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Molecular Modeling and Large-Angle X-ray Scattering
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The structure and conformation of semicrystalline poly[bis(phenoxy)phosphazene] (PBPP)
was studied using molecular mechanics including ad hoc quantum mechanically derived
force field (FF) parameters, in combination with the energy-dispersive X-ray diffraction
(EDXD) technique. The atom—atom radial distribution function (RDF) curves were calculated
for the various models of backbone conformations and for the structure in the crystalline
o-form of PBPP. On the basis of comparison between theoretically calculated RDFs with
the RDF obtained from the EDXD experiment, a model was proposed. The structural features
of this model are (i) the polymer backbone adopts a low-energy, planar, trans—cis [TC],
conformation, (ii) each chain is, on average, comprised of 16 monomeric units, and (iii) the
unit cell may be restricted to contain two such chains running antiparallel to each other
and with their backbones aligned parallel to the (1, 1, 0) Miller plane. The results demonstrate
the capability of the combined use of computational chemistry (molecular modeling) and
X-ray diffraction techniques such as EDXD to provide insights, otherwise experimentally
inaccessible, into the conformational and structural features of semicrystalline polyphosp-

hazenic materials.

Introduction

During the past decade much interest has been
directed toward poly[bis(aryloxy)phosphazenes] (PAOP)
because of their use as electronic conductors as well as
applications in nonlinear optics polymers.1=11 Recently
polyphosphazenes have developed importance as ma-
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terials for synthesis and entrapping of quantum-
confined semiconductor nanometer-sized particles.1?

The present investigation focuses on amorphous poly-
[bis(phenoxy)phosphazene] (PBPP). This is a film-form-
ing material, having good thermal stability,’® flame
resistance (LOl = 33.8),* and photochemical inert-
ness.!® Its potential importance stems from its ability
to undergo functionalization reactions, giving rise to
hydrosoluble polymers,1® for grafting of enzymes or
amino acids.r” Other applications of PBPP are in
biomedicine as heparinized antithrombogenic mate-
rial,’® or as a substrate biocompatible with organic
tissues through y-induced surface grafting of hydrophilic
polymers.19

To better understand and apply these ubiquitous
polymers for uses in both science and technology, one
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needs to make the connection between their bulk
properties (a task that is usually easy to measure) and
their atomic-level structural and dynamical features
that often can be difficult to assess. Unfortunately only
very limited structural information is available about
the polyphosphazenes at the atomic level in the bulk
(solid state), although the alignment of the chains and
dimensions of the crystalline domains are essential
information to prepare nanostructured particles.

Some insights into the structural and morphological
characteristics of PBPP have been attained using X-ray
and electron diffraction techniques.?°=23 These studies
have shown that (i) solution-grown crystals of PBPP are
monoclinic, “chain folded” (a-form, monoclinic; unit cell
dimensions,a=16.6 A,b=13.8A,c=4.91A, y =83
two chains having two monomeric units each), and of
moderate crystallinity in three dimensions (3D), (ii)
when the crystals are heated above the mesophase
temperature T(1), they transform into a 2D pseudohex-
agonal morphology (6-form), and (iii) the cooling proce-
dures used for the heated specimen between T(1) and
the isotropic temperature Ty, will determine whether
the original 3D a-form or a 3D orthorombic y-form will
result. Additionally, results from 3P NMR CP-MAS
experiments? reveal the occurrence of both crystalline
and amorphous parts of PBPP, as well as the existence
of an interface phase. Despite the extensive studies to
date, atomic-scale information on the relative arrange-
ment of the chains in the unit cell and on the interchain
assembly of the substituent groups still remains un-
available.

The major impediment to understanding the struc-
tural features of the polyphosphazenes is that they have
low crystallinity or they are amorphous materials.
Large-angle X-ray scattering (LAXS) is a powerful
technique for determining structural parameters (in-
teratomic distances) of amorphous systems.?>26 In par-
ticular, energy-dispersive X-ray diffraction (EDXD) has
been recognized to be a suitable tool in the investigation
of such systems because of its speed and reliability
compared to those of a traditional angular scanning
diffractometer.2’=2° In our recent work3® the EDXD
technique combined with molecular modeling allowed
us to determine the backbone conformation of amor-
phous poly[bis(4-methylphenoxy)phosphazene].

