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Abstract : To efficiently demonstrate the molecular motion, physical properties, and mechanical properties
of polycarbonates, we studied the differences between bisphenol-A polycarbonate(BPA-PC) and tetramethyl
bisphenol-A polycarbonate(TMBPA-PC) using molecular modeling techniques. To investigate the confor-
mations of BPA-PC and TMBPA-PC and the effect of the conformation on mechanical properties, we
performed conformational energy calculation, molecular dynamics calculation, and stress-strain curves
based on molecular mechanics method. From the results obtained from conformational energy calculations
of each segment, the molecular motions of the carbonate and the phenylene group in BPA-PC were seen
to be more vigorous and have lower restriction to mobility than those in TMBPA-PC, respectively. In
addition, from the results of radial distribution function, velocity autocorrelation function, and power
spectrum, BPA-PC appeared to have higher diffusion constant than TMBPA-PC and is easier to have
various conformations because of the less severe restrictions in molecular motion. The result of stress-strain
calculation for TMBPA-PC seemed to be in accordance with the experimental value of strain-to-failure
~4%. From these results of conformational energy calculations of segments, molecular dynamics, and
mechanical properties, it can be concluded that TMBPA-PC has higher modulus and brittleness than
BPA-PC because the former has no efficient relaxation mode against the external deformations.

Introduction and physico-chemical properties of molecules and
estimate molecules with desired properties.' At

Molecular modeling is a method which can first molecular modeling techniques were applied
analyze the correlation of 3-dimensional structure  only to the estimation of structures with geometry
optimization through energy minimization and
*e-mail : juwhan@hanbat.cnu.ac.kr molecular dynamics methods. However, recent
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developments in calculation speed of computer
and graphical technology enable complex quantum
chemical calculations to make an output with
accurate properties. Although there are some limits
to the application, the results obtained from
molecular modeling could be compared with
empirical data such as NMR, X-ray, etc., and the
latter can be corrected and reanalyzed by the
former.>?

Polycarbonates are well known as an engineering
plastic that have excellent mechanical properties
in both room and low temperatures. Molecular
simulations and many other investigations on the
motion in polycarbonates have been made."® It
has been reported that one of the excellent
mechanical properties is gocd impact resistance
at low temperature, and it has been suggested
that this toughness is related to secondary relax-
ation over a wide range of temperatures through
the dynamic mechanical measurement and NMR
studies on the secondary relaxation phenomena.
Generally, the mechanical properties of polymers
are closely related to the conformations of mole-
cules, so it is useful to understand the orientation
of chains and molecular motions. Yee and Jho
have synthesizied multiblock copolycarbonates as
a model copolymer system for studying the sec-
ondary relaxation motion in bisphenol-A polycar-
bonate.”” They have proposed the cooperative
motion of the carbonate and phenylene groups as
the motions responsible for the secondary relax-
ation and strength, although the earlier investiga-
tions suggested the local z-flip motion of the
carbonate or phenylene group as the source of
the secondary relaxation.’ Also, in the study of a
series of block copolymers, Yee and Xiao suggested
that the interchain interactions are the dominant
factor of cooperative relaxation of polycarbonate.?

To efficiently demonstrate the molecular motion,
physical properties and mechanical properties of
polycarbonates, we studied the difference between
bisphenol-A polycarbonate (BPA-PC) and tetra-
methyl bisphenol-A polycarbonate (TMBPA-PC)
on the molecular scale using molecular modeling
techniques. TMBPA-PC has a similar structure to
BPA-PC except the four methyl groups on the
phenyl rings, and it shows higher T, and strength
than BPA-PC. The object of this study is to deter-
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mine the conformation of BPA-PC and TMBPA-
PC and the effect of the conformation on mecha-
nical properties. Also, to investigate the relation-
ship between physical properties and mechanical
properties, the conformation and molecular
motions of BPA-PC and TMBPA-PC were deter-
mined and compared.

