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We present the results of a combined experimefttalitron scatteringand theoreticalcomputer
simulatior) effort to investigate structural properties of polycarbonate melts and glasses in the wave
vector regime oR=<2.2 A1, The experimental part consists of advanced spin polarized scattering
experiments, allowing us to extract the coherent scattering for protonated and deuterated samples.
The simulations employ recently developed novel mapping procedures, which allow us to efficiently
equilibrate complex polymer melts, thereby reproducing the experiment in much closer detail than
earlier attempts. ©€1999 American Institute of Physids$$0021-960609)50603-X

I. INTRODUCTION desirable, but also causes problems in processing. Chemical
modifications have a rather strong influence on these proper-

It is most desirable, both from a fundamental and a techties. In, for example, the case of tetramethyl-bisphenol A
nological point of view, to be able to relate the macroscopigolycarbonat§ TMBPA-PC) one has a more brittle material
properties of polymers to their atomistic structure. So farwith a glass transition at 200 °C, while the glass transition of
typical structure property relations have the character of emfMC-PC is around 240 °C. These changes are accompanied
pirical look-up tables,and lack any structurdthe structure by a significant variation in the so-called entanglement
of the bead liquigl or conformational(chain conformation  length and other relaxational quantities.
systematic scientific interpretation. A deeper understanding, The first systematic neutron scattering investigation with
however, is required for significant further progress. differently deuterated samples of BPA-PC was done by

In order to proceed in this direction, a solid knowledge Cervinka et al.? yielding important information on the dis-
of the conformational and structural properties is requiredtribution of the scattering units. These experiments, however,
So far that knowledge is developed to a very limited extentwere done with unpolarized neutrons and did not allow one
Scattering experiments give only information on the pair corto separate the coherent and incoherent scattering for the
relation functions. The detailed interpretation of the data insame sample. Such a separation is only possible with polar-
terms of the atomic structure needs many more or less justized neutrons. Using polarized neutrons allows one to explic-
fied assumptions. On the other hand, computer simulationisly subtract the incoherent scattering from the total scatter-
give a precise insight into the atomic structure. Howeveling intensity(see below, giving the coherent scattering cross
there one faces the problem of computer time to equilibratsection in absolute numbers. First experiments of this kind
samples of the necessary size, together with the open quesa polycarbonate$PC) were performed by Lamerst al®
tion of the quality of the classical force fields. Thus oneusing a triple-axis spectrometer with a relatively low inten-
needs the scattering experiment in order to validate the simusity and a comparatively poor statistical accuracy of the mea-
lation. sured scattering function.

The present paper describes such a coordinated effort, In the present study those investigations are improved
where significant methodical advances from both sides arand extended significantly. We present in detail new investi-
combined into a joint effort from neutron scattering andgations on different polycarbonates and similar polymers us-
computer simulations to elucidate the structure of a polying spin polarized neutrons at the multidetector spectrometer
meric melt. The investigation extends a promising line ofD7 at the Institute Laue—Langevin in Grenoble. This spec-
research to a significantly higher level. trometer enables simultaneous measurements at 32 different

The work centers around bisphenol A polycarbonateQ values. Consequently, the differential cross section can be
(BPA-PC, see Fig. )1 BPA-PC is one of the most important determined in a rather short time with excellent statistics,
thermoplastic polymers because of its many technologicallgomparable to the statistics obtainable with unpolarized neu-
favorable properties. Among them, mechanical performancéons.
like high impact strength at low temperaturédown to Parallel to these improvements of the scattering investi-
—100 °Q and a high glass transition temperat(@80 °Q is  gations of polycarbonates, a novel computer simulation ap-
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can be calculated and compared to the neutron scattering
experiments. This has been done for two PC maodifications.
Sections Il and Il describe the experimental and theo-
retical ansatz in more detail. Then the results of both will be
CH; CH; Chy 1a presented together. Experiments on additional PC modifica-
tions are discussed in Sec. V, while Sec. VI concludes the

FIG. 1. Repeat units of polycarbonate samples. With the exception opresent work with a general discussion and outlook.
TMBPA-PC, all systems are also treated in computer simulations.

TMC-PC—(ds)

II. EXPERIMENTAL METHOD AND SYSTEMS

proach was developed to generate and analyze “samples” of Neutron scattering studies were performed on the
PC of reasonable size and at experimentally accessiblellowing PC modifications, provided by the Bayer AG
temperature$® A direct brute force equilibration of such a
computer simulation is not possible at present and will re- _ N
main impossible for several generations of computers tg/\BLE ! Incoherent cross sections per monomer ufit barn/sy and

