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ABSTRACT: Physical properties relating to chain stiffness are determined for a series of copolycarbonates
of Bisphenol A and 1,1'-spiro[bis(3,3'-dimethyl-6-hydroxyindan)] (SBI) of varying composition. The
entanglement molecular weight, Mg, is derived from the rubbery plateau modulus. The recoverable
compliance, Jg, is determined from the dynamic moduli as well as from steady shear creep and recovery
experiments. It is found that all properties change in a nonlinear fashion with SBI content. For small
SBI content the entanglement density is hardly affected, whereas Ty and JS increase strongly. With
further increase in SBI content the effect on Ty is less pronounced. Me, however, starts increasing
progressively to about 10 times that of pure Bisphenol A polycarbonate. The functional dependence of
M. on composition is not predicted correctly from group contributions.

1. Introduction

Bisphenol A polycarbonate (BPA-PC) is known to
have a highly flexible chain. Molecular mechanics
simulations show that the energy barriers for rotation
about the C—0O bonds of the carbonate group, as well
as for rotation about the C—C bonds between the phenyl
and the isopropylidene unit, are rather low.>2 Conse-
quently, the molecular weight between entanglements
M. is only around 2000,% which corresponds to eight
repeating units. Many unsubstituted, aromatic, so-
called main-chain polymers, like polyarylates, exhibit
high flexibility, in contrast to polymers with bulky side
groups, such as polystyrene (PS) or poly(methyl meth-
acrylate) (PMMA). The latter have about a decade
higher M. due to the steric hindrance from the side
group, leading to a high persistence length. In the case
of PC it was shown that a substitution at the ortho
position of the phenyl ring, as in tetramethylpolycar-
bonate (TMPC), leads to an increase of M. by about a
factor of 2.3 This is also reflected in a higher glass
transition temperature, Tyg.

A much more drastic way of increasing the rigidity
of the PC chain is to lock in the isopropylidene linkage
via a so-called spiro coupling between the phenyl rings,
as is the case in the 1,1'-spiro[3,3'-dimethyl-6-hydroxy-
indan]polycarbonate (SBI—-PC). In Figure 1 the chemi-
cal configuration is sketched for SBI—PC together with
that of conventional BPA-PC. In this way the chemical
character and the polarity of the chain should hardly
be affected, while the stiffness is increased. This
enables the effect of chain stiffness to be studied with
minimum additional contributions from interchain in-
teractions. Since the reactivities of SBI and BPA
monomers are comparable, random copolymers can be
synthesized at any composition.

The entanglement molecular weight is an important
factor for both the processibility and the mechanical
properties of a polymer.* If the weight-average molec-
ular weight M,y is close to the critical molecular weight
for entanglement coupling M. (~2M.®), the polymer
loses its strength. On the other hand, the viscosity
increases by the 3.4th power of M,, from M, onward. So
for good processibility it is desirable to keep M,, as low
as possible, especially for high Ty polymers. The
dimensional stability of polymer products is also affected
by the molecular properties. Flow-induced stresses
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Figure 1. Schematic chemical structure of BPA—SBI copoly-
carbonates.
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lead to frozen-in molecular orientation in molded prod-
ucts.® This orientation embodies a certain degree of
frozen-in residual strain which is a potential threat to
the dimensional stability at elevated temperatures.
The frozen-in strain is coupled to the flow-induced
stresses via the recoverable compliance, JS. This pro-
perty scales inverse to the entanglement density and
consequently with chain stiffness.

The aim of the present investigation was to determine
the effect of molecular modification on the chain stiff-
ness in a homologous series of copolycarbonates for the
purpose of understanding the principal effects and their
consequences for the rheological and mechanical prop-
erties of these materials.

2. Experimental Section

Material Synthesis. The SBI-PC copolymers were syn-
thesized in our laboratory. The SBI monomer was prepared
as described by Stueben.” The polymerization was carried out
at the interface of NaOH/water with a pH of 10—11 and CH.-
Cl; at a temperature of 30 °C by passing through phosgene.
The organic phase was separated and washed with acidic
water and pure water. The polymer was precipitated twice
with methanol and dried for several days in a vacuum oven
at 120 °C. Films were cast from dichloromethane solutions
and used after careful drying for compression molding. Co-
polymers of compositions of 27, 46, 65, and 86 mol % SBI were
prepared. The copolymers are designated by the SBI content
in mole percent. The Bisphenol A homopolymer was Makrolon
CD 2000/00000 from Bayer AG, Germany. This is an optical
grade free of additives.

Material Characterization. The composition of the co-
polymers was determined by NMR. The molecular weight
distribution was determined after compression molding by gel
permeation chromatography (GPC) in CHCI; relative to PS
standards (Polymer Laboratories, U.K.). The results of the
GPC measurements are summarized in Table 1. The widths
of the distributions are not identical but typical for a conden-
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Table 1. Molecular Weight Characteristics?

material My [x103] Mn [x103] dispersion
CD 2000 33 13 2.6
spiro27 62 20 3.1
spiro46 142 35 4.1
spiro65 113 30 3.7
spiro86 136 24 5.6

2 Note: The values are uncorrected with reference to PS
standards.

sation polymerization. The Tg's were determined by dif-
ferential scanning calorimetry (DSC 7, Perkin Elmer) with a
heating rate of 10 K/min (second heating scan) and by dynamic
mechanical analysis (DMTA MklIl, Rheometric Scientific,
U.K.) at a frequency of 1 Hz and a heating rate of 2 K/min.
The densities of the copolymers were determined in a gradient
column (Davenport, U.K.) with a K,CO; solution at room
temperature.

The dynamic moduli were determined by oscillatory shear
experiments in a plate—plate arrangement (Rheometrics RDS-
11) at the Eindhoven University of Technology. First a strain
sweep was carried out to determine the linear range. This
was followed by a number of isothermal frequency sweeps at
different temperatures, starting at the highest frequency. A
correction of 2 um/K to the gap width was made for the
expansion of the apparatus. Excess material at the rim was
removed by hand. The last measurement was chosen identical
to the first one in order to check degradation effects in the
sample, since the same sample was used for different temper-
atures.

The steady shear experiments were carried out at DSM
Research on a noncommercial rheogoniometer with a cone—
plate and a plate—plate arrangement. A torque was applied
to the upper plate by means of a load connected via a filament
to a wheel on the axis supported by an air bearing. The torsion
was detected optically with a resolution of 1.26 x 10 rad.
Creep experiments followed by recovery were carried out at
different stress levels, from 0.9 to 19 kPa.

3. Results and Discussion

Entanglement Molecular Weight, Me. From ideal
rubber elasticity it is known that the molecular weight
between entanglements Mg is inversely proportional to
the rubbery plateau modulus:358

M, = pRT/GY, (1)

where p represents the density, R the universal gas
constant, and T the absolute temperature. Since the
rubbery plateau is not really horizontal for most ther-
moplastic polymers, GON was defined as the dynamic
modulus at the frequency of minimum damping:3

Gy = [G'(@)]ans-min )

GY, was determined from the master curves of the
dynamic moduli which were obtained by horizontal
shifting according to