Experimental

Force field of molecular mechanics and dynamics.
A carefully chosen force field plays a significant
role in the study of interaction between large mol-
ecules.” For the application to polycarbonates,
previously developed force fields such as AMBER,
MM2, Charm and Dreiding force field, etc., were
considered.””” But, there were no parameters
about carbonate groups in AMBER and Charm,
and the calculated energies at some specific rota-
tion angle of phenyl ring were incorrect as com-
pared with the ab-initio calculation” Therefore,
in this study, Dreiding force field which is proper
to the study of interaction between the phenyl
rotation and carbonate groups was chosen for the
molecular mechanical and dynamic calculations?
Here the energy is given as follows;

Etotal = Eual + Enb (1)
E,,ul = EB + EA + ET + E[ (2)
Enb = Eudw + EQ + Ehb (3)

General potential energy, E..(Eq. 1), consists
of bonded energies(E..) and nonbonded energies
(Es). The first term of bonded energy is a bond
stretching(Es) which represents the energy of
bond deformation from equilibrium distance. The
second term, E,, is for the angle bending which is
related to the deformation of angles from the
equilibrium state, and takes a second order form.
The third term, E5, is associated with the tendency
of dihedral angles to have a certain n-fold sym-
metry and to have minimum erergy for the
gauche’-, gauche-, or trans-conformation, etc.
The fourth term, E;, is the inversion term. The
nonbonded energy, E., is consisted of van der
Waals interactions(E,q.), electrostatic interactions
(Eo) and hydrogen bonding(E). More information
on the energy functions is found in the paper by
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Figure 1. Definition of torsional angle parameters for
schematic structures of (a) bisphenol-A polycarbonate
(BPAPC), (b) diphenyl carbonate(DPC), and (c) 2,2-
diphenylpropane{DPP).

Chy CHa

Figure 2. Definition of torsional angle parameters for
schematic structures of (a) tetramethylbisphenol-A poly-
carbonate(TMBPA-PC), (b) 3,3',5,5'-tetramethyldiphenyl
carbonate(TMDPC), and {c) 2,2',6,6-tetramethyl-4,4'-
diphenylpropane{TMDPP).
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(b) fov

Figure 3. A typical model structure of amorphous BPA-
PC,; (a) as generated and (b) after equilibration process.

Goodard et al.”

Model System.

Segment Model : The segments shown in Fig-
ures 1 and 2 were used to identify the most stable
conformation of BPA-PC and TMBPA-PC and
verify the feasibility of the force field.

Preparation of Amorphous Sample : All
the calculation processes were carried out with
IRIX 6.3 workstation and, to deal effectively with
polymer system, Cerius’ 3.5 package. Cerius® was
appropriate for this study concerning its outstanding
function for the estimation of molecular structure,
molecular motions, various properties, and empi-
rical data.

Preparing the initial amorphous polymer sam-
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Figure 4. A typical model structure of amorphous
TMBPA-PC; (a) as generated and (b) after equilibration
process.

ple is similar to that proposed by Fan and Hsu.***'

The initial amorphous polymer sample for the
measurements of molecular dynamics was pre-
pared with repeated energy minimization and
molecular dynamics simulation under the peri-
odic boundary condition and NVT ensemble at
500 K and then 300 K. In molecular dynamics
process, the total time was 300 ps at 500 K and
150 ps at 300 K at an interval of 0.001 ps. After
the molecular dynamics process, energy minimi-
zation was carried out with energy convergence
of 0.01 kcal/mol for the stable condition.

Flory's rotational isomeric state(RIS) method
based on the conformational energy calculation
of dimer was adopted for the initial configuration
of the amorphous sample.”* Figures 3 and 4
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Table 1. Cell parameters of BPA-PC and TMBPA-PC

Sample BPA-PC TMBPA-PC

Equilibration Before  After Before After
a(A) 19516 20015 21589 22.252
b(A) 19.516 19.767 21589 22.123

c(A) 19.516 19952 21589 2146
o{degree) 90 91.10 90 90.29
Bldegree) 9 88.84 90 88.56
Ydegree) 90 88.4 90 90.49
density(g/em®) 1.2 1.14 1.08 1.04

show typical model structures of amorphous sam-
ples initially generated and after the equilibrium
process, respectively. Table I summarizes the cell
parameters of BPA-PC and TMBPA-PC.

