionizations, leaving them as being derived
from the O-CHdCH2 moiety, in agreement with previous
observations of the general range of energies associated with
this functional group.56 This assignment is confirmed by the
HOMOs π nature and distribution on O-CHdCH2 as computed
and shown in Figure 3 (i and ii). This good agreement also
gives credit to the conclusions to be drawn from the same
viewpoint in the case of the systems under investigation.

From Figure 3 one may observe that for the representatives
of the systems under study the HOMO is uniformly and strongly
localized on the three side fragments, the LUMO (not shown
here) being mainly made of contributions from two of the three
side groups. In addition, one may find that the former is binding
on C2-C3, C6-C7, and C9-C10 bonds for TNP and its
derivatives (C1-C2 and C4-C5 for TPP) while antibonding
between the O and the adjacent carbon atoms. The same features
were previously described for the TPP molecule parent based
on different wave functions. 37

In the whole series of new derivatives the HOMO shows
almost the same bonding-antibonding pattern; it is localized
on the residual phenylenedioxyl side (mainly on O1, O1′, C1,
C2, C4, C5, and/or the substituting N atom) and uniformly (or
almost) localized on the three side groups. The LUMO also
shows common characteristics in the whole series: it is localized
on the residual side moiety with significant contribution from
the nitrogen in some of the derivatives and a negligible
contribution from O atoms. In addition, as for the pristine TPP
it is strongly and uniformly localized on two of the three side
groups with a weak contribution from the remaining other. From
these features we anticipate and confidently assign the first
vertical IP of the phosphazenes under study to the phosphazene
out-of-plane π-orbital ionizations, leaving them as being derived
from the side moieties.

Frontier Molecular Orbitals Energies (EFMO). The HOMO
belongs to the irreducible representation A with an eigen value
(EHOMO) of -8.97 eV, whereas the HOMO-1 and HOMO-2 are
E with an eigen value (EHOMO-1 and EHOMO-2 degeneracy case)
equal to - 9.07 eV. It is interesting to note how well the HF/
6-311+G(d) values agree with the HF/6-31G**//PBE0/6-31G**
ones of -8.79 and -8.89 eV, respectively, from our previous

Figure 2. BH&HLYP/6-31G(d,p)-optimized structures for (i) 4, (ii)
5, (iii) 9, and (iv) 17 as representatives of the series of compounds
under investigation (for clarity, hydrogen atoms are not shown).
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work,37 implying the nearly same accuracy in the predicted
structure of the neutral species. In agreement with those provided
using the 6-31G(d,p) and 6-311G+(d) basis sets, the energy
splitting is predicted to be ca. 0.1 eV between the highest and
next highest occupied levels. These features clearly indicate that
the EFMO energies ordering and related qualitative features may
not be very affected by the basis set or electronic wave function,
implying the reliability of the results. In Table 4 we only list
the calculated energies for the EHOMO and ELUMO eigenvalues
for the investigated compounds relative to pristine TPP and TNP
as obtained from BH&HLYP/6-31G(d,p) and those computed
with HF/6-311+G(d) at the BH&HLYP/6-31G(d,p)-optimized
structures. Those related to compounds 4-6 are also listed for
the sake of comparison. From the results presented in Table 4
a general trend that is observed is that the π-conjugation length
increases the EHOMO while decreasing the ELUMO in the sequence
1 < 3 < 4 < 6 < 5. In contrast, the CH/N substitution in the
side fragment decreases (and stabilizes) the HOMO and LUMO
eigenvalues at the same time owing to the presence of one/two

nitrogen atom(s) and very dependently on the position of the
substituted CH group in the side fragment. Due to the inductive
effect of the nitrogen atom, the HOMO gets stabilized in the
sequence 1 < 7 < 8 < 9 < 10 < 11 < 12 within the subgroup
of TPP and its CH/N derivatives and in the sequence of 3 < 15
< 13 < 14 < 19 < 21 < 19 < 20 < 16 < 22 < 23 < 24 < 18
in the subclass of TNP and its CH/N derivatives. It is interesting
to note that both the HOMO and LUMO are more stabilized in
the disubstituted ones (10-12 for the TPP based and 17-20