. . . sample transmissiorik for the systems studied.
come. Here a different approach is followed. A systematic

procedure was introduced which coarse grains atomistic (dg)
inc

polymer models into a mesoscopic mddielr the purpose of aa

computer simulations. This model allows a fast and effective Sample T

relaxation of polymer melts, producing overall well equili- H-BPA-PC 89.0 0.88
brated conformations. The mesoscopic conformations in- ~ BPA-PC-(de) 533 0.77
clude the atomistic structure only in an average way, but they Sgﬁ:gg:g*‘)) 42'2 g'gg
reproduce several macroscopic properties very well. For a TMBpA_pclf‘(dlz) 70.0 0.90
comparison to microscopic experiments, however, an atom- H-TMC-PC 152.6 0.68
istically detailed “computer sample” is needed. Thus the TMC-PC-(dg) 103.1 0.87
next step in the procedure is the remapping of the chemical H-TMBPA-PEK 1908 0.85
details onto the coarse grained chaliitsverse mapping’® H-BPZ-PEK 165.3 0.73
Since the mesoscopic structure is well equilibrated, only a H-TMC-PEK 203.5 0.76
Ioca_l equilibrgtion is needed on the atomistic level involving H-BPZ-PES 165.3 0.78
motions on distances of the order of 1-2 A at most. From the H-TMC-PES 203.5 0.71

gained atomistic conformations coherent structure functions
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TABLE Il. Transmissions of the four protonated BPA-PC samples. reckon with multiple scattering. In order to study that influ-
ence, samples of BPA-PC of four different thicknesses be-

Sample Tp
tween 0.1 and 0.57 mm were measur@d. Table Il). The
H-BPA-PC 0.10 mm 0.88 scattering patterns of the different samples were almost iden-
H-BPA-PC 0.25 mm 0.77 _ . :
H-BPA-PC 0.45 mm 0.58 tical, but with aQ-independent offset of the coherent cross
H-BPA-PC 0.57 mm 0.49 section[Fig. 3(a)] which depended on the sample thickness.

Beyond that no effect of the sample thickness was observed.
The Q-independent offset increases with increasing sample
thickness. Since only the incoherent scattering intensity is
independent orQ, this offset is due to multiple incoherent
scattering involving two spin flips and being detected as NF
neutrons.

[see Fig. 1 protonatedfurther assigned as “H-BPA-PQ’

methyl group deuterateff'BPA-PC-(dg)”’ ], phenyl ring

deuterated [‘‘BPA-PC-(dg)" ], and perdeuterated

[“BPA-PC-(dy4)"" ] sample. Furthermore we studied partial ) ) ) L

deuterated TMBPA-PCd,) (only experimentand two dif- Thus multiple sc_atterlng results in an overestimation gf

ferent samples of trimethylcyclohexylidene polycarbonate® coherent scattering. This effect can be corrected by using

[“H-TMC-PC” and “TMC-PC-(dg)”]. The average de- expressior(2) for the apparent coherent cross section which

gree of deuteration for the deuterated parts was 95%. In adias to subtracted from the measured cross sedtion:

dition to the polycarbonate samples we studied some deriva-

tives where ketone and sulfone groups replaced the carbonate

unit, called polyetherketones and polyethersulfones, respec- /4 \app [9\2

tively (see Fig. 2 ( ) (_) (1-Tp)
The samplegaverage thickness 0.2 mnwere prepared 3

in hollow cylindric form with a height of 50 mm and a radius

do

coh

2
of 5 mm and were put into a cylindric aluminum sample d_cr
holder. To suppress thermal excitations, the samples were da/
kept in a cryostat at an average temperature of 1.5 K. X ' 2

To extract the coherent cross section, all measurements do do do
were carried out in spin-flifSP and non-spin-flip(NF) a0/ + 40 + 40
mode. In the first, one measures only scattered neutrons ne con abs
which have undergone a spin flip in the scattering process, in
the second the rest which maintains its spin direction in the
scattering process. We denote the momentum transfer of the Here (da/dQ)., is the average coherent cross section
scattering process b, the spin-flip counting rate by*"and ~ and do/dQ) s is the calculated absorption cross section.
the non-spin-flip counting rate biy'". The coherent scatter- The subtraction procedure is applied iteratively and con-
ing function is given by(see the Appendix verges after a few steps. We obtain the same coherent cross
(do-) 5 (do-) INF(Q) — HIS(Q) sections for three of the investigated samples. Only in the

co inc

dQ

(Q)=— (1) case of the 0.6 mm samp{with a very low transmission of
dQ

3 I°A(Q) ' 49%) the correction fail§Fig. 3(b)]. Since all other samples
had transmissions higher than that of the second thickest
§ample(TabIe ), the multiple scattering correction proce-

h

The values of the incoherent cross sectiolr{dQ2),.
can be calculated and are given in Table I. In order to cove i
the full Q range, the detector positions for every measuredure could be applied. .
ment were changed incrementally by 1.5° three times, giving FOr @ crude evaluation, the measured cross section can
128 different Q values for each sample in the range be used directly to deduce particle—particle correlation func-
02A l<Q=<25AL tions. The wave numbée at the peaks at the cross section is

Equation(1) is valid in the ideal case where one has only approximately related to a distantebetween different at-
single scattering processes. In a real sample, one has twns or groups of atoms by