Molecular Dynamics. Compared with the
energy minimization process, molecular dynamics
simulation can raise the probability of access to
the lowest energy state by overcoming the energy
barrier which may be a restriction in the energy
minimization. Also, it may provide informations
about solvent-effect and molecular motions in
real time.*3¢

In this study, to consider the state of each
repeating unit and molecular motions of BPA-PC
and TMBPA-PC, molecular dynamics were per-
formed at 300 K for 100 ps. Spline switching
function with cutoff distance of 8.0A was em-
ployed in non-bonded interaction under constant
temperature and constant volume(NVT) at time
step of 0.001 ps.*

Mechanical Properties. To obtain the calcu-
lated stress-strain curve of BPA-PC and TMBPA-
PC, the strain £ was applied to the sample in each
case. In this method, a strain was imposed by fix-
ing the ¢ axis at a value corresponding to this
strain, and the other cell parameters as well as the
coordinates are optimized. The stress is obtained
from the corresponding component of the inter-
nal stress tensor.'>%’

Initial structure of each sample for the measure-
ment of mechanical properties was prepared from
initial amorphous structure with NPT ensemble at
300 K, total 100 ps. The stress of the prepared
sample was measured up to 10% of strain along
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Figure 5. Conformational energy contours in BPA-PC. Local minima are marked as +, and the unit for the energy

lines kcal/mol. (a) ¢1 vs ¢, (b) 1 vs ¢, (c) g2 vs ¢s, and (d) @5 vs ¢a.

the ¢ axis.

Results and Discussion

Conformational Energy Calculation. To ob-
tain the most probable conformations of BPA-PC
and TMBPA-PC, conformational energy calcula-
tion was carried out at all the defined torsions.
Generally, the results of conformational energy
calculation may provide useful information about
conformation of the whole chain as well as its seg-
ments.

Korea Polym. J., Vol. 9, No. 3, 2001

2D energy contour maps derived from the
defined torsions of BPA-PC are shown in Figure 5.
In each calculation, the specified pair of dihedrals
are constrained at the desired values and the rest
of the structure is allowed to move freely to mini-
mize the energy.’® As shown in Figures 5a and 5b,
the carbonate group of diphenyl carbonate (DPC)
predominantly assumes trans-trans and trans-cis
conformations but avoids cis-cis conformation.
Also, the carbonate groups of BPA-PC mostly
exist in trans-trans conformation, because it is
more stable than cis-cis conformation. Figure 5¢
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Figure 6. Conformational energy contours in TMBPA-PC. Local minima are marked as +, and the unit for the energy
lines keal/mol. (a) ¢:" vs ¢, (b) ¢" vs ¢, (c) ¢ vs ¢", and (d) ¢ vs ¢u".

shows the energy contour map of the two phe-
nylene groups of DPC. It can be pointed out that
the local minima of phenvlene groups exist
around *+70° and +110° and the phenylene
group is tilted against the main chain because the
energy is larger by about 2 kcal/mol. As shown in
Figure 5d, the result of energy contour map of the
two phenylene groups of 2.2-diphenylpropane
(DPP) reveals the conformation of phenylene.
The local minima of phenylene groups exist
around % 60° and £ 120° and it is the same as
phenylene groups of DPC. These results show
that the carbonate group existes in the trans and
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cis states, while the trans state is dominant, and
the phenylene groups are tilted around & 70° and
+ 110° against the main chain.

Energy contour maps from the conformational
results calculated from TMBPA-PC are shown in
Figure 6. Figure 6a shows the conformational
energy contour of ¢ and ¢ in TMBPA-PC. The
carbonate groups of BPA-PC mostly exist in trans-
trans conformation because it is more stable than
cis-cis conformation which is in accordance with
the result of DPC.

On the other hand, for the carbonate group,
comparing Figure 5b and Figure 6b, the local

Korea Polym. J., Vol. 9, No. 3, 2001
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Figure 7. Three dimensional structures of BPA-PC(a) and TMBPA-PC(b) constructed based on the results of confor-

mational energy calculation of segments.

minima appear to be located at similar positions,
but the distributions are quite different. That is,
while ¢ of DPC is widely distributed around
+180° and £ 0°, ¢»" of TMDPC is more restricted
around = 110°and % 70°. From the conforma-
tional energy calculation of phenylene group of
TMDPC(Figure 6c¢), it has been found that the
local minima are located near + 110° and # 70°
as in DPC. But the energy distribution of the phe-
nylene group of TMDPC is more restricted than
DPC. Because the methylene groups substituted
on the phenylene group of TMDPC affect the
rotation of phenylene group, TMDPC appears to
have more restricted conformation than DPC.