TABLE 2: Selected BH&HLYP/6-31G(d,p)-Optimized Bond Lengths (R, Angstroms) and Bond Angles (θ, degrees) for TPP
and Some of Its Derivatives (both the π-extended and CH/N-substituted derivatives)a

1 3 5 6 9 14 16 17

N-P 1.579 1.578 1.579 1.579 1.576 1.578 1.576 1.578
P-O1 1.622 1.621 1.623 1.622 1.626 1.622 1.624 1.621
P-O1′ 1.622 1.620 1.623 1.623 1.626 1.620 1.624 1.621
C1-O1 1.374 1.372 1.377 1.376 1.363 1.371 1.363 1.369
C1′-O1′ 1.374 1.372 1.377 1.376 1.363 1.371 1.363 1.369
C1′-C1 1.383 1.407 1.341 1.359 1.396 1.408 1.423 1.410
N-P-N 116.4 116.4 116.3 116.3 116.6 116.4 116.7 116.5
P-N-P 123.6 123.6 123.7 123.7 123.4 123.6 123.3 123.5
P-O1-C1 110.4 110.9 109.5 110.0 110.3 110.9 110.9 111.1
P-O1′-C1′ 110.4 110.9 109.5 109.8 110.3 111.1 110.9 111.1
O1-C1-C1′ 111.8 111.3 112.7 112.2 111.9 111.3 111.2 111.2
O1′-C1′-C1 111.8 111.3 112.7 112.4 111.9 111.1 111.2 111.2
O-P-O 95.6 95.7 95.5 95.6 95.7 95.6 95.8 95.5

a See Scheme 1 for atom definition.

TABLE 3: BH&HLYP/6-31G(d,p) Mulliken Charge Distribution Representative of the Series of Compounds under Study (1, 3,
5, 6, 9, 14, 16, and 17)

a 1 3 5 6 9 14 16 17

P 1.231 1.230 1.231 1.231 1.231 1.231 1.237 1.232
N -0.665 -0.630 -0.664 -0.665 -0.655 -0.661 -0.654 -0.659
O1 -0.622 -0.625 -0.637 -0.624 -0.595 -0.621 -0.597 -0.659
O1′ -0.622 -0.625 -0.637 -0.634 -0.595 -0.624 -0.597 -0.620

a See Scheme 1 for atom definition.

Figure 3. BH&HLYP/6-31G(d,p) HOMOs for (i) P3N3F5OCHdCH2,
(ii) P3N3F4(OCHdCH2)2, (iii) 1, (iv) 9, (v) 16, and (vi) 17 as
representatives of the series of derivatives under investigation.

TABLE 4: Calculated Length (L) of the Side Fragment,
HOMO Energy (EHOMO), LUMO Energy (ELUMO), and
HOMO-LUMO Gap (Eg)a

BH&HLYP/6-31(d,p) HF/6-311+G(d)

Lb EH EL Eg EH (-IPKT)c EL Eg

1 4.72 -7.50 0.99 8.49 -8.97 1.53 10.50
3 7.16 -6.99 0.05 7.04 -8.20 1.57 9.77
4 5.03 -6.71 0.09 6.80 -7.88 1.55 9.42
5 5.91 -6.47 0.07 6.54 -7.71 1.53 9.24
6 5.95 -6.69 0.01 6.69 -7.92 1.55 9.47
7 4.64 -7.91 0.30 8.21 -9.34 1.39 10.73
8 4.70 -8.31 0.42 8.73 -9.80 1.33 11.13
9 4.56 -8.40 -0.48 7.92 -9.80 1.40 11.20
10 4.70 -8.77 -0.35 8.42 -10.94 1.07 12.01
11 4.62 -8.81 -0.23 8.58 -10.33 1.28 11.61
12 4.63 -8.98 -0.50 8.48 -10.64 1.09 11.72
13 7.07 -7.53 -0.35 7.18 -8.81 1.45 10.26
14 7.07 -7.56 -0.36 7.20 -8.84 1.46 10.30
15 7.13 -7.48 -0.45 7.03 -8.68 1.34 10.02
16 6.98 -7.98 -0.86 7.12 -9.21 1.32 10.53
17 6.99 -7.91 -0.90 7.02 -9.11 1.17 10.28
18 7.12 -8.31 -0.90 7.42 -9.62 1.02 10.64
19 7.05 -7.93 -0.74 7.19 -9.16 1.37 10.53
20 7.04 -7.96 -0.84 7.12 -9.20 1.24 10.44
21 6.98 -7.93 -0.74 7.18 -9.15 1.29 10.44
22 7.04 -8.03 -0.87 7.16 -9.24 1.18 10.43
23 7.05 -8.04 -1.02 7.02 -9.30 1.16 10.45
24 7.05 -8.05 -0.86 7.19 -9.29 1.25 10.54