<

§ FIG. 3. Coherent cross sections of
w BPA-PC (a) before and(b) after the
SIS multiple scattering correction.
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Equationg3) and(4) provide helpful means for the interpre-

tation of the structure functions. 81 S
In addition to these equations, one can use arguments N\l\ % N\]\ 1/\/\/\8
based on the atomic scattering lengths in Table V to obtain 82, 2
structural information from the measur&dQ). One rather
general argument of that kind holds for the protonated poly+IG. 4. lllustration of the 1:2 mapping of BPA-PC. The center of the sphere
mers investigated in our work. It is the following: The scat- S, is given by the geometrical center of the isopropylidene group
terlng Iength of hydrogen is the 0n|y negatlve one for all(CHs—C—CH), while S, corresponds to the geometrical center of the car-
bonate group.
participating atoms, while the carbon and oxygen scattering
lengths are positive. Thus one has a positively scattering
backbone with a surrounding shell of negative scattering
density. Considering the tendency of neighboring chains taery short scale§O(1 A)]. These so generated systems are
lie parallel to each other, that scattering density distributiorused to calculate the cross sections, which can be compared
tends to give a large contrast to the correlation between difto experiment.
ferent chains for fully protonated samples, because the mter
ference between the two different positively scattering back
bones is enhanced by the negatively scattering hydrogens in The first step coarse grainihgenormalizes the intrac-
between. In fact, in all the examples reported below, the fullyhain interactions toward a coarser level. For BPA-PC as well
protonated polymers exhibit a clearcut diffraction peak be-as for TMC-PC we map one chemical repeat unit onto two
tween 1 and 2 A%, where one expects the interchain corre-model monomergmapping ratio 1:2, see Fig.)4These
lation, while the deuterated samples show more and less praoarse grained monomers are chosen in such a way that they
nounced peaks in that region, probably because they aman be identified with specific chemical groups of the poly-
much more strongly influenced by intrachain correlations.mer. In the case of BPA-PC the two coarse grained mono-
We will see later that the simulations support that point ofmers represent the carbonate group and the isopropyledene
view. group. For modeling TMC-PC the isopropyledene group has
Beyond this it is rather difficult to identify individual to be substituted by the decorated cyclohexane ring. For the
atomic groups which contribute to a specific peak on theesulting coarse grained chain, only four relevant effective
basis of the cross sections alone. If one wants to go furthepotentials have to be considered: the bond length potential
one has to use some kind of modeling. At this point, simu-between two adjacent model monomers, two alternating
lations come into play, since they are in principle able tobond angle potentials, and one torsional potential. All the
provide the full structural information. much more complicated interactions along the chain are
renormalized into these four intramolecular interactions.
The determination of the effective potentials is done in
lIl. COMPUTER SIMULATION APPROACH the following way: One calculates a statistical ensemble of
the full atomistic chain in free space, using interactions de-
To relate simulation data directly to scattering experi-rived by ab initio quantum chemistry calculations. With the
ments and extend their interpretation, one has to calculate tr@bove mapping, one then finds the distribution functions of
measured scattering functions. This requires the generatidmond lengths and angles defined by the monomers of the
of well equilibrated “computer samples” with all atomistic coarse grained chain. On the basis of these probability dis-
details. While the simulation in principle yields many addi- tributions, the potential within a coarse grained chain can be
tional quantities, we focus here on the scattering. computed without any free parameter. For details see Ref. 4.
To achieve a good equilibration, a new recently devel- In addition to these intramolecular interactions within
oped two-step proceduteis applied. First the chains with the chain, the intermolecular interactiofesg., excluded vol-
the full atomistic details are numerically renormalized onto aume are taken into account via a purely repulsive Lenard-
coarse grained mesoscopic moflghapping step”). Amelt  Jones interaction. The density of the systems is varied with
of coarse grained chains is then equilibrated. This is possiblthe temperature and scaled according to the thermal expen-
due to a significant gain in simulation spde@(10*)] com-  sion given by experimental data. From this model, the global
pared to atomistic simulations. Then we perform the inversgroperties like the end-to-end distance of the polycarbonate
step(“ Inverse mappingj) and reintroduce the full atomistic chains can be calculated. Tables Ill and IV give the simula-
details. After that a local equilibration with a short simula- tion results for the end-to-end distanBeand the gyration
tion run is performed. This only alters the atom positions orradiusRg for a chain with 20(e.g.,M =2530) and 6Qe.g.,

. The mapping procedure
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TABLE Ill. R? and R} for N=20 from simulation for BPA-PGin A?), 60.0
error 1.5%. g)o !
< 500 | O Coarse grained structure j
T 600 K 800 K 1000 K a ’ O Atomistic structure
]
R? 328 322 321 % 400 |
RZ 57 53 52 3,
2 300 | 1
2
& 200! I 1
M =7590) simulation model monomers for BPA-PC. s |
Though the expected asymptotic ratio(6?)/(R3)=6 = 100 | |
is not fulfilled exactly, data foN= 60 (~30 chemical repeat | Tq
. . o i 00 . . . .
units) are reaspnably glosg to this asymp.totlc limit. One usu 0 200 200 500 300 1000
ally characterizes chains in a melt by their raiRg)/N. For
T=300K, in the glass regime, neutron scattering experi- T

; 6 2 _ 2
ments performEd by Richtet al. qUOte<R >/N_37 A%, FIG. 5. Percentage dfans-cis isomers in the simulated melt in depen-