The goals of this paper are thus 2-fold: first to provide
additional experimental information about the structure
of low-crystallinity PBPP in the a-form, and second to
explore the utility of computational chemistry combined
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with the EDXD technique for describing structural
features of materials that are amorphous in nature and
are not amenable to single-crystal X-ray diffraction.
Specifically, in this work we apply EDXD to derive the
radial distribution function (RDF) from X-ray scattering
data for PBPP. Molecular mechanics including ad hoc
quantum mechanically derived force field (FF) param-
eters for CHARMm is then used for modeling and
predicting the RDF derived from the EDXD experiment.
Verification of consistency between theoretical and
experimental RDFs will allow atomic-scale information
on the structural situation of PBPP in the unit cell, and
in particular on the local order and short-range inter-
atomic distances. The local order refers to still unan-
swered questions by X-ray diffraction studies, which are
(i) relative orientations (parallel—antiparallel) of the
chains in the unit cell and (ii) interchain assembly of
the phenoxy groups.

Molecular Mechanics

The Cerius? package developed by BIOSYM/MSI was
used to perform all the molecular mechanics (MM)
calculations through the OFF (open force field) routine.
In the OFF, which includes a wide range of empirical
functions, the functions of the CHARMM force field3!
were selected. Accordingly, the CHARMmM parameter set
that was previously developed for poly[bis(4-methylphe-
noxy)phosphazene]®® was also used in this study.

These force field parameters were calculated using
the Dinur and Hagler3? method of energy derivatives
from ab initio data at the Hartree—Fock level using the
6-31G* basis set. The procedure for obtaining the
parameters using the energy second derivatives requires
the calculation of the minimum-energy structure of the
molecules chosen as model compounds. Since the value
of the ab initio calculated energy second derivative
depends on the specific valence coordinate, the assump-
tion was made that the best value for the force constant
Ka corresponded to the calculated ab initio equilibrium
geometry of the model molecules.

The scale factor for the nonbond (NB) 1—4 interac-
tions was set to 0.5. The NB interaction cutoff was
implemented according to the SPLINE method as a
function of the interatomic distance value (r) as fol-
lows: for r < SPLINE-ON = 10 A, fully considered; for
r > SPLINE-OFF = 15 A, fully ignored; for SPLINE-
ON < r < SPLINE-OFF, reduced in magnitude. The
dielectric constant in the electrostatic function was set
as ¢ = 1. The atomic charges were those from the
Mulliken population analysis of ab initio calculations
for the model compounds used in developing the FF
parameters: P, 1.955; N, —1.113; O, —0.797; C(O),
0.376; C(H), —0.182; H, 0.182. The energy minimizations
used the Conjugate Gradient 200 method of the Cerius?
package up to a gradient of 0.01 kJ Al Periodic
conditions were imposed for the MM calculations through
the Crystal facility of the package, and were used for
the entire computational work.
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Experimental Section

Sample. PBPP was prepared using Allcock’s method3334 by
reaction of poly(dichlorophosphazene) with sodium phenoxide.
Tetrabutylammonium bromide was added as phase-transfer
catalyst.®> The PBPP was recovered by pouring the reaction
mixture into methanol. The precipitate was then purified by
successive dissolutions in distilled THF and reprecipitations
by pouring the THF solution in water, methanol, and n-
heptane, in this order, and finally dried in a vacuum for several
days.