a EH ) EHOMO and EL ) ELUMO. b L is calculated as described in
Figure 2. c Ionization potential (IPKT) is estimated using eq 2.
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for the TNP based) than the monosubstituted derivatives owing
to the one more N atom in the former cases. Relative to TPP,
the greatest increase in EHOMO (1.26 eV with the HF and 1.03
eV with the BH&HLYP) was observed for 5, the greatest
decrease of ∼2.00 eV with the HF, and ∼1.27 eV with the
BH&HLYP being predicted for 10. The predicted net effect was
that, in comparison to TPP, the HOMO-LUMO gap energy
within the BH&HLYP results remarkably decreases for 3-6,
and 13-24. These results agree well with the HF-based ones
except for compounds 7-12, 16, 18, 19, and 24, whose Eg

values appear to be slightly greater than that of 1. Compared to
TPP, extending the side group with an aromatic ring destabilizes
the HOMO, which becomes more stabilized by CH/N substitution.

Total and Partial Density of States (TDOS and PDOS) around
the HOMO-LUMO. The electronic structures should represent
the fingerprints of the organic molecule in relation to the
chemical and physical properties.58 Although ultraviolet pho-
toemission spectroscopic (UPS) measurements can provide such
information, there is still a lack of accuracy in the detailed
information relating to individual atoms involved.59 In our
previous studies on TPP36,37 some insight was gained on the
electronic structure of the molecule through a brief analysis of
the FMOs. To supplement these studies, on the way to a detailed
comparative study of the effect of the π-conjugation length and
CH/N substitution on the electronic structure for the molecules
under investigation, the TDOS and PDOS on four fragments
were calculated based on the current level of theory. The results
are plotted for three representatives of derivatives (1, 9, and
17) and shown in Figure 4. As clearly shown in this figure, the
PDOS reveals that the HOMOs are fairly localized on the
phosphazene ring with only minor but nonzero contributions
from its nitrogen atoms, the main contributions coming from
the side fragments. In the same figure one can find that the
LUMOs are highly delocalized throughout the ring(s) of the
side fragment with no contributions from the oxygen atoms and
the phosphazene moiety. One of the advantages of DOS study
is that identification of any other molecular orbitals can also be
made in a straightforward way. By examining the PDOS it was
found that O1, C1, C3, and C4 have symmetrical contributions

to those for O1′, C2, C6, and C5. This implies the existence of a
σh plan, which in the case of TPP coincides with the plan of
the central ring, in agreement with the D3h symmetry from
experimental observation.33 The same feature was observed with
TNP and might be also revealed in CH/N-disubstituted deriva-
tives 16-18.

Although UPS measurement can provide similar (maybe more
accurate) valence band information, projection of TDOS to
individual atoms explicitly reveals the contributions to TDOS
from each atom which are not possible from the UPS measure-
ment. Information regarding the reactive and excitation points
in the TPP and some of its derivatives can also be obtained
from Figure 3. The atoms associated with the HOMO are likely
to give up electrons upon reduction. Those atoms (O, C, and N
in case of some CH/N-substituted derivatives) contributing more
to the HOMO are more likely to react with other atoms and
may be responsible for the reactivity of the molecules, including
the donor-acceptor behavior when a Lewis acid (such as I2

within TPP crystals) is adsorbed. Although no UPS measurement
related to the studied cases were found in the literature, the
consistency of the HF-based TDOS and PDOS with the PBE0
(see ref 37) and the BH&HLYP-based ones imply a certain
reliability of the present treatment, while new information such
as reactive and excitation sites in the molecule and electronic
localization properties revealed in this work would lead to a
better understanding of the molecular properties of TPP-like
and the corresponding CH/N-substituted derivatives.

