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Introduction

Abstract: Short-range order effects in amorphous polycondensates, including
the technologically important bisphenol-A-polycarbonate, have been investi-
gated by elastic diffuse neutron scattering with spin polarization analysis.
Selectively deuterated samples of each polycondensate have been used in order
to vary the scattering contrast and thereby emphasize different pair correla-
tions. The technique of spin polarization analysis allowed a reliable separation
of the coherent scattering and an intensity calibration on the basis of the
incoherent scattering as an internal standard. Thus, (do/d Q). has been meas-
ured directly by this method. The experimental results are compared to
calculated cross-sections from computer-generated structures. Simulations
have been performed with the “amorphous cell” method which models the
static structure of the amorphous polymer in full chemical detail on the basis of
a “random coil” conformation. The results of the simulations yield a fertile
ground for the discussion of the measured cross-sections, though a direct
comparison with the experiment is not always satisfactory. The observed
discrepancies indicate a still insufficient structural relaxation of the simulated
structures.

Key words: Polycarbonate — partial structure factors — neutron scattering —
simulation

low temperatures, were studied by NMR [14-18],
dynamic-mechanical relaxation [19-21] and,

The polymer glass bisphenol-A-polycarbonate
(BPA-PC), ie., the polycarbonate of 2,2-bis(4-
hydroxyphenyl) propane, has found a wide range
of applications for consumer products because of
its high impact strength and temperature resis-
tance. Due to its technological importance, nu-
merous x-ray and neutron scattering studies have
been performed to investigate the static structure
and especially the short range order in BPA-PC
and related polycarbonates [1-13]. The dynamics
in BPA-PC, which are essential for the under-
standing of the high energy dissipation even at

CPS 447

most recently, by quasielastic neutron scattering
[22]. In the first scattering experiments on poly-
carbonates the structure of crystalline BPA-PC
was determined by x-ray crystallography [1, 3],
where an orthorhombic or monoclinic unit cell
was found containing four chains with two mono-
mers each in a zig-zag configuration. For
non-crystalline polycarbonate, a “nodular” con-
formation containing crystalline-like ordered re-
gions with diameters of 60 to 100 A was proposed
on the basis of electron microscopic investigations
[23-28]. However, by careful analysis of
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scattering experiments with x-rays and neutrons
[29-31] this “nodule” hypothesis was proven to
be incorrect and the highly ordered regions were
identified as artifacts from the preparation of thin
films required for electron microscopy. In accor-
dance with this finding a series of x-ray studies on
amorphous BPA-PC [4-9] indicated that the
structure is dominated by intramolecular corre-
lations and that intermolecular correlations
involve only directly neighboring chains. These
results were obtained by measurements of the
scattered intensities for higher momentum trans-
fers (Q = 4nsin v/4 < 8 A~1, where 1 is the in-
coming wavelength and 2v the scattering angle)
and, in some cases, subsequent analysis of the
radial distribution function as the spatial Fourier
transform of the scattering intensity [4, 5, 9]. The
most detailed studies of short-range order in
BPA-PC were performed by Cervinka et al.
[10-13]. They measured the neutron scattering
intensities of four differently deuterated BPA-PC
samples and compared them to calculated in-
tensities for a random distribution of “scattering
units” consisting of several monomers in a fixed
configuration. Reasonable agreement was found
for an arrangement of three parallel segments of
two monomers each in a “trans-trans” conforma-
tion. However, their comparison appears to be
only qualitative since they did not calibrate the
measured intensities in absolute units and did not
explain how the incoherent scattering was taken
into account. Furthermore, the “scattering unit”
approach itself seems to be questionable. With the
inherent rigidity of its monomer units it is not
likely to model the structure of a random arrange-
ment of flexible chain molecules.

As demonstrated by Schirpf and Gabry$ in
various papers on PMMA and polystyrene
[32-35] experimental accuracy is increased by
applying spin polarization analysis. This tech-
nique can be used for an experimental separation
of coherent and (spin) incoherent scattering con-
tributions. Making use of this separation a rather
simple and reliable intensity calibration is pos-
sible with the incoherent scattering of the sample
as an internal standard. Consequently, we per-
formed all experiments presented here with spin
polarized neutrons.

In order to improve the macroscopic properties
of BPA-PC, e.g., increase the glass transition tem-
perature, the primary structure of BPA-PC has

been modified in various ways [36]. Most of those
modifications can be grouped into two classes:
either the bisphenol is altered by substitution of
certain chemical units or the carbonate group is
replaced thus arriving at aromatic polyethers con-
taining for instance a carbonyl or a sulfonyl
group. Both types of modification can have a
drastic impact on the properties of the poly-
condensate such as the glass temperature and the
mechanical properties.

These correlations between the primary chem-
ical structure and the macroscopic properties of
polycondensates have been investigated in a lar-
ger research project comprising computer simu-
lations as well as various experimental techniques
such as dynamic-mechanical spectroscopy and
the neutron scattering experiments described
here. First results obtained in the context of this
project are reported in [37]. One of the main
questions posed there is: do technologically im-
portant properties of the polymer glass like
toughness and yielding behavior correlate with
the microscopic structure of the undeformed
solid? Atomistic simulation of the solid in full
chemical detail, often known as the “amorphous
cell” method, serves as a microscopic model for
the polymer glass [38, 39]. :

The capability of such simulations to answer
questions which cannot be directly addressed by
experiment as well as the possibility of easy para-
meter alteration justifies its usefulness for poly-
meric glasses. The pioneering work of Theodorou
and Suter [38], Rigby and Roe [40], and of
Clarke and Brown [41] proved, that atomistic
simulation in fact can be applied to systems of
such a complexity. Since that time the amorphous
cell method [38] or the molecular dynamics
method for polymer chains in the melt or glassy
state [40, 41] has been applied to a variety of
polymers and has become a standard tool which is
even offered by commercial software packages
like DISCOVER or CERIUS.