In the case of the rotation of the phenylene
groups, 2,2',6,6-tetramethyl-4 4'-diphenylpropane

Korea Polym. J., Vol. 9, No. 3, 2001

(TMDPP) shows similar behavior to DPP. The
methylene groups attached to the phenylene rings
in TMDPP were seen to have little effect on the
rotation of phenylene group around ¢;" and ¢.’.
The conformational energy calculation for the
segment of BPA-PC and TMBPA-PC showed
good agreement with the results from preciously
reported ab-initioc method.® Putting together
these results of conformational energy calcula-
tions, the most probable conformations of BPA-
PC and TMBPA-PC are shown in Figure 7.
Molecular Dynamics(MD). Figures 8~12 show
the results which have been obtained from the
trajectory of MD runs. To frack qualitively and
quantitively the motions of polymer chains at
molecular level, the analysis was made separat-

135



S. Kim and J. Liu

3r 3r
2¢ 24
w L
o a
4 4
2 2
5 k!
& &
(s 1k
l w/\_
0 /_'IM/- 1 4 0 —‘——’/—-—T—_ﬁ i
0 2 4 8 8 2 4 6 8
f (Anstrom) r {Anstrom)
(a) ®)
3r 3r
2+
2 b
5 w
& o
4
@
2 ¢
© E=1
< K
« &
1t e
/\/\J\/\/—\/\
e
0 - L - L 0 I 1 1 1
0 2 4 6 8 [4] 2 4 6 8
 (Anstrom) r (Anstrom)
© @
3¢
3
2k
w 2F
o w
4 o
® x
& 2
© k]
€ g
i 1+
Voo
—
0 ) L L " 0 " . . .
[} 2 4 ] 8 [} 2 4 [} 8
r (Anstrom) r (Anstrom)
(O] ®

Figure 8. Radial distribution function(RDF) for BPA-PC and TMBPA-PC. (a) the carbonate groups in BPA-PC, (b) the
carbonate groups in TMBPA-PC, (c) the methyl groups in BPA-PC, (d) the methyl groups in TMBPA-PC, (e) the phe-
nylene groups in BPA-PC, and (f) the phenylene groups in TMBPA-PC.

edly on the carbonate group, methyl group, and
phenylene group.

Figures 8 and 9 show the radial distribution
function(RDF) and structural factor(STF) of car-
bonate, dimethyl, and phenyl groups in the DPP
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and TMDPP. The RDF measures how atoms orga-
nize themselves around one another, so called
“local structure”. It plays a central role in statistical
mechanical theories of dense substances, it can
be extracted from X-ray and neutron diffraction

Korea Polym. J., Vol. 9, No. 3, 2001
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Figure 9. Structural factor(STF) for the carbonate
groups. {(a) STF of BPA-PC and (b) STF of TMBAP-PC.

experiments. The RDF is defined by

_l N N
PQ(")—N { 225[”"’0] ) 4)

i j=1

Here N is the total number of atoms, p is the
number density, r; is the vector between centers
of atoms i and j, and the angular brackets repre-
sent a time average.34

The STF provides some information on the
whole structural properties such as packing,
ordering, compressibility and phase transition. It
is calculated from the radial distribution function
through the following equation.

St=L+@npk)|  drsin(lrigr)-11 (5)

Korea Polym. d., Vol. 9, No. 3, 2001

Here k is the wave vector and p is the atom
density.**

Figures 8a and 8b show the RDF for carbonate
groups in BPA-PC and TMBPA-PC, regpectively.
The peaks observed at 1.3 and 2.2A respectively
represent the distance between atoms one bond
and two bonds apart in the carbonate group. It
can be seen that the RDF in Figure 8a is distrib-
uted more wider and stronger around 3~4 A than
that in Figure 8b. This can be interpreted as that
BPA-PC has greater chain mobility and flexibility,
so there are higher probability for the neighboring
carbonate groups to come closer compared with
TMBPA-PC.