3.3. Cationic Forms and Ionization Potential. To investi-
gate the effects of charge injection on the molecular confor-
mational stability the structural and electronic properties of the
cation have been calculated. For this purpose, geometry
optimization was carried out on the cationic form (i.e., the
neutral molecule in the presence of an extra hole). In Table 5
we show the predicted structural changes for 7 and 9 (chosen
as representatives for this study) compared to their neutral forms.
Only parameters involving the side fragments are displayed since
in both two cases the phosphazene ring was found to remain
unaffected by charge injection. As previously found and reported
for TPP36 and some other derivatives37 loss of symmetry upon

Figure 4. Total and partial density of states (TDOS and PDOS) around the HOMO-LUMO gap for (i) 1, (ii) 9, and (iii) 17 as computed at the
BH&HLYP/6-31G(d,p) level of theory (dashed vertical lines indicate the HOMO and LUMO energies).
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charge injection was found to be so minor that the calculated
geometrical differences for the residual three side fragments
were negligibly small. The results listed are those relative to
one of the three side fragments but reflect the behavior of the
other two. In these the negative and positive values express,
respectively, the increase and decrease of the parameters of
interest. For each spirocyclic side group both the bond lengths
and the bond angles change symmetrically except for the
monosubstituted derivatives. Changes in bond lengths are not
significant (at most 0.013 Å for 7 and 0.022 Å for 9), those in
the bond angles being found to be less than 1°. Changes in bond
lengths are mainly localized in the bridging part containing the
C-O bonds whose lengths decrease. Upon depopulating the
redox-active molecular orbitals the C1-C2 and C4-C5 bonds
are lengthened and the C-O bonds adjacent to the former
shortened. It is important to note that these features, based on
PBE0, are nicely reflected in the BH&HLYP-calculated HOMOs
(Figure 3), which are bonding on C1-C2 and C4-C5 while
antibonding between the former and the O atoms.

On the basis of the relatively small structural relaxation upon
injection of positive charge, as revealed by the current calcula-
tions, a certain structural stability, especially versus a positive
charge injection, might be expected from these derivatives.
Assuming that the corresponding crystal requirements respon-
sible for tunnel formation can be attained, this may make them
tolerant hosts for guest molecules of Lewis acid character, as
the pristine TPP. On applying Koopmans’ theorem (eq 2) the
IP values were computed at the HF/6-311+G(d) level on the
BH&HLYP/6-31(d,p) geometries. It is noteworthy to recall the
excellent agreement between experimental and computed IP for
phosphazene. Since then the E-D capacity of the series of
compounds studied which can be reliably measured from the
IP is expected to be more accurate than what one could expect
from the energy difference (eq 1) based on the commonly used
DFT approaches. Indeed, whereas sufficiently good qualitative
conclusions can be drawn from the IPs computed from these,
we found that applying Koopmans’ theorem at the HF/6-
311+G(d) level in the cases of c and d (see Table 1) leads to
more accurate results for phosphazenes. As listed in Table 4,
the results clearly show that the energy required to create a hole
in TPP, i.e., 8.97 eV, is much higher than both adiabatic (and
vertical) values of ca. 7.53 (7.60)36 and 7.63 eV (7.70 eV)37

based on the B3LYP and BPE0 methods, respectively. Careful
analysis of the computed IP values listed in Table 4 shows that
the π-conjugation length within TPP considerably decreases the
IP, which significantly increases upon CH/N substitution.
Confirming some other findings recently reported elsewhere37