Nevertheless, atomistic polymer simulation has
to deal with the problem of broad length and time
scales. Polymeric structure is first exhibited on a
length scale of a bond length (of the order of 1 A).
The typical value of the persistence length (of the
order of 10 A) is the next relevant length charac-
terizing polymers. Finally, we end up with the
typical extension of the end-to-end distance or
radius of gyration (of the order 100 A) so that we
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cover two orders of magnitude, exhibiting struc-
ture and (single) chain properties. This extension
of relevant length scales can of course be even
much larger, if phase separations become import-
ant. The extension of the relevant time scales is
much more dramatic, ranging from bond angle
vibration (a 107!3s) to typical reorientation
rates of torsion (=~ 107! s) and extremely slow
processes on macroscopic time scales. The entan-
gled melt viscosity of polycarbonates, for ex-
ample., suggests at a temperature 50 K above the
glass transition temperature and for a polymeri-
zation degree of N = 100 chain relaxation times
in the order of 10~ 3 s. Working with a molecular
dynamics time step of integration of one or two
orders of magnitude smaller than the fastest rele-
vant oscillation period, one would have to pro-
pagate the melt simulation over 10*2 to 10'? steps
for only one system at one temperature. This is, of
course, clearly beyond today’s computer capa-
bility. The lack of computer time is indeed not the
only problem arising from this enormous spread
of time and length scales. Furthermore, we can
expect that important phenomena might be hid-
den in the enormous data material one would gain
out of such extremely long runs and that it could
be very difficult to filter out the relevant informa-
tion. Realizing these two obstacles leads to the
need of development of coarse grained models
[42,43].

If, on the other hand, one wants to retain
atomistic information, one has to introduce some
drastic approximations. It is therefore of urgent
need, to compare the results of atomistic polymer
simulations with experiments revealing informa-
tion on the local structure.

Neutron scattering provides such a powerful
tool. The coherent scattering cross-section as a
function of the scattering vector Q can be straight-
forewardly calculated from the model structures.
These cross-sections are then compared to the
experimental results. To make such a test more
significant both the experiment and the calcu-
lation can be performed for different levels of
deuteration by using selectively deuterated sam-
ples as in Cervinka’s and Fischer’s work [11]. By
this variation of the scattering contrast different
pair correlations are emphasized for each degree
of deuteration, yielding a set of qualitatively dif-
ferent cross-sections for just one structure. If a
model structure fails to reproduce the cross-sec-

tions of all differently deuterated versions of one
material it cannot be entirely correct. Discrepan-
cies between experiment and calculation may hint
at deficiencies of the “amorphous cell” method.
First studies following this concept, which were
restricted to undeuterated polycarbonates with
different bisphenols, are published in [44].

This paper presents measurements of the elastic
coherent cross-sections of BPA-PC and two other
polycondensates of bisphenol A, all in four differ-
ently deuterated versions. The experimental re-
sults are compared to calculated cross-sections of
the corresponding “amorphous cell” model struc-
tures. It will be demonstrated that the method of
spin polarization analysis enables a quantitative
comparison of experiment and calculation with-
out any adjusting of the measured intensities to
calculated values.

Experimental section

The neutron scattering measurements were per-
formed with differently deuterated samples of
three polycondensates of bisphenol A, namely
BPA-polycarbonate, BPA-polyether-ketone (BPA-

'PEK), and BPA-polyethersulfone (BPA-PES),

which were supplied by the chemical laboratories
of the Bayer AG in Uerdingen. Schematic graphs
of the repeat units of all three polycondensates —
regardless of their deuteration — are given in
Fig. 1. The bisphenols were synthesized following
the procedure described in [45] which renders
well defined deuterations by the use of deuterated
phenol, acetone or hydrochloric acid. By an ap-
propriate polycondensation reaction, for instance,
a phosgenation in the case of polycarbonates, the
bisphenol and the condensate group are linked to
form polymer chains. The differently deuterated
versions are schematically sketched in Fig. 2 with
their denotations used in the following. The de-
grees of deuteration, i.e., the share of deuterium in
the supposedly deuterated hydrogen positions,
were determined by 'H-NMR and found to be in
the range between 89.5% (Da-BPA-PES) and
97.0% (Di-BPA-PEK). The molecular weights
were determined by the intrisic viscosities method
and GPC. They ranged from 12000 g/mol (Da-
BPA-PEK) to 80000 g/mol (D-BPA-PC) with
M, /M, in the range of 1.5 to 2. The bisphenol
and all samples have been purified by several
subsequent precipitation steps.
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Fig. 1. Repeat units of the different polycondensates of bis-
phonel A, with carbonate (BPA-PC), ketone (BPA-PEK) or
sulfone (BPA-PES) condensate groups. The atomic charges
as calculated by the semiempirical MNDO method are for
BPA-PC: H,, Hg, Hy,, H,,: 0.01; C,, C, C,,, Ciur — 0.04;
C,, Cro: 0.02; Cy, Cyg: 0.18; Cq: 0.05; C, 52 0.53; Oy, Oy0
—0.25; O, — 0.36; for BPA PEK: C,, C,, Clz, Cia Cigs
Cy3, Ca9, Ci9t — 003, Cy, C137 Ci7, Cyg: 0.18;Cy5: 0.25, Oy
—0.25; Oy¢, 03,1 — 0.24; for BPA-PES: C,, C,5, C,4, C,g
0.14; Cyo, Cyq, Cyg, Cipt 0.09; Cyp, Crr — 0.05; Oy, O3,
—0.28; 0,3, 0,51 —0.25. S,,: 0.24; all other atoms carry
negligible charges

For the neutron scattering experiments the
glassy samples were hot pressed to hollow cylin-
ders with a length of 5 cm, an outer diameter of
1cm, and a wall thickness of typically 0.2 mm,
with the exception of two substances which were
prepared as powder samples. The samples were
enclosed in thin aluminum containers which were
mounted on the cold finger of a closed-cycle
refrigerator or a cryostat and cooled to 10K or
less. At this temperature all atomic motions ex-
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cept for vibrations should be frozen in. Thus, the
scattering of the sample is almost entirely elastic
with small deviations at higher Q which can be
corrected for by a Debye—Waller factor.