; ; : 2\ N — 2 _
Our simulations yield(R?)/N=35 A> at T=600 K andN dence of the temperatur@8PA-PQ. The values for the coarse grained
=60, which is in excellent agreement with the experimentakhains are gained by considering the area under the peaks of the bond angle

data at even lower temperatures. The chains expand at lowa@igtribution atS,. At T=600 K the value is also measured from the atom-
temperature, so the simulation value is even closer to thEC structureafter inverse mapping
experimental data when extrapolatedit9. The good agree-

ment shows the success of the mapping procedure as far ﬁ*ﬁluenceRG, since the torsion is the relevant degree of free-

the large scale chain properties are concerned. dom of the global conformation. A lower percentage of

One' can go a step.further and show that al§o MOre Mig ans—cis isomers leads to a more stretched molecule. An
croscopic details are still re_asonably well _taken Into aCCOunixtrapolation of the data toward lower temperatures suggest
by the coarse-gr_alned chain. An interesting chal aspect oL rans-cis fraction clearly below 20% of the states of
the BPA-PC chain is the amount of ttransandmsconfor-_ BPA-PC at aroundTg, NMR experiments suggest even
ma’uon; of BPA-PC. Along the backbone of the full atomls- lower values of at most 10%.
tic chain, at the carbonate group, one has two torsional
bonds, each of which can be irces or atransconformation.

For both together, one can have eithetrans—trans or a  B- The inverse mapping

trans—cis (or cis-trans respectively conformation. The The second step is the remapping of the chemical details
cis—cis conformation is forbidden because of overlappingonto the coarse grained chatsalledinverse mappingwe
phenyl rings. The mapping transfers only part of this infor-start with an atomistic chain with the correct average bond
mation into the coarse grained model. There, it appears as|angths and bond angles but free torsion angles. The detailed
broad dOUble'peak structure in the bond angle distribution %hain is p|aced onto the coarse grained chain by a suitable
the monomerS, (see Fig. 4 The amount ofrans—Cisiso-  rotation of the torsional degrees of freedom. For this the
mers can be still roughly estimated by considering the aregjstance between the center of mass of the model monomers
under the peaks of the angle distribution at different temperagnd the geometrical center of their corresponding atomistic
tures T.° But there is no exact correspondence between th@roup is minimized. Then in the melt the van der Waals
peaks and the conformations possible on this level, as thgyteraction of the atoms is slowly introduced. After minimi-
two peaks overlap. That is understandable, since several mi-

crostates with different conformation are mapped onto one

coarse grained state. A more exact estimate otitketrans 30 ' '
conformation ratio can only be given after reintroducing the - z:i;gnygnz‘thgans
full chemistry. In the case of BPA-PC this probably leads to i ~==- atom. MD. after 1.0 ns

an overestimation of th&ans—cis states. In Fig. 5 the per-
centage oftrans—cis conformations determined from the
coarse grained chains is shown as a function of the tempera-
ture. For the temperature @f=600 K thetrans—cis percent-

age for the full atomistic chains after the inverse mapping
(see belowis also shown. Note that these numbers strongly

TABLE IV. R? andR% for N=60 from simulation for BPA-PQin A?),
error 1.5%.

-1
T 600 K 800 K 1000 K Q (A )
R? 1046 1038 1004 FIG. 6. Structure factor of a simulated atomistic melt of TMC-PC at differ-
Ré 191 183 168 ent stages of the relaxation procedure: directly after the energy minimiza-

tion, after a 0.8 ns long atomistic MD run, and after 1.0 ns of atomistic MD.
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zation the system can be trapped in a local minimum. TQ'ABLE V. Scattering length for different atoms.
overcome this problem the melt of the atomistically detailed

chains is relaxed locally by molecular dynami®$D) runs Atom Scattering length (10 cm)

using thevasp package During the relaxation of the struc- H —0.3741

tures by an atomistic MD we observe a decrease in the po- D 0.6674

tential energy which corresponds to a change in the micro- 8 gzgggg

scopic structure of the samples. After a simulation time of.

more than 1 ns the energy converges slowly to a constant

value. This also has an effect on the structure factor of the

system, as shown in Fig. 6 in the case of TMC-PC for dif- 27Ny 2mny, 2mn,

ferent stages of the equilibration. During this local relaxation ~ Qx= O Qy= e Q.= . (6)
the intensities, but not the positions of individual peaks

change. wheren,, ny, n, are integer numbers. Only for these dis-

The simulation boxes contained 80 chains with a lengttcrete scattering vectors c&{Q) be calculated.
of 10 chemical repeat units, which means systems as large as
~30 000 atoms in the case of BPA-PC and0 000 atoms  |v. COMPARISON OF SIMULATION AND EXPERIMENT
for TMC-PC. The corresponding box size was70® A3, _ , , _
The coarse grained simulations were run #et5 us, thus _ Figure 7 compares simulation and experiment for _the
allowing for a relaxation on large length scales. After rein_dm‘erently deuterated BPA-PC samples. First we consider

troducing the full chemistry, local relaxation was achievedtN€ experimental resuitithe circles in Fig. J. The proto-
by means of an atomistic MD 6£200 ps. natedH-BPA-PC[Fig. 7(a)] basically shows an “amorphous