the IP values reveal that the E-D capacity of TPP side groups
is tunable, allowing predictions to be made about the stability
of the inclusion compounds of OZ and molecules of Lewis
acidity comparable to that of I2. Herein, the results confirm that
π-conjugation length decreases the IP in the sequence 1 < 3 <
4 < 6 < 5. A comparison of 3, 4, and 6 shows again that the
IP is even decreased by a lateral extension. The E-D strength is
then increased within the same order. The stability of the
inclusion compound, TPP(I2)x, and the operating temperatures
may then be improved using 3 and 4 whose clathrates with many
other molecules (such as benzene,17 xylenes,60 etc.) are already
known, with the OZ-I2 inclusion compound based on 3 being
expected to be less stable than that based on 4. This stability is
expected to be reduced within CH/N-monosubstituted deriva-
tives and even more reduced in disubstituted. This feature is
important since it provides a way to control the adsorbate
according to the desired application. Another interesting feature
that can be derived from this study is shortening of the length
of the side fragment, which was reported and expected to affect
the available space for the adsorbates, allowing the amount of
the later to be modulated. From these results, if again we assume
that crystal requirements (not treated in this work) can be
attained, clathrates of good tolerance (toward guest molecules
in a wide range of Lewis acidity) within a wide range of E-D
capacity and available adsorbates space may be awaited from
CH/N substitution within TPP-like molecules. On the basis of
these properties some of the possible guests that can be awaited
to be trapped in the crystals of the molecules studied (hosts)
are at least the number of compounds with a Lewis acidity
comparable to that of I2 and smaller (in size) than xylene.

3.4. CH/N Substitution Effects on the Solid State. The
crystal structure of 1 resembles the structure of 3 with some
differences being reported.17 From a structural viewpoint, the
phosphazene ring in the former is perfectly planar (since both
phosphorus and nitrogen lie on the mirror plane) and the plane
of the phenylenedioxyphosphole unit oriented exactly at 90° to
the phosphazene ring plane, whereas the naphthalene residue
in 3 is not totally planar.17 A minimum diameter in the range
of 9-10 Å was reported for the channels found in the clathrate
formed by 3 (see Figure 5), where six benzene “spheres” per
unit cell can be close packed in the wider segments of each
channel.17 In 1 the minimum channel diameter is less than 5 Å
with only one benzene molecule statistically occupying the
channel volume within each unit cell.18 The stability differences
between the benzene clathrates of 1 and 3 almost certainly reflect
the different channel diameters in the two structures.17 Since
benzene molecules apparently can tumble within the channels
formed by 3 they can presumably escape from these channels
more readily than from the narrower channels formed by 1.
These features clearly demonstrate the crucial role of the tunnel
diameter in the stabilization of the clathration process. It then
appears to be interesting to evaluate the influence of the CH/N
substitution discussed above from the same point of view.
Without pretending to predict the crystalline structure of the
CH/N derivatives of interest in the current study the results
presented in this section assume that some of the CH/N
derivatives (if not all) may retain the P21/n (before clathration)
and P63/m (upon clathration) space groups in the corresponding
crystals as observed when the side group is extended from one
to two phenyl rings (from 118 to 317). Since single molecules of
both 1 and 3 are of D3h symmetry group, we judged it to be
more reasonable to conduct this evaluation on a disubstituted
derivative (17) of the same symmetry. The computational results
described in this section were performed by the method and

TABLE 5: Selected Calculated Variation of Structural
Parameters in the Cation for Derivatives 7
(monosubstituted) and 9 (disubstituted) Compared with
Their Neutral Formsa

∆R (Å)b 7 9 ∆θ (deg)c 7 9

P-O1 0.003 0.005 P-O1-C1 0.42 0.32
P-O1′ 0.005 0.006 P-O1′-C2 0.42 0.32
O1-C1 -0.013 -0.013 O1-C1-C2 -0.13 -0.07
O1′-C2 -0.013 -0.013 O1′-C2-C1 -0.20 -0.07
C1-C2 0.014 0.011 O1-P-O1′ -0.52 -0.49
C1-C6 0.000 0.004 C2-C1-C6 0.03 0.06
C2-C3 0.006 0.004 C1-C2-C3 0.21 0.06
C3-C4 -0.007 -0.010 C1-C6-C5 -0.31 -0.22
C6-C5 -0.008 -0.009 C2-C3-C4 -0.56 -0.22
C5-C4 0.017 0.022 C6-C5-C4 0.19 0.16