The experiments were performed with the triple
axis spectrometers HB-1 (Oak Ridge National
Laboratory) and H4m (Brookhaven National La-
boratory). Both spectrometers are installed di-
rectly at the reactor core and supplied with
thermal neutrons. By using polarizing monochro-
mator and analyzer crystals such as >’Fe (HB-1) or
Heusler alloys (H4m), magnetic spin-flipping coils
and guide field, these spectrometers were equip-
ped for spin polarization analysis. With this in-
strumentation the scattering intensities in spinflip
mode, where the neutrons reverse their spin direc-
tion in the scattering process, and nonflip mode
(scattered neutrons maintain their spin direction)
can be separated. In this way spinflip and nonflip
intensities were measured in the elastic mode
(energy resolution 4 E < 2.0 meV) as a function of
the modulus of momentum transfer 0 in the
region 02A 1 <0 <25A" ! Since the mea-
surements did not require a hlgh resolution in Q,
but suffered from intensity problems caused by
the spin polarization set-up, the widest colli-
mations available with accepted horizontal di-
vergencies of typically 1° were used.

Data analysis

The measured intensities were corrected for

“background scattering by subtraction of a mea-

surement with an empty sample container, but
otherwise identical configuration. For lower

P00
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Fig. 2. Differently deuterated
versions of polycondensates.

a) DAc-BPA-PC, b) DPh-BPA-
PC, ¢) D-BPA-PC, d) Da-BPA-
PEK, ¢) Di-BPA-PEK, f) D-
BPA-PEK, the polyether-sulfones
correspond to the
polyetherketones d)-f) with the
sulfonyl instead of the carbonyl

group
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momentum transfers (Q < 0.8 A~1) a high back-
ground was observed due to the rather wide
collimation. This effect makes the data in the
lower Q region somewhat uncertain, in particular
the HB-1 data with low counting statistics and,
accordingly, an unfavorable signal-to-noise ratio.

Due to the limited efficiency of the polarizer
and the analyzer which transmit a certain share of
the “wrong” spin direction the measured intensi-
ties had to be corrected for the finite flipping
ration R of the spin polarization set-up. The
flipping ratio is defined as the ratio of the nonflip
and the spinflip intensity for a purely coherent
scatterer which should be infinite for a perfect
polarization set-up. At the HB-1 a flipping ratio of
R ~ 7 was measured in the direct beam, whereas
the H4m showed a higher value of R ~ 26. Fol-
lowing Scharpf’s concept [32] the data were cor-
rected for this effect by

1

Ing + Ef_—l(INF — Igp) (1)

INF =

. 1

Igg = Iy — RTI'(INF — Igr) 2
Particularly for samples with a lower transmis-
sion, multiple scattering can falsify the results of
this kind of experiment: neutrons which have been
scattered twice with spinflip have their original
spin direction and are therefore registered in the
nonflip intensity. For a correction of this effect,
the share of multiple scattering was estimated by a
computer simulation of the elastic incoherent
scattering. In this simulation the reminding path
length d after entering the sample or after a
scattering process is calculated for the hollow-
cylinder geometry of the sample. The scattering
probability is then computed by w =exp
( — o4a.nd) with g, as the total incoherent cross-
section per monomer and n as the density of
monomers. If w is smaller than a random number
z, the neutron is scattered again in the simulation;
for w > z the neutron is registered under the angle
after its last scattering process. This simulation
rendered estimations for the share of multiple
scattering as a function of the scattering angle 2.
However, even for the undeuterated BPA-PC
sample with its rather low transmission of T,
= 78% no systematic dependency of the multiple
scattering from 29 could be found, so that for a
given sample a constant share of double scattering

m was assumed for all 29 or Q. The correction was
then performed using

INF
e )
ISF

and the corresponding expression for I3, .. The
index “corr” is omitted for clarity in the following.

To account for the attenuation of the elastic
scattering by inelastic processes a Debye—Waller
factor was included to describe the spinflip inten-
sity

Ip(Q) = I§-exp(— 3u*>Q?). (4)

The latter is due to purely incoherent scattering
and thus is Q-independent except for the
Debye-Waller factor. The mean-squared dis-
placement <u?) and the intensity 1§ were deter-
mined by a least-squares-fit of Eq. (4) to the
corrected spinflip intensities. The result for Da-
BPA-PES (a polyethersulphone with an analo-
gous deuteration pattern as Da-BPA-PEK in
Fig. 2) is shown in Fig. 3. This figure demonstrates
the reliability of the separation of coherent and
incoherent scattering in so far as the corrected
spinflip intensity is indeed completely featureless.
Table 1 shows the mean-squared displacement
{u*) as obtained from the fitting procedure for
each sample.