X-ray Experiments. The X-ray diffraction experiments
were carried out using a noncommercial X-ray energy scanning
diffractometer®® equipped with an X-ray generator (water
cooled, W target with 3.0 KW maximum power), a solid-state
detector (SSD) connected to a multichannel analyzer by means
of an electron chain, a collimator system, step motors, and a
sample holder. The white Bremsstrahlung radiation compo-
nent was used. The primary beam intensity lo(E) was mea-
sured directly using the same voltage (45 kV), by reducing the
tube current to 5 mA at the zero scattering angle without the
sample. The transmission I(E) of the sample was measured
under the same conditions; from the ratio I«(E)/lIo(E) we obtain
the experimental value exp[—u(E)]: that it is used for the
absorption corrections.37:38

The working conditions were the same as in the previous
work.2° The measurement angles and energy ranges used are
as follows: angles () = 26, 15.5, 10.5, 8.0, 5.0, 3.5, 2.0, 1.0,
0.5; energy interval utilized 16—37 keV; scattering parameter
interval g = 0.150—16.525 A1, with q = (2/hc)E sin 6, where
20 = scattering angle, E = radiation energy, and ¢ and A have
their usual meanings. The counts per data point were 3 x 10°
forq>7 Aland 10°forq < 7 A1,

Experimental data were corrected®”~%° for the following: (i)
escape peak suppression, (ii) normalization to the incident
radiation intensity, (iii) division by X-ray absorption and
polarization coefficients, and (iv) elimination of inelastic
contribution scattering from the observed intensities I(E,6).
The static structure function (SF) i(q) [given as gi(q) M(q)] was
then calculated. Atomic scattering factors fi(q) for all the atoms
were obtained from the International Tables for X-Ray Crys-
tallography.#°

The Fourier transformation of the structure function gives
the radial distribution function (represented in Figure 2 as
Diff(r) = D(r) — 4mr?po)

D(r) = 4ar’p, + 2ra " ™qi(q) M(q) sin(ra) dg (1)

Here po is the average electronic density of the sample
(Sinifi(0))?v1, where V is the stoichiometric unit volume
chosen, nj is the number of atoms i per unit volume, and fj is
the scattering factor per atom i.%° M(q) is a modification
function defined by

M(a) = {f-"(0)/f-°(q)} exp(—0.01q?) )

A more detailed description of the apparatus and technique
is given elsewhere 363741
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Figure 1. Schematic representation of the possible backbone
single-chain models of PBPP: planar trans—cis [TC],, planar
trans—trans—trans—cis [T3C]n, and helical conformations.

Data Analysis

To quantitatively assess the precise origins of the
RDF contributions, the analysis of the experimental
scattering data was made by comparison with the
theoretical RDFs produced by the models considered in
this work.

For each model, atomic coordinates were attained by
MM calculations, and the theoretical structure function
i(g) was obtained through eq 3 where rjc denotes the

. sin(r; )
i) = Z f; fkTak eXp(_llzajkzqz) )

interatomic distances and oj are the rms variations in
the interatomic distance. The scattering parameter
interval (q) was equal to the experimental value. The
corresponding RDF curve was calculated by Fourier
transform (eq 1) of i(q) using the same modification
function (eq 2).

For each assumed structure model and related ge-
ometries the oj values were optimized by the best fit of
the theoretical intensities (calculated by eq 3) to the
experimental intensities. The same value of the mean
square deviation was assigned to interatomic distances
rix falling within a preset range (0 <r <4.8;48 <r <
7.5, etc.), so that the number of parameters was much
smaller than the number of pair distances existing in
the proposed model.

Results and Discussion

The observed RDF, in the middle- and long-distance
regions, shows low-intensity peaks that feature a very
low state of crystallinity. To initially establish the
conformation of the chain backbone, the fully disordered,
the helical, and the planar-type trans—cis [TC], and
trans—trans—trans—cis [T3C], conformations (Figure 1)
where considered. These single-chain models of PBPP
were calculated at various lengths. All single-chain
conformations were modeled by considering a cell hav-
ing a = b = o and the ¢ axis, which is the translation
axis of the polymer, equal to the length of the model
chain, corresponding to n times the experimental data?*2
for a 4.91 A chain-repeating distance (in the unit cell
there are two monomeric units per chain, so n is an
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Figure 2. Comparisons between experimentally (EDXD) observed (solid lines) and calculated (dotted lines) SFs and related
RDFs for backbone single-chain models of PBPP: [TC], (a, left); [TsC]n (b, middle); helical (pitch 9.82 A) (c, right).

integer number equal to the number of monomeric units
divided by 2).