C3-C4-C5 0.42 0.16

a See Scheme 1 for atom definition. b ∆R ) variation in bond
length. c ∆θ ) variation in bond angle.
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software described in the Computational Methods section.
Validation of the force field was checked by optimizing the
monoclinic packing and the empty TPP host structures of 1 and
3. The host structures were derived from the TPP-benzene13

and 3-benzene17 experimental structures. For 17 the structure
used was derived from the latter by replacing the “CH” groups
in positions 5 and 8 (see Scheme 1 for details) by N atoms and
adjusting the geometrical parameters involved to the BH&HLYP/
6-31G(d,p)-optimized ones for the single molecule.

The results are collected in Table 6. From the optimized
structures for both 1 (previous work33) and 3 (in this work) one
may figure out that the unit-cell parameters agree well with
experimental data (maximum deviation of 5%) even though a
tendency to obtain denser packing was observed. This indicates
that the compass force field is suitable for describing not only
1, in agreement with a previous report by Claire Gervais et al.,33

but also 3, which reinforces the credibility of the current results.
From the tunnel size viewpoint the diameter (D) was estimated
as described in the annex part provided in the Supporting
Information. Again, it is interesting to note how good the
agreement between the experimental (9-10 Å) and the predicted
(9.30 Å) values is for 3 (also listed in Table 6). Confirming our
anticipated conclusions from the predicted shortening of the side

group upon CH/N substitution, that the size of the available
space for adsorbates, the predicted D () 7.91 Å) for the CH/
N-disubstituted derivative (17) was found to be ∼1.4 Å smaller
compared to that of the parent molecule 3. Finally, careful
analysis of the optimized structures of 3 and 17 as single
molecules and crystals (unit cells) shows a more pronounced
packing effect in 17. Indeed, the snapshots in Figure 5iii and
5iv show that, initially planar in the single molecules, the side
fragment would suffer from some slight bending effects for 3
which becomes even more obvious for 17 in the bridging part
between the central ring and the first ring, leaving the rest of
the side fragment planar (or nearly) and perpendicular to the
plane of the phosphazene ring. This may suggest different
intermolecular interactions in 17 compared to 3, which does
not mitigate against the main conclusion drawn from the current
study about the influence of the CH/N substitution on the
properties of TPP and TPP-like which make them good materials
for organic zeolite use.

4. Conclusions

From this theoretical study some light was shed on the CH/N
substitution along with enhancement of the π-conjugation effect
on the zeolite TPP structures and properties: (i) BH&HLYP/
6-31G(d,p) calculations indicated that CH/N substitution pre-
serves the “paddle wheel” molecular shape, a key factor in
tunnel formation on which the use of TPP and TPP-like
molecules for OZ use is based. (ii) Both the HF/6-311+G(d)
and BH&HLYP/6-31G(d,p) predictions are consistent with the
HOMO and LUMO stabilization through CH/N substitution
whose net impact can be either an increasing or a decreasing
HOMO-LUMO gap depending on the position of the substi-
tuted CH group in the side fragment. (iii) On the basis of a
comparative study between the PBE0/6-31G(d,p)-optimized
structures for the neutral and cationic forms the CH/N-
substituted derivatives were predicted to preserve the structural
stability upon injection of a positive charge. (iv) On the basis
of the calculated IPs a significantly large increase in the E-D
capacity owing to the enhanced π conjugation through linear
or lateral extension with an aromatic ring. Again, we showed
that lateral extension induces the most significant E-D capacity.
The features revealed by the current study indicate that the E-D
capacity of TPP can be easily tuned by both the CH/N
heterosubstitution and the lateral or linear extension of the side
group with one or two aromatic rings on the side group. This
may provide a way to modulate the stability of some guest · · ·host
complexes (by varying the E-D strength of the side group) and
the amount/size of the adsorbate (through the length variation
of the side group).
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