Making use of [46],

= Icoh + %Iinc

INF

NF
corr T I

®)
(6)

the desired quantity, the elastic coherent cross-
sections as a function of the modulus of the
momentum transfer Q, were calculated by

1

d—O' _ g _di INF_2ISF
dQ coh B 3 dQ inc ISF ’

according to the procedure outlined by Schirpf
and co-workers in [34]. In Eq. (7) the separation
of nonflip and spinflip scattering is utilized in two
ways: first, the coherent intensity is separated by
Iow = Ing— Ige/2 in the denominator of the
fraction in Eq. (7), which follows from Egs. (6) and
(5). Secondly, the coherent intensity is calibrated
in absolute units, dividing it by the incoherent
intensity obtained from Eq. (6) as 3/2-Ig and
multiplying it with the incoherent cross-section
(do/dQ);,. of the sample. The latter is calculated

INF

— 2
ISF - 3Iinc’

(7)
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Fig. 3. Spinflip intensities Igx corrected for background,
flipping ratio, and double scattering of the polyethersulfone
sample with the 2,6-deuterated bisphenol unit (Da-BPA-
PES). The solid line is the fit of Eq. (4) to the experimental
data

Table 1. Mean-squared displacement {u?)> determined by
fitting a Debye—Waller law to the corrected spinflip in-
tensities for each sample.

Sample Temperature (K)  (u?> (A?)
H-BPA-PC 10.0 0.119
DAc-BPA-PC 0.202
DPh-BPA-PC 0.286
D-BPA-PC 0.074
H-BPA-PEK 15 0.063
Da-BPA-PEK 0.067
Di-BPA-PEK 0.125
D-BPA-PEK 0.047
H-BPA-PES 42 0.068
Da-BPA-PES 0.077
Di-BPA-PES 0.059
D-BPA-PES 0.072

from the chemical composition taking the degree
of deuteration into account. By this internal cali-
bration typical problems arising from the use of
an external standard can be evaded, for instance,
the difference in the effective number of scattering
atoms between the sample and the calibration
standard. Thus, the separation of nonflip and
spinflip intensity by spin polarization analysis
enables a rather simple and unambiguous cali-
bration of the coherent scattering cross-section in
absolute units.

Figures 4, 5, and 6 show the cross-sections as
determined experimentally by the data processing
described above. The cross-sections of the un-
deuterated versions are very similar to those of
our previous work on amorphous polycondensa-
tes [44], one of which is shown in Fig 4a
for comparison. They also resemble the results of
Cervinka et al. [10-13] and the diffraction pat-
terns obtained from x-ray experiments [4,5,9].
The predominant features are a small peak cen-
tered around Q = 0.5 A~ ! and a strong maximum
at about Q = 1.2 A~1. The former can be ascribed
to._ correlations along the backbone of one poly-
mer chain [8], the latter is the so-called “amor-
phous-halo” which is mostly due to correlations
between neighboring chains [6,8,9]. Analysis of
the peak positions Q, and the peak widths 4Q
(FWHM assuming a Gaussian line shape) yields
estimates for the distance D, = 2r/Q, between
neighboring chains and the corresponding cor-
relation lengths & = 27/4Q. Similar values are
found here and in our previous work cited above,
ie, D, &5 A and ¢ in the range of 20 to 30 A.

In the case of BPA-PC the use of samples either
with deuterated methyl groups (DAc-BPA-PC),
deuterated phenylene groups (DPh-BPA-PC) or
both (D-BPA-PC) has produced a set of signifi-
cantly different cross-sections. Most remarkable
here is the rather weak and poorly structured
scattering from the fully deuterated sample.

In the case of BPA-PEK and BPA-PES the
scattering cross-sections of differently deuterated
polymers look similar with the exception of the
species with the fully deuterated bisphenol unit.
This sample produces an intense and rather sharp
feature in the coherent cross section at Q
=045&71L,

Simulations

As mentioned in the introduction, the genera-
tion of glassy polymer models necessarily implies
some drastic approximations. The most impor-
tant problem to overcome is the lack of computer
time to simulate realistic quenching rates from the
melt. There is no evident way to circumvent this
problem and, therefore, a variety of approaches
has been described in the literature: Starting from
vacuum RIS (Rotational Isomeric State) chains
[47], modifying the RIS scheme [38,48], using
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Continuum Configurational Bias Monte Carlo
[49], molecular dynamics with soft core poten-
tials [50-52] or the dynamic Monte Carlo method
[53], building single chain conformations by the
PRISM theory [54], connecting randomly placed
monomers to build a chain [55], relaxing by local
rotations [56] are all methods which have been
proposed and realized. In this work, we have
adopted a procedure which is only slightly differ-
ent from the original energy minimization method
proposed by Theodorou and Suter [38,39]. The
complexity of the chemical structure of the sys-
tems studied implies very high quenching rates if
one would use methods like molecular dynamics
or Monte Carlo, i.c., if one would introduce a
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Fig. 4. a)-d) Comparison of elastic coherent cross-sections of BPA-PC, measured with spin polarized neutron scattering (O).
To confirm the reliability of the rather weak data a previous measurement on the powerful D7 spectrometer of the ILL
Grenoble has been added as dots [44]. The values resulting from the “amorphous cell” simulations are represented by the
solid line which simply connects the calculated values by straight lines

temperature. Thus the chain motion would be
mainly dominated by the potential energy and not
the kinetic energy. We therefore expect no major
improvement from such approaches for our sys-
tems as long as one has to confine oneself to
computer runs of moderate length (a couple of
weeks on a CONVEX 220).
The energy E of our systems is given by

E = ECoulomb + ENB + ETorsion . (8)

Ecoutomp 18 the Coulomb energy of the system,
Exg is the non bonded energy given by a 12-6
Lennard Jones Potential with the parameters of
the AMBER force field [57] and Eg,.,, is the
torsional potential.
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Fig. 5. a)-d) Comparison of elastic coherent cross-sections of BPA-PEK, measured with spin polarized neutron scattering
(O) and calculated from “amorphous cell” model structures (solid line)

The partial charges were determined by a semi-
empirical MNDO (Modified Neglect of Differ-
entjal Overlap) calculation (see Fig. 1). This
calculation gives the following approximate pic-
ture for the charge distribution along the chain:

1) The phenyl quadrupoles seem to be negli-
gible.