Several criteria could be used to establish the pre-
ferred conformation of the single chain in the crystal.
One criterion is the internal energy of the system, but
we did not use this because, in a single-chain calcula-
tion, one cannot assume that the lowest energy confor-
mations dominate in the solid-state phase because of
omitted interactions with the crystalline environment.
In fact, the energies of some disordered models were
much lower (at about 1.0 kcal mol~! per monomeric unit)
than those of the ordered ones, such as [TC], (2.67 kcal
mol~1), [T3C]n (8.94 kcal mol~1), and the helical confor-
mation (3.19 kcal mol~! with a pitch of 9.82 A). So these
energy values are not very useful for predicting the
shapes of these amorphous polymers when used alone.
Another criterion is to use the conformation that
provided the RDF curve having the best fit with experi-
ment within a range of 0—5 A. This range contains
information about the local ordering of atoms (short
intrachain distances) only, and hence the conformation,
although some small contributions from the neighboring
chains are present. This is the criterion we selected for
evaluating the solid-state single-chain conformation.

The results (Figure 2) show that the computed RDF
for the [TC], conformation best overlays the experimen-
tal one in the interval 0—5 A. All the remaining models
produced theoretical RDFs in which the peaks show
wide discrepancy with respect to the experimental
curve. This is consistent with the data on the o-form of
PBPP2 and related polyphosphazenes that adopt a
[TC]n planar type chain arrangement.3042

The calculated RDF for the [TC], model shows peaks
from local (0 A) to near (15—20 A) which are correctly
positioned with respect to the experimental RDF. The
heights of these peaks are underestimated with respect
to those of the experimental RDF. For values of r > 20
A the calculated RDF is inconsistent with the experi-

(42) Amato, M. E., Grassi, A., Lipkowitz, K. B., Lombardo, G. M.,
Pappalardo, G. C., Sadun, C. J. Inorg. Organomet. Polym. 1996, 6, 237
and references therein.

Table 1. Calculated Energies (kcal mol~1) per Monomeric
Unit in Models A(¢,¢) and B(¢,¢) for Selected ¢ and

@ Values
¢, @ Al ¢) B(#,%) @ A, 9) B(¢,9)
0,0 —29.61 —32.70 50,50 —20.01 —22.55
0,90 —26.06 —26.01 50,140 —2828 —26.15

mental RDF. This implies that the shape of the experi-
mental RDF is influenced by the interchain atoms, for
which further reliable models must be used. These
models must include at least two chains. Literature
X-ray data for the a-form of PBPP23 revealed that two
chains are accommodated in a monoclinic unit cell
having dimensions a = 16.6 A, b =13.8 A, c = 4.91 A,
and y = 83°. On the basis of these crystal data, two-
chain models having various arrangments of the chains
in the unit cell relative to one another were constructed.
The planar [TC], arrangement of the PBPP chain
backbone ascertained earlier was retained in all of these
models. The models considered (Figure 3) were as
follows: (model A(0,0)) chain 1 in the ab plane, aligned
along the c axis, with the backbone plane [TC], parallel
to the (1, 1, 0) Miller plane; chain 2 was obtained by
duplicating chain 1 and then successively translating
it up to a corner of the ab plane; (model B(0,0)) starting
from model A(0,0), the chain at the center of the ab
plane was replaced by its ab plane mirror image
(antiparallel alignment); (models A(¢,¢) and B(¢,p))
derived from models A(0,0) and B(0,0), respectively, by
rotating (10° steps) each chain about its own chain axis,
to attain all the possible relative orientations. The
symbols ¢ and ¢ denote the rotation angles of chain 1
and chain 2, respectively (orientations sterically hin-
dered excluded).

All the models were calculated using chain lengths
varying from 10 to 20 monomeric units, i.e., from 25 to
50 A, respectively. The considered models were submit-
ted to energy minimizations under periodic conditions.
Model B(0,0) was found energetically favored (Table 1).
Model A(0,0) differs by about 3 kcal mol~! (per mono-
meric unit) with respect to the B(0,0) model. All the
remaining models having ¢, ¢ = 0 attained energies
significantly higher than that of model B(0,0).
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Figure 3. View of models A(0,0) (a, top left), B(0,0) (b, top right), A(90,90) (c, bottom left), and B(50,50) (bottom right) for the
alignment of the chains in the unit cell. Each model is projected on the ac and ab planes of the unit cell.