The RDF results for the methyl groups are
shown in Figures 8c and 8d. The peaks around
1.3 and 2.5A appear from within the methyl
group itself and the broad peaks above 4 A are
similar in shape and amplitude for BPA-PC and
TMBAP-PC. It suggests that the effect of the
methyl groups on the chain mobility and confor-
mation is respectively small. This tendency was
also clearly observed in the conformational
energy calculations(Figures 5d and 6d).

In Figures 8e and 8f for the phenylene groups
of BPA-PC and TMBPA-PC, the peaks around
14~28A arise from within the phenylene
groups. This can be shown that the distance
between the first atom and the second atom(r; ;)
is 1.4 A, that for the first and third ones(r.s) is
2.4 A, and that for the first and fourth ones(r,4) is
2.8 A. From the peaks above ~4 A, one can see
that BPA-PC has more intense RDF values. This
result may be interpreted as that BPA-PC has the
higher possiblity of neighboring of phenylene
groups in the chain.

Also, the STF results for the carbonate, phe-
nylene, and methylene groups were seen to agree
well with the above interpretation(Figure 9).
Though computer simulation experiments can
effectively deal with the phenomena for short
duration of nano scale, and as a result there are
some limitations on quantitive analysis of the
whole polymer chain,’ these analyses of the distri-
butions of each portion of the polymer could pro-
vide us useful informations on the local chain
mobility.

The self-diffusion constant which is calculated
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Figure 10. Mean square displacements(MSD) for BPA-PC and TMBPA-PC. The solid line is the result of fitting to cal-
culate the self diffusion constants. (a) the carbonate groups in BPA-PC, (b) the carbonate groups in TMBPA-PC, (c) the
methyl groups in BPA-PC, (d) the methyl groups in TMBPA-PC, (e) the phenylene groups in BPA-PC, and (f) the phe-
nylene groups in TMBPA-PC.

from the mean-square displacement(MSD) can be D=~k lim i(i[fi(t)—fi(())]z) (6)
defined by 6N == dt'4
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Table II. Diffusion Constants of BPA-PC and
TMBPA-PC.(unit : 10°A /ps - atom)

Group BPA-PC TMBPA-PC
Carbonate 0.30 ~0

Methyl 0.54 ~0

Phenyl 0.26 ~0

Here N is the number of atoms, r is the position
of particle and t is the time.*** Figure 10 shows
the MSD of the carbonate, phenylene, and meth-
vlene groups. These results indicate that the self-
diffusion constants(SDC) of BPA-PC is larger than
TMPBA-PC in all of the portions considered.

The SDC of BPA-PC and TMBPA-PC are repro-
duced in Table II. From this result, one can see
that the atomic motions of the TMBPA-PC chains
are restricted to small scales because of the meth-
ylene groups substituted on the phenylene. These
limited atomic motions of TMBPA-PC can be con-
sidered to be closely related to its hard but brittle
mechanical properties. It is to be noted from
Table If that, in the case of BPA-PC, the methyl
group has the highest mobility, followed by the
carbonate and the phenylene group. Generally, it
is easy to indroduce the concept of correlation
time as in NMR (nuclear magnetic resonance) for
the evalutation of the molecular motion. One
NMR study for a polyester copolymer showed
that the methylene group undergoes the fastest
movement, followed by the phenylene, and the
carbonyl group.® In our case of polycarbonates,
however, because of the single bonded O which
increases the chain mobility between phenylene
and carbonyl groups, the carbonate group shows
faster movements than the phenylene group.
Similarly, the diffusion constants of the carbonate
and the phenylene groups are on the same order
while that of the methylene group is larger than
them. Apparently this indicates that the phe-
nylene and the carbonate groups move relatively
slowly along with the whole chain, and the methyl
group moves more flexibly than the phenylene
and the carbonate groups.