2) The strongest interaction present is given by
the carbonyl of the PEK group which is
clearly a dipole.

3) The ether group gives rise to a quadrupole
moment.

4) The sulfonyl and the carbonate moieties
show a more complicated behavior. On
short scales they are not neutral and should
therefore couple to the quadrupoles present.

On longer scales on the other hand one does
not expect a significant interaction.

We should not forget at this point that polari-
zabilities are taken into account only on an at-
omic scale by the Lennard—Jones potentials. They
are (as usual in force field descriptions) omitted on
a molecular level. Nevertheless, phenylene ring
polarizabilities might be important.

As in the work of Hutnik et al. [39], we do not
restrict ourselves to the accuracy of general pur-
pose force fields for the torsion potentials, but we
prefer to determine the force field torsion para-
meters which separately fit each molecule best. If
one is interested in vacuum conformations
general force fields are acceptable since there,
generally, one does not expect an appreciable
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Fig. 6. a)-d) Comparison of elastic coherent cross-sections of BPA-PES, measured with spin polarized neutron scattering
(O) and calculated from “amorphous cell” model structures (solid line)

deviation from the equilibrium geometry. In dense
systems, however, frequent deviations around this
equilibrium geometry are expected and therefore
one has to know the curvature around the poten-
tial minimum to a sufficient accuracy. We there-
fore determined the torsion potentials by ab initio
calculations (GAUSSIAN 90 [58]) with the basis
set 6-31G for all molecules except for the poly-
sulfone where we adopted a 6-31G* basis set. We
used 2,2-diphenylpropane, monophenylcarbon-
ate, and diphenylcarbonate as model structures
for the potentials of BPA-PC, 2,2-diphenylpro-
pane, diphenylether, and benzophenone as model
structures for the potentials of BPA-PEK and,
finally, 2,2-diphenylpropane, diphenylether, and
diphenylsulfone as model structures for the poten-
tials of BPA-PES. The potentials are shown in

Figs. 7-9. A detailed description of these calcu-
lations will be given elsewhere [59]. The results of
the calculations can be qualitatively summarized
as follows:

1) The rotation around the bond between the
phenylene carbon and the backbone oxygen
is almost free (see Fig. 8)

2) The barrier of ring flips is therefore mainly
determined by the barrier of the rotation
opposite to the aforementioned bond with
respect to the ring. This latter barrier is
approximately 2 kcal/mol in the case of 2,2-
diphenylpropane, 2 or 3 kcal/mol, respec-
tively, in the case of benzophenone and
4 kcal/mol in the case of diphenylsulfone.

3) The highest barrier is given by the trans-
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Fig. 7. Ab initio 6-31G torsion potential of 22-

diphenylpropane (full line) defined by the atoms 4, 8, 10, 11,
and of diphenylcarbonate (dashed line) defined by the atoms
13, 16, 17, 19. The enumeration refers to Fig. 1, BPA-PC
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Fig. 8. Ab initio 6-31G torsion potential of monophenylcar-
bonate (full line) defined by the atoms 14, 13, 16, 17, (see
Fig. 1, BPA-PC) and of diphenylether {dashed line) defined by
the atoms 12, 13, 16, 17 (see Fig. 1, BPA-PEK)

trans to trans-cis flip of the carbonate
moiety (6.5 kcal/mol)

In all three cases, we simulated a system of 12
chains with a polymerization degree N = 6. We
avoided using only one chain in order to gain
some more flexibility during the minimization.
The tradeoff is, however, that since the exact
experimental system density is only known for
long chain systems, using short chains probably
leads to slightly too high densities of our system.
These (long chain system) densities (p®F4 %€
— 1.19 g/cm3, pBPA~PEK _ 1 16 g/cm3, pBPA~PES

1.0

Energy / (kcal/mol)

180.0

¢ / degree

Fig. 9. Ab initio torsion potential of benzophenone (6-31G,
full line) defined by the atoms 21, 20, 23, 25 (see Fig. 1, BPA-
PEK) and of diphenylsulfone (6-31G*, dashed line) defined
by the atoms 21, 20, 24, 26 (see Fig. 1 BPA-PES)

= 1.23 g/cm?) translate to system sizes of rough-

ly 30 A for BPA-PC and 35 A for BPA-PEK and
BPA-PES. These volumes were kept fixed during
the simulation.

Special care has to be taken of the determina-
tion of the starting conformations. Very often the
potential effective during the chain growth in-
cludes the non bonded interactions [38,39] and
the growth algorithm resembles a biased sampling
Rosenbluth—Rosenbluth method [60, 61] without
correction for the bias. This leads to almost over-
lapping free conformations for the first monomers
of the chain. Overlaps cannot be avoided at the
later growth stages where the box density has
almost reached its final value. Although this ap-
proach leads to not too high non bonded energies
at the minimization start, it introduces a bias: The
chain ends are more coiled than the first mono-
mers since the latter grew in an almost monomer
free environment. To avoid this artifact, we prefer-
red to use only the torsion potential during the
growth, including information on the nonbonded
interaction only on a very local scale along the
chain backbone: Interdependencies of consecutive
torsions were taken into account by constructing
the “Ramachandran” energy profile. Thus, the
statistics of the chains resemble that of a non
reversal random walk [61] or an RIS model with
torsions defined continuously.