Given the computer generated “samples,” we calculateheflg’” with a maximum aQ=1.27 A"* and a widthA=0.23
the coherent structure functions AL, Following the argument at the end of Sec. IIl, we iden-
tify this amorphous halo with the correlation between differ-
do ent neighboring chains, resulting in an average chain dis-
S(Q)z(—) :E (bi){b;yexp(iQ-(r;—r))), (5) tance of 4.9 A. Taking the peak width as indicative of the
dQj . i persistence of short range order a correlation leggtR7.6
A can be deduced. Furthermore there is a second maximum
which are compared to coherent neutron scattering data. lof lower intensity atQ=0.56 A~1. By “amorphous cell”
Eqg. (5 all atoms are explicitly included with their corre- computer simulation this maximum was related earlier to the
sponding scattering lengifb;) cf. Table VY which are in-  correlation of consecutive carbonate groups along one
dependent of. For TMC-PC the methyl groups at the cy- chainl® Thus we get an average monomer extensionf 2
clohexane ring were substituted by super atoms with a®.56 A *~11.2 A.

average scattering length. To calcul&(&) for a simulation In the case ofmethyl group deuterate@PA-PC-(dg)
system, one is restricted to scattering vect@rsvhich are [Fig. 7(b)] the peak of the amorphous halo is slightly shifted
commensurate with the box site namely to a biggerQ value(1.32 A %) and broadened in comparison

) ( barn
coh \ ST

do
aa

1 FIG. 7. Structure factor of BPA-PC
Q (A ) from simulation and neutron scatter-
ing (a) fully protonated,(b) methyl
15 T T T T T group deuterated(c) phenyl rings
L () ] deuterated(d) fully deuterated.

S ]
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to the protonated sample. This suggests that additional cor- 3

relations are superimposed on the amorphous halo. Further-

more there is a second maximumQ@t1.80 A1, 25¢ Inter — .
In the coherent cross section phenyl ring deuterated Intra =

BPA-PC-(dg) [Fig. 7(c)] we find the amorphous halo at the 2r

sameQ value as in the fully protonated case. Obviously this
sample contains partially crystallized regions, since two & 15§
Bragg peaks a@=1.94 A" andQ=2.24 A~! were found.

In the rhombic unit cell of the partial crystalline BPA-PC 7

these peaks would correspond to the reflectid3$) respec-

tively (315, but no lower order reflections were measured. 05y i

Therefore these peaks cannot be due to crystalline polycar- L e
bonate. We suppose that the sample contains a small amount 9 10 20 30 20 5080
of crystallized solvent. There is a remarkable increase in the /A

Cross sectlon.at sm_a@ values. . . FIG. 8. Pair correlation function of BPA-PC within coarse grained chains
Such an intensity at lowQ is also found in the cross (t-500j.

section ofperdeuteratedPA-PC-(d4,) [Fig. 7(d)]. We will
comment on this small angle scattering in more detail below.

Here we just note that the average scattering density, whichs shown in Fig. 8. In Fig.(B) the methyl group deuterated
determines the intensity of the scattering from large-scal§ersion of BPA-PC is shown. The simulation data closely
inhomogeneities of the samples, increases with increasingjiow the experimental data. The only difference shows up
deuteration and is nearly zero in the fully protonated sampleat highQ, where the small peak &=1.8 A is missing. This
That explains why one only sees that intensity at sQebr s possibly due to the fact that the simulations are performed
the deuterated samples and not for the protonated sample.at temperaturd =600 K, while the experiments represent a
In the perdeuterated case, the amorphous halo is tranguenched state at 1.5 K.
formed into two shallow peaks of almost equal intensity at |n 3 similar way the results of the experiment and simu-
Q=142A"! andQ=1.81 A"%. The peak height in com- |ations coincide for the phenyl ring deuterated BPAF@).
parison to BPA-PCs) is smaller by a factor of 2, indicat-  7(c)]. The simulations also show an increase for |G
ing a much reduced intra- and intermolecular contrast ageaning that there are inhomogenities in the sample exceed-

compared to the hydrogen-containing compounds. ing the length scale of tested hefBhe wave vector corre-
In Flg 7 the results for the simulatigfines) of BPA-PC Sponding to the size of the simulation box |q

are also shown together with the corresponding data from=0.09 A1). However, the visualization of slices of the
neutron scattering. The general agreement is much bettgimulation box did not show pronounced “holes” in the
than in earlier comparisons of model and experim@nt, melt, which could be related to this increase. In fact, since
showing the sizable improvement of the simulation by thethe increase isot present in all the differently deuterated
inverse mapping technique. BPA-PC samples, it seems rather to indicate a correlation of
Figure {a) shows the comparison between the experi-certain atom groups over long distances. This certainly re-
mental data and the results from our simulation for fully quires a more thorough investigation with simulations of
protonated BPA-PC. The inspection of the underlying condarger systems. As expected, the simulation does not show
formations essentially confirms the explanation of the peakshe two Bragg peaks &= 1.94 and 2.24 A thus confirming
given for the experimental data. Both structure functions fortheir interpretation as an artefact of the experiment.
the protonated version show an “amorphous halo” Gt For the fully deuterated system, while the simulation re-
~1.2 A1, which is in fact due to the correlation of adjacent produces the shape of the experimer8&D) in full detail,
chains. Thus the simulations corroborate the scattering denhe overall amplitude is different. To check the simulations
sity argument given at the end of Sec. Ill. we evaluated the average cross section for la@éQ
Another peak abou®~0.6 A~! can be identified with  >10 A~1). There one should recover data with a cross sec-
consecutive atom groups within a chain. This peak is mainlition that corresponds to the mean square scattering length in
caused by the correlation between the carbonate groups, bilte system. The program fulfills this requirement. We also
also the isopropyledene has some influence on it. The corehecked the experiment, to see whether the difference was
clusion parallels the one given earlier by Lametsal,’®  due to a trivial mistake or an overcorrection, but we were not
who evaluated structure functions from amorphous cellble to find any reason. Thus the discrepancy is not under-
simulations. The amorphous cell approach constructs thstood as yet. A lower degree of deuteration in the calculation
chains in the melt by a RIS scheme, without a thermalizatiorfwithin the error limits of the chemical analysis of the mea-
of the melt!! While the experiments give a correlation length sured samplésslightly improves the situation, but cannot
of the monomer liquid of about 28 A, the simulations give aexplain the difference completelgee also the discussion of
slightly smaller value from the cross section. We can how-TMC-PC below.
ever go back to the coarse grained simulatibi$iere the In contrast to BPA-PC the measurement of two variants
particle—particle radial distributiog(r) for both intracorre- of TMC-PC gave two completely different cross sections for
lations and intercorrelations shows structure outt®5 A,  the protonated and for the phenylene ring deuterated sample.
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FIG. 9. Structure factor of TMC-PC
from simulation(the solid ling and
neutron scattering (symbols: (a)
fully protonated, (b) phenyl rings
deuterated.

The H-TMC-PC[Fig. 9a)] has the amorphous halo &  tween consecutive atom groups within a chain, while the
=1.23 A" and a second maximum §=0.42 A"%. From second maximum is caused by the package of adjacent
the halo we can determine an average chain distand of chains. As we will see, the simulations corroborate that main
=5.1 A and a correlation length @f=18.8 A. Obviously the idea, but with a modification in detail.
chains in TMC-PC are slightly less densely packed than in  The detail which has to be modified concerns the atomic
BPA-PC, caused by the larger spatial extension of the cyclogroup responsible for the peak 0.5 A~%. The calculation
hexylidene ring, but also less correlated. of the free fully atomistic chain showed that the straightfor-
The cross section of TMC-PCd§) shows the same low ward interpretation in terms of carbonate group correlations,
Q peak as the protonated sample, but the amorphous halo jgrallel to the BPA-PC case, would require rather strongly
broadened and superimposed by additional correlafieigs ~ changed bond angles in the TMC group. This peak is more
9(b)], in particular a feature a®=0.8 A%, in a Q range pronounced than the corresponding one in protonated
where the cross section of H-TMC-PC has a minimum. If weBPA-PC[Fig. 7(a)]. In the following, we begin the analysis
interpret the peak @ =0.42 A" ! in analogy to the first peak of the peak in terms of the atomic structure by a scattering
in the cross section of H-BPA-PC as the correlation of twodensity argument.
consecutive carbonate groups, one arrives at an average Since theQ value of the peak corresponds to a distance
monomer extension of 15.7 A for TMC-PC. In light of the of about 12 A, we are allowed to coarsen the view on the
simulation results and quantum chemical calculations of anelt, considering groups of atoms instead of single atoms.
single chain, this interpretion of the experimental data seem¥/e begin by joining each hydrogen to its carbon atom, thus
questionable. As we will see below, the model calculationgising a “united atom” representation. We then subdivide the
suggest a different interpretation, though still in terms of aTMC-PC monomer into three groups: The TMC group with
correlation within one polymer chain. the cyclohexane ring, the carbonate group, and the phenyl
In Fig. 9 the structure functions of TMC-PC from the group.
simulation are shown as lines. The simulation in that case is We then have the following:

not fully atomistic, because the united atglhA) represen- 4y o TMC group GHye with the cyclohexane ring consist-
tation was chosen to represent the methyl group in the simu- ing of nine united atoms with an average scattering
lation. The corresponding scattering length is given by length ofb=0.166x 102 cm

b(CH;)=b(C)+3b(H)=—4.575x10 1?2 cm (7) (2 the carbonate COgroup consisting of four united atoms
using the values given in Table V. For protonated TMC-PC v;(ntﬂ)fgr;maverage scattering  length - 0b=0.602

[Fig. Aa)] we see n simulation and experlment th? sangS) the phenyl group gH, consisting of six united atoms
general structure with two peaks, but the first peak is muc . . _

. ; ; . . . with an average scattering length 0ob=0.336
higher in the simulation and both peaks are slightly shifted. %10-12 ¢m
Nevertheless, the agreement is still good enough to justify a '
confidence in the simulation results. In this counting, the average scattering length per united

The same holds for phenyl ring deuterated TMC-PCatom for the whole monomeb) ,onomer€quals 0.415. Since

[Fig. Ab)]. The overall shape of both curves is quite similar, bypenyiis close to{b) monomen the phenyl rings are essentially
but only the most pronounced peaks are reproduced in thénvisible.” The carbonate group is a “highb” scatterer,
simulation. Also, the peaks are shifted to smallervalues. while the cyclohexane ring acts as ‘“scattering hole.” Since
But again one feels that the simulation reflects the saméhe spatial extension of the TMC group is much larger than
atomic correlations as the neutron experiment. In consethat of the carbonate, the cyclohexane ring should mainly be
quence, one can use the simulation to check the earlier interesponsible for the peak at0.5 A%,
pretation of the neutron scattering data, namely that the peak The simulation allows us to check this hypothesis by
with the lowestQ value corresponds to the correlation be- modification of scattering lengths. By varying the scattering
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FIG. 10. Impact of modified scattering lengths for cyclohexane hydrogene&1G. 11. Form factor of an isolated TMC-PC chain. The case where all
on the structure factor of TMC-PC. The peak-ad.5 A™! present in the  scattering lengths are set to the same value “1” is compared to the case
simulated structure factor of Fig. (& diminishes, when the natural scat- where only the TMC atoms are set to “1” and all other atoms to “0.” The
tering lengths of the cyclohexane-hydrogens are scaled by a factor 0.5. latter structure factor reveals a peak, which is located at the Qavadue as
the peak in the structure factor of the méRemark: The structure factors of
the isolated chains have been scaled by a factor of 8 and 2, respectively
Note that the absolute values of the single chain form factor and of the
scattering function of the whole system cannot be compared, since the nor-

lenath in the simulation one can emphasize th rrelati malization is fundamentally different! One can only relate positions of peaks
9 phasize the correla Oﬂ)r 2m/Rsz<<Q. The structure functions of the isolated chains were also

between special group or set a homogenous background. Agmputed with periodic boundary conditions in the box.

a test, the cyclohexane ring should become invisible, if we

increase its total scattering length. In order to do that, we

attributed the cyclohexane hydrogens half thef a physical do

H, i.e., —0.187 05<10 *?> cm. The result is shown in Fig. — (Q—)=, b?=14.0 b/sr. (8

10, the peak is strongly diminished. On the other hand, if we de ‘

shift the averagg€b)monomerto higher valuegwith the TMC It turns out thatS(Q) becomes essentially constant fQr

groups still building holes the peak should become more >20 A~!, with ¢/Q(Q)=12.1b/sr. The difference of 1.9

pronounced. This is the case for phenyl-deuterated TMC-PQy/sr is due to modeling the methyl groups as united atoms

which explains the shape of the corresponding structure fagnith a b determined by coherent summatifef. Eq. (7),

tor shown in Fig. ). correct for smallQ], while Eq.(8) means incoherent summa-
The position of the TMC peak corresponds to a distanceion. Furthermore, since the structure factor for deuterated

of ~12 A. Since the TMC group was also chosen to beTMC-PC[Fig. 4b)] does not deviate systematically from the

represented by a coarse grained monomer in the melt simgxperimental one the reason for the observed offset remains

lations, one can determine the TMC—TMC distance from theunclear.

calculations for the coarse grained chain. The peak position

at Q=.0.42 is in fa}ct cqmpatlble with the exten'S|or'1 of 4\, ADDITIONAL NEUTRON RESULTS

chemical repeat unit, which supports the explanation in terms

of intrachain correlations. This can be checked by a calcula- In the neutron experiment, several additional polymers

tion of the structure factor for an individual fully atomistic with a close structural relation to the polycarbonates were

chain of the melt after the inverse mapping. For this purposemeasured. The first of these was in fact a polycarbonate

one first sets the scattering lengths of all atoms to the sam&hich was not considered in the simulation, namely

value “1.” As depicted in Fig. 11, the calculated curve TMBPA-PC (d;5). The cross section of TMBPA-PGA(,)

shows the typica(Q)~Q 2 behavior. When all atoms ex- shows two maxima a@=0.56 A" andQ=1.45 A%, re-

cept those belonging to the TMC group are made invisiblesulting in correlation lengths of 11.2 and 4.3 A, respectively

by setting the corresponding scattering lengths to “0,” a(Fig. 12.

pronounced peak appears=®.5 A%, This shows again that In addition to the measurements on the polycarbonates

the peak observed in the melt simulation can indeed be iderwe investigated the structure factors of some modifications

tified with the correlation between successive TMC groupswvhere ketone and sulfone groups replaced the carbonate unit

within the same chain. (Fig. 13. These samples were fully protonated and we ex-
Although for protonated TMC-PC the simulat&{Q) pect to see mainly the amorphous halo in the cross sections.

shown in Fig. a) resembles the shape of the experimentallyThus we can determine the influence of these groups on the

determinedS(Q), there seems to be a constant offset. Inaverage chain distance.

order to exclude the possibility that this offset is a conse- The cross sections of TMBPA-PEK, BPZ-PEK and

quence of incorrect scattering lengths used in the simulatiorBPZ-PES indeed show only the amorphous halo, whereas in

the scattering cross section was calculated up to Qiglal-  the cross sections of TMC-PEK and TMC-PES there is a

ues, where it should approach the constant value second maximum. In comparison to the TMC-PC sample the
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40 T T T T TABLE VI. Parameters of the amorphous halo for the protonated samples.
F 1 The values in parentheses are the results of the simuldtoBPA-PC and
-z 30 — TMC-PC only.
35
f=} r E
~ 0 & : Sample QA AQATY A EA
3 o i
R o %F BPA-PC 1.27 0.23 4.93 276
¥ 101 ? n 1.23 (0.28 (5.19 (22.43
[ ] TMBPA-PC 1.05 0.24 5.96 26.3
00 ; '1 ! '2 ! 3 BPZ-PC 1.26 0.27 4.98 23.1
TMC-PC 1.23 0.33 5.12 18.8
Q (A—l) (1.20 (5.23
. . TMBPA-PEK 1.14 0.30 5.49 21.2
FIG. 12. Coherent scattering cross sections of TMBPA-PC. BPZ-PEK 130 0.26 4.82 24.6
TMC-PEK 1.27 0.31 4.93 20.3
BPZ-PES 1.30 0.27 4.85 229
first peak is shifted to a loweD value(0.37 vs. 0.42 AY). If TMC-PES 1.27 0.32 4.93 19.9

we interpret it as the correlation of the methyl groups at twoereference 12.

consecutive cyclohexylidene rings, we find an average

monomer length of 17 A for the PEK and PES samples, and

;5 A for the TMC-'PC sa.mple. This interpretation can beVL GENERAL DISCUSSION AND CONCLUSION

justified by comparison with the cross sections of the BPZ

samples where no such maximum occurs. The only differ- As already mentionedf. sec. I\), the amorphous halo
ence in the monomers are the additional methyl groups in thprovides information about the average chain distaliz@s
case of the TMC samples, so that the second maximum must sample. Table VI summarizes the parameters of the halo
be caused by these groups. A more detailed analysis with thfer all measured protonated samples. It further includes the
aid of computer simulations certainly would be desirable. results for two sample§STMBPA-PC and BPZ-PLstudied

] FIG. 13. Coherent scattering cross
sections of(a) H-TMBPA-PEK, (b)
H-BPZ-PEK, (c) H-BPZ-PES, (d)
H-TMC-PEK, and(e) H-TMC-PES.
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earlier by Lamers? It is obvious that the average chain dis- The brackets: - -) denote the average over different spin ori-
tance of the polycarbonates increases in the sequenantations of the nuclei. Inserted in E@\1) one obtains
BPA—BPZ—-TMC—TMBPA. This can be understood

. . . . . . g
qualitatively in terms of the increasing bulkiness of the mo- _22 (bi}{b))exp(iQ-(r;—r,))
nomeric structures. dQ 5 . !

In comparison to the PC samples, the chain distance of
the PEK and PES samples is reduced. The more fI_eXIbIe +> (b3 —(b)?), (A3)
ketone and sulfone groups lead to a more close packing of i
the chains. . . . . which means that we get@-dependent coherent term

The main result of this paper is a detailed agreement
between neutron scattering measurements of polycarbonates do
and the results from computer modeling of these polymer S(Q):(—)
melts with a new mapping procedure, to an extent which has dQ
never been achieved before and which demonstrates sizable . .
; . : g ) and aQ-independent incoherent term
progress in polymer simulation by the inverse mapping tech-
nigue. An astonishing feature found both in experiment and ( da)

dQ inc

= (bi)(bpexpiQ-(ri—r)) (Ad)
ij

coh

simulation is the rise o5(Q) toward smallQ in BPA-PC,
indicating the existence of large-scale inhomogeneities in

that polymer, which seem to be absent in TMC-PC. The . . .
In the experiment the coherent scattering function can be

understanding of that result requires further investigation. ; . .

In order to understand the macroscopic properties of dif_de_termmed by measuring separately.spm{i_iﬁ) andl non-
ferent polymeric systems it is important to determine theSpm'ﬂlp (NF) sca’gterl_ng Processes using spin poIan;egjﬁneu-
short-range correlations and microscopic structure of poly:[ronS and polarization gna!y5|s. Th'eoretlcal derivation

shows that the SF scattering is purely incoherent whereas NF

mer melts. By means of the spin polarized analysis of neu- . ) . .
tron scattering experiments the coherent cross section can ﬁjgat_terlng consists of t_he coherent scattering and one-third of
the incoherent scattering:

determined very accurately. On the other hand it is tremen-

dously helpful for the understanding of the structure of poly- d do 1/ de
—| =l=] +z|=5] . (A6)
d€ NF dQ coh 31de inc

=2 (b2 —(b;)?). (A5)

meric systems and the development of new materials to be
able to model these systems. The comparison to experiment
shows that the inverse mapping method is able to reproduce
the microscopic structure of polymer melts in detail. It fur-
ther enables an interpretation of the experimental data by
extracting structural data from the simulation, thus providing
a much better understanding of the experimental data.

do 2 [do
— === . (A7)
dQ SF 31dQ inc

After applying the data correction procedure for spin po-
larization measurementg.e., background subtraction, cor-
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do “3ldo

APPENDIX: NEUTRON SCATTERING simulations directly calculat&(Q) via Eq. (12).
For elastic scattering of neutrons the cross section is
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