Velocity autocorrelation function(VACF) and
power spectrum allow informations about
dynamical, vibrational, and thermal properties at
a given temperature. VACF is defined by the fol-

Korea Polym. J., Vol. 9, No. 3, 2001
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Figure 11. Velocity autocorrelation function(VACF) of
the phenylene groups. (a) BPA-PC and (b) TMBPA-PC.

lowing equation.
Cm) =13 Vim +ixV() (7)
i=1

Here m is the maximum data points allowed in
the VACF calculation, n is the data number, i is
the interval of calculation and V is the velocity.
Power spectrum is obtained from the Fourier
transform of VACE**

The power spectra and VACF of the phenylene
groups in BPA-PC and TMBPA-PC are shown in
Figures 11 and 12. The carbonyl and methyl
groups gave similar results. It can be seen that the
VACF of BPA-PC (Figure 11a) converges relatively
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Figure 12. Power spectrum(POWS) of the phenylene
groups. (a) BPA-PC and (b) TMBPA-PC.
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Figure 13. The calculated stress-strain curves of BPA-
PC and TMBPA-PC.

more rapidly. Considering this result of VACE, it is
obvious that the groups of BPA-PC move more
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rapidly than those of TMBPA-PC. This apparently
indicates that the molecular motion of BPA-PC is
more vigorous and diffusive than TMBPA-PC. It
was observed from the rate of convergence that
the methylene group underwent the fatest move-
ment, followed by the phenylene and the carbonyl
groups. This is in agreement with the results of
RDF and STE. From the results of the power spec-
trum, it is apparent that the intensities for BPA-PC
are more sharp and dense while these for
TMBPA-PC appear scattered at the low frequency
region. This series of experiments, then, show
clearly that the molecular motion of BPA-PC has
higher diffusion constant than TMBPA-PC and
BPA-PC is easier to have various conformations
because of low restrictions in molecular motion.

Mechanical Properties. The stress-strain
curves of BPA-PC and TMBPA-PC calculated by
the molecular mechanics method are shown in
Figure 13, indicating the mechanical property and
yielding behaviour.

In the case of BPA-PC, the calculated stress
increases up to 4% strain and then levels off. On
the other hand, in the case of TMBPA-PC, it
seemed to follow a similar curve up to 4% strain,
but then it exhibits irregular stress-strain behavior.
In actual samples of TMBPA-PC, they are generally
broken at 4% strain because of the high modulus
and brittleness.’” But, it is usually impossible to
show a rupture of specimen in molecular modeling,
so we consider that the irregular behavior after
5% strain under consideration may be closely
related to the physical rupture of TMBPA-PC.

Conclusion

To elucidate the dependency of properties on
the conformations of BPA-PC and TMBPA-PC on
the molecular level, we performed conforma-
tional energy calculation and molecular dynamics
calculation based on molecular mechanics method.

From the results obtained from the conforma-
tional energy calculation of each segment, one
may conclude that the molecular motions of the
carbonate and the phenylene groups in BPA-PC
are more vigorous and have lower restriction to
mobility than those in TMBPA-PC. Both the car-
bonate groups of BPA-PC and TMBPA-PC mostly

Korea Polym. J., Vol. 9, No. 3, 2001
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exist in trans-trans conformation, but those of
BPA-PC has lower energy than those of TMBPA-
PC. Also, the phenylene groups of BPA-PC and
TMBPA-PC whose motion is considered as one of
the dominant molecular motions in polycarbon-
ates have the local minima around £ 110° and
+ 70°, but TMBPA-PC is seen to have more
restricted conformation than BPA-PC because the
methylene groups substituted on the phenylene
groups of TMDPC affect the rotation of the phe-
nylene group.

The results of molecular dynamics effectively
corroborate the conformational energy calcula-
tion of segments. The radial distribution function
shows that BPA-PC has higher chain mobility and
flexibility, so it has more possibility of the carbon-
ate groups being in the neighbor than TMBPA-
PC. In addition, the results of the mean-square
displacement and self-diffusion constant calcula-
tion show that the atomig motions of the TMBPA-
PC chains are restricted to small scale because of
the methylene groups substituted on phenylene,
and the phenylene and the carbonate groups
move more slowly along with the whole chain.
From the results of velocity' autocorrelation func-
tion and power spectrum, we found out that the
molecular motions of BPA-PC show higher diffu-
sion constants than TMBPA-PC and that BPA-PC
is easier to have various conformations because
of low restrictions in molecular motion.

The result of stress-strain curve calculations
which can explain the mechanical properties was
in accordance with the general behavior of rup-
turing of TMBPA-PC at ~4% strain. From these
results of conformational energy calculations of
segments, molecular dynamics and mechanical
properties, it has been found that TMBPA-PC has
higher modulus and brittleness than BPA-PC
because it has no efficient relaxation mode
against the external deformations.
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