Assuming that the persistence length of the
chains in the melt at a temperature T near the
glass transition temperature T, is more or less
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equal to that given by our RIS-like method in
vacuum at that temperature, we only have to
“repair” the huge nonbonded energies on a local
scale. This is done in a way very similar to that of
Kremer and Grest [51] or McKechnie et al. [52]:
The amplitude of the non bonded interaction
grows from 1/1000 of its full value linearly on a
logarithmic scale within 12 steps to its full value.
Throughout this procedure the torsion potentials
remain fixed at their full value. Although we are
aware of the fact that this method is much more
efficient in a molecular dynamics or in a Monte
Carlo simulation, where a temperature is defined,
we expect also in a simple minimization a better
leveling off of the density fluctuations present at
the start of the simulation. Each minimization ran
until the system gradient divided by the degrees of
freedom reached a value of about 0.05 to
0.005 kcal/mol. Further iterations did not result
in a better agreement to the experimental
scattering functions. By this procedure, five model
structures of BPA-PC, 10 of BPA-PEK and three
of BPA-PES have been generated. ‘

Discussion

The experimental results will be discussed and
interpreted mainly by a comparison with calcu-
lations obtained from “amorphous cell” computer
simulations. For a given model structure, i.c., a set
of atomic positions R; in a box with the edge
lengths L., L, and L, the scattering cross-section
per monomer unit (m. u.) can be calculated by

o) (@)= )
dQ coh Nm.u Q

Since the scattering cross-section for unoriented
solids depends only on the modulus of Q, the
calculated (do/dQ).,, have to be averaged over all
Q = |Q|, which is denoted by (-}, in Eq. (9).
N, .. 1s the number of monomer units in the cell.
Due to periodic boundary conditions for the
model structures, the elastic cross-section as the
spatial Fourier transform of the pair correlation
function is defined only for those discrete points
Q = (04 Q,, Q,) in reciprocal space which obey

Y. bjexp(iQ - R;)

Q, = 2=nn,/L, (analogous for Q,, Q,), where the
Ry, N, 0, Are Zero or positive integers.

For all of the aforementioned model structures
the neutron scattering cross-sections have been
calculated and averaged over all structures sepa-
rately for each deuterated version. For the choice
of the scattering lengths b; in Eq. (9) the kind of
deuteration as given in Fig. 2 has to be taken into
account.

Figures 4 to 6 show the comparison of the
neutron scattering cross-sections of the three BPA
polycondensates — each in four differently deu-
terated versions — on the one hand measured in
the experiment, and on the other hand calculated
from the “amorphous cell” model structures. The
calculated values are represented by straight lines
connecting individual points such that the sharp
peaks at lower Q values represent the statistical
accuracy and are by no means true features. It
should be noted here that the intensity calibration
provided by spin polarization analysis enables a
direct comparison between experimental and cal-
culated cross-sections without any arbitrary
adjusting procedures.

The agreement between experiment and simu-
lation still seems unsatisfactory for BPA-PC (see
Fig. 4) but for BPA-PEK and BPA-PES (Figs. 5
and 6) at least some qualitative similarity can be
recognized. However, especially on larger length
scales, i.e., at lower values of Q, the cross-section
(do/dQ)., is systematically higher in the simu-
lation than it is in the experiments. At the same
time, the height of the amorphous halo is slightly
underestimated in the simulations, whereas its
width comes out significantly too high.

As outlined before, contrary to previous stud-
ies, “amorphous cell” assumes a “random coil”
conformation and does not anticipate any struc-
tural order such as clusters of parallel chain
segments. The qualitative agreement between ex-
periment and “amorphous cell” results thus sup-
ports the validity of the “random coil” concept
valid for polycarbonate and the other polycon-
densates, in accordance with the observations in
previous scattering experiments [4-9]. However,
the significant deviations for smaller momentum
transfers indicate that on larger length scales the
computer modeling becomes increasingly in-
correct. This is also reflected in the overestimation
of the widths of the strong maxima at
0~12 A=t for undeuterated samples, the. so-
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called “amorphous halos,” which has already
been observed in previous work on undeuterated
polycarbonates [44]. In that study, an insufficient
structural relaxation was assumed as the cause for
this underestimation of correlation lengths. In
order to facilitate the relaxation of the “quenched”
initial configuration the “amorphous cell” al-
gorithm has been modified in two ways compared
to the work in [44] (see previous section for
details):

1) the potentials of the non-bonded interaction
do not have their full height from the be-
ginning, but are slowly increased during the
relaxation process

2) the cell is filled with several shorter chains
instead of one long chain

As outlined in the previous section, both modifi-
cations should enable the system to withdraw
from the extreme non-equilibrium initial configu-
ration more easily. Nevertheless, the amorphous
halos in the calculated cross-sections of the H-
BPA-PC, -PEK and -PES samples are still too
broad compared to the experiment, although they
are significantly narrower than those obtained
from the original “amorphous cell” version in
[44]. However, we must be aware of the fact that
“amorphous cell” cannot be expected to correctly
reproduce correlation lengths which are hardly
smaller than the cell size. Here, as well as in our
previous work [44], correlation lengths for the
packing of neighboring chains up to & = 28 A are
found. These, however, come very close to the
dimensions of the “amorphous cell” cubes of 30 A
and 35 A, respectively.

Furthermore, the comparison between mea-
sured and calculated cross-sections shows peaks
at 0 ~ 09 A~! (DAc-BPA-PC and DPh-BPA-
PC) and at Q ~ 1.8 A~! (DAc-BPA-PC) in the
simulation, which are not reflected in the experi-
ment. In the case of D-BPA-PEK and D-BPA-
PES (both having fully deuterated bisphenol
units) the first peak is shifted from Q ~ 0.45 A~1
(experiment) to Q ~ 0.35 A~! (simulation) and is
much too intense in the calculation. Possible ex-
planations for these findings will be discussed
below.

The most striking discrepancy between experi-
ment and calculation is observed for the fully
deuterated D-BPA-PC, where the calculated
cross-section is much larger than the measured

one in the entire scanned Q region. For an inter-
pretation of this effect, it should be kept in mind
that for a fully deuterated sample the diffuse
scattering is dominated by the contrast between
free volume and volume occupied with atoms,
since all scattering atoms (D, C and O) have
similar scattering lengths of b ~ 0.6-1071% cm.
Thus, the overestimation of the scattering from D-
BPA-PC suggests that the distribution of free
volume in the simulated structures is too uneven
compared to the real structures. Accordingly, it
can be gathered from the comparison that
the “amorphous cell” method as it is currently
implemented tends to overestimate the density
fluctuations especially on larger length scales. Ob-
viously, this should mainly be attributed to in-
complete relaxation. In a recent study of Floudas
et al. [22] an average hole size of 6 A has been
derived from small-angle x-ray scattering. This is
in rough agreement with the “amorphous-cell”
prediction of 3 to 5 A for the typical diameter of
holes and therefore contrary to our own findings.

For a further interpretation of measured and
calculated cross-sections and, in particular, the
analysis of discrepancies between experiment and
calculation, it would be very helpful if features in
(do/dQ).on (Q) could be ascribed to certain pair
correlations. The calculation of elastic scattering
cross-sections from “amorphous cell” model
structures provides a method for such an inter-
pretation which will be explained in the following.

In the calculation of the cross-section for a
given sample according to Eq. (9), “manipulated”
values for the scattering lengths (b; = 0 in most
cases) can be used instead of the real values. In
general, this will yield a change of the calculated
cross-section which contributes to the under-
standing of the underlying pair correlations. To
put it more clearly: if the scattering length b; of the
j-th atom is set to zero, this will influence (mostly
attenuate) the cross-section at all Q, where pair
correlations involving the such labeled atom are
significant. This would then lead to the conclusion
that a peak at Q, which is attenuated by this
procedure results from a pair correlation invol-
ving the atom no. j. Thus, by identifying specific
features using the computer-generated structures,
it is possible to extract information on the spatial
distribution of scattering units in the polymer
directly from the measured neutron scattering
cross-section.
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By a systematic variation of the atoms or atom
groups where the scattering lengths are set to zero
the observed peaks in (do/dQ).,;, (Q) can be ascri-
bed to certain pair correlations. The effectiveness
of this approach will be demonstrated here for the
undeuterated H-BPA-PEK. In this case two
peaks are observed, a smaller one at
Q,~035A"! and the amorphous halo at
Q, ~ 1.2 A~*. As shown in Fig. 10 the small peak
disappears if the scattering lengths of the atoms of
the carbonyle group are set to zero. The amor-
phous halo vanishes almost completely if the
scattering lengths of all carbon atoms of the poly-
mer backbone are set to zero. As outlined before,
the low Q feature can be ascribed to correlations
along the polymer backbone. Now it can be con-
cluded that it is mainly the correlations between
succeeding carbonyle groups at a distance of
21/Q ~ 18 A being responsible for this specific
peak of BPA-PEK in the scattering cross-section.

A further example is instructive for the under-
standing of the obvious disagreement at low
momentum transfers between experiment and cal-
culation for the bisphenol-deuterated D-BPA-
PEK and -PES. Figure 11 demonstrates that the
low-Q peak is caused by correlations of the methyl
groups. Its height decreases drastically, when the
scattering lengths of all atoms in the methyl
groups are set to zero. As mentioned before, this
peak is shifted from Q, ~ 0.45 A
the experiment to Q, ~ 0.35A~! (D, ~ 18 &) in
the calculated cross-section. According to the
evidence suggested by Fig. 11 and the value of D,
it is justified to assume that correlations of sub-
sequent methyl groups along one chain are the
origin of this peak. This assumption is confirmed
by an analysis of the interatomic distances of our
RIS-like chains (see previous chapter), which
yields a value of Ry = (17.6 + 2.6) A for the aver-
age distance of two subsequent methyl groups in
BPA-PEK, in good agreement with the values of
- D, for the corresponding peak in the calculated
cross-section. The overestimation of this distance
and of the peak intensity implies that the simu-
lated chain is too rigid and too stretched com-
pared to the real chain. This might be a conse-
quence of the simulation algorithm where both
the bond lengths and the bond angles remain
fixed, which imposes an unrealistic stiffness on the
chain. The aforementioned peaks at 0, ~ 0.9 A1
and at Q, ~ 1.8 A~1, which appear in the calcu-
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Fig. 10. Calculation of the elastic coherent cross-section of
H-BPA-PEK with “true” scattering lengths (O), and with
manipulated values (@), here with a) b = 0 for the carbony!
and b) b = 0 for the carbon atoms of the backbone

lated cross-sections of DAc-BPA-PC, but not in
the measured ones, can be traced back to correla-
tions of the methyl groups, as demonstrated in
Fig. 12. In a similar fashion, the peak at
0 ~09A ! in the calculated cross-section of
DPh-BPA-PC which is also not reflected in the
experiment could be explained. This peak is due
to correlations of those phenylene carbon atoms
which are not on the 1,4-axis of the ring, as
demonstrated in Fig. 13. In both cases the inter-
or intramolecular origin of the correlations could
not be distinguished. Thus, it is not yet clear how
these obviously “artificial” correlations of certain
atom groups come about in the simulation; they
might as well be a consequence of the fixed bond
angles.
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Summing up the findings from the comparison
of cross-sections from neutron scattering experi-
ments on the one hand, and from calculations
from “amorphous cell” model structures on the
other hand, it can be stated that, by and large, the
amorphous polycondensates exhibit a “random
coil” conformation without any significant long-
ranging intermolecular correlations. However,
certain discrepancies between experiment and cal-
culation, i.e., the broadening of the amorphous
halos, the overestimation of the scattering from a
fully deuterated sample and the shift of peaks to

Fig. 13. Calculation of the elastic coherent cross-section of
DPh-BPA-PC with “true” scattering lengths (O), and with
manipulated values (@), here b = 0 for the aromatic carbon
atoms in 2, 3, 5 and 6 position of the phenylene groups

smaller momentum transfers reveal an insufficient
structural relaxation within the simulation. Also,
structural features on larger length scales are not
reproduced correctly. This is understandable
since the “amorphous cell” approach lacks the
necessary relaxation on these scales as a conse-
quence of the melt description with full atomistic
detail. ,

The agreement of our study with a random-coil
conformation of the chains in glassy polyconden-
sates can now be compared to the statements of
Cervinka and Fischer [10-13]. These authors
model BPA-PC as an arrangement of three poly-
mer segments containing two repeat units each.
These three segments are ordered parallel to each
other to account for the relatively high degree of
short-range order found in their neutron
scattering experiments. However, our results ob-
tained from the “amorphous cell” simulation
show no necessity to claim parallely ordered
regions over distances as large as 20 X, the ap-
proximate length of two BPA-PC repeat units.
Obviously, the reasonable agreement between ex-
periment and calculation in [11] is based on an
incorrect method of calculating the scattering in-
tensity for a given structural unit. To account for
the so-called “form factor peak” at low Q a rather
arbitrary exponential term has been substracted
from the calculated intensity. A correct calcu-
lation of the scattering intensity for a structural



Lamers et al., Short-range order effects in amorphous poly condensates

1417

unit as described by Neumann et al. [62] might
yield different results.

How far have the neutron scattering experi-
ments or the simulations reported here contri-
buted to the understanding of correlations
between primary structures and macroscopic
properties, the major goal of the underlying research
project? Up to now, the most enlightening aspect
of our work in this context is the comparison
between BPA-polyetherketone and -polyethersul-
fone. Despite their far-reaching resemblance in the
primary structure (see Fig. 1), both materials ex-
hibit striking differences as far as the mechanical
properties are concerned. BPA-PEK is found to
be quite brittle, whereas BPA-PES shows a rather
tough behavior similar to BPA-PC. In the
“amorphous cell” simulation BPA-PEK and
BPA-PES differ in the rotational potential be-
tween the phenylene rings of the condensate
groups, and in the charge distribution of the
carbonyl and the sulfone group. However, these
rather small deviations are hardly reflected in the
calculated cross-sections for both materials. The
only noticeable difference is observed for the un-
deuterated versions, where H-BPA-PEK displays
a peak at Q ~ 0.3 A- ! which is not observed in
H-BPA-PES. The measured cross-sections of
both polycondensates are even more similar. The
comparison of the experimental cross-sections in
Figs.5 and 6 does not reveal any qualitative
differences. Obviously, the static structure in
BPA-PEK and BPA-PES does not provide an
explanation for the observed differences in the
macroscopic behavior. Consequently, one should
focus on the dynamics of these systems in the
approach to a microscopic understanding of
mechanical properties. A systematic combination
of quasielastic neutron scattering with dielectric
and mechanical relaxation and NMR methods
would be a promising challenge for further inves-
tigations.

Conclusions

Diffuse neutron scattering has proved to be an
appropriate method for the investigation of the
static structure and particularly the short-range
order in amorphous polycondensates. It turned
out to be very helpful to vary the scattering
contrast by selective deuteration of hydrogen
positions and thus enhance the experimental re-

levance. It has been demonstrated how spin
polarization analysis facilitates a direct compari-
son of the experimental results to model calcu-
lations. To achieve this direct comparison, the
incoherent scattering portion had to be removed
from the signal and the coherent intensities had to
be reliably calibrated to absolute units.

The measured neutron scattering intensities
were compared to calculated ones for model
structures obtained by “amorphous cell” com-
puter simulations, where the static structures of
several polycondensates were modeled by energy
relaxation of an initial structure generated by an
RIS-like procedure. The qualitative agreement
between measured and calculated cross-sections
demonstrates that the “random coil” conforma-
tion without long-ranging inter-molecular cor-

‘relations as assumed in the “amorphous cell”

simulations is also predominant in the polycon-
densates investigated here. However, certain dis-
crepancies between experiment and calculation
particularly for higher deuterated samples and
smaller momentum transfers indicate that the
“amorphous cell” method does not reproduce all
structural aspects correctly. A detailed analysis of
these discrepancies shows that the correlation
length for the packing of neighboring chains is
underestimated, that the free volume is distribu-
ted too unevenly and that the polymer chain is
too rigid and too stretched in the simulation.
These deficiencies of the “amorphous cell” simu-
lation method should mainly be attributed to an
insufficient structural relaxation of the initial con-
figuration and to the local approach of this
method, which obviously fails to reproduce struc-
tural features on larger length scales. Neverthe-
less, it is remarkable that a simulation technique
which is rather crude in view of the complexity of
the underlying physics gives a good approxima-
tion of many basic features.

The comparison of BPA-PEK and BPA-PES
shows that both materials resemble each other in
their diffuse scattering, as expected from their
similar primary structures. The significant differ-
ences in their mechanical behavior are not re-
flected in their short-range order and thus must be
attributed to different molecular dynamics.
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