The analysis of the RDFs as a function of the chain
lengths showed that models having 16 monomeric units
per chain are the most compatible with the experimen-
tal RDF. Figure 4 provides experimental curves that are
compared to simulated SFs and RDFs for selected
models using chains of 16 monomeric units.

The final values of rms oj¢ attained from our best fit
procedure described in the Data Analysis are reported
in Table 2 for selected models. Their high values could
be due to a very disordered structure or, alternatively,
to wide fluctuations of the distances in the PBPP
sample.

Inspection of Figure 4 shows that the shape of the
experimental RDF is in agreement with the curves of

Table 2. Final Values of the Adjusted ¢ Parameters for
Models A(0,0) and B(0,0) at Various Ranges of
Interatomic Distance (r)

distance OA@0,0) 0B(0,0) distance OA@0,0)  0B(0,0)

00<r=438 0.090 0.094 149 <r=20.0 0.610 0.589
48 <r=<75 0.251 0.216 20.0 <r=30.0 0.806 0.818
75<r=<100 0.384 0.338 300<r 0.676 0.694
10.0 <r=<14.9 0487 0.442

both models B(0,0) and A(0,0). The difference consists
of the heights of the calculated peaks in the range 0—15
A, which in the case of model A(0,0) are higher than
the experimental ones. Models A(¢,¢) and B(¢,¢) having
¢, ¢ = 0 can be ruled out on the basis of worst
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Figure 4. Comparisons between experimentally (EDXD) observed (solid lines) and calculated (dotted lines) SFs and related
RDFs for models A(0,0) (a, left) and B(0,0) (b, right) of the alignment of the chains of PBPP in the unit cell.

Figure 5. Perspective view of the model attained on the basis
of molecular modeling and EDXD techniques, consisting of two
chains of 16 monomeric units arranged as in model B(0,0).

agreement between calculated and experimental shapes
of RDF curves with respct to the B(0,0) and A(0,0)
models. The definite choice in favor of model B(0,0) is
supported by the concomitant results provided by the
modeling, which are (i) the lowest energy of model B(0,0)
among all models and (ii) the better quality of agree-
ment in favor of model B(0,0) evidenced by the root-
mean-square deviation (rmsd) for the RDF (rmsd = 3.13
for model B(0,0); rmsd = 3.23 for model A(0,0)) defined
by eq 4, where N is the number of points generating
the curve.

N 12
exptl _ calcdy2
Z(RDFJ- RDF;)
J

rmsdgpr = N 4)

A view of model B(0,0) formed by 16 monomeric units
which meets the experimental RDF curve is given in
Figure 5.

Conclusions

We have studied semicrystalline PBPP to provide
information about the structure of its a-form using in
complementary fashion the EDXD experiment and
computational chemistry for modeling. From our studies
we find that (1) the PBPP chain backbone adopts a
planar conformation, trans—cis [TC],, (2) in the mono-
clinic unit cell of the a-form of PBPP, the chains are
aligned in the antiparallel alignment with their back-
bone planes parallel to the (1, 1, 0) Miller plane, and
(3) the studied sample of PBPP shows a crystalline
domain that can be represented on the average by a
crystalline portion (supercell) with two chains contain-
ing 16 monomeric units each.

The above results demonstrate the potential of the
combined use of molecular mechanics and X-ray dif-
fraction techniques for obtaining insights into the
conformational and structural features of noncrystalline
and semicrystalline polymeric materials.

The high values of the rms ojk raise the question of
whether they originate from wide amplitude fluctua-
tions leading to smoothing of RDF peaks or from a
multiple distribution of locally ordered crystalline do-
mains, due to alternative semicrystalline structures or
to the amorphous component. The proposed model
should be considered a structural motif that might be
recognized within the real structure, in some more or
less distorted form, rather than as the structure itself.
The possibility that fluctuations are responsible for
smoothing the RDF peaks will be addressed by a
forthcoming study using molecular dynamics simula-
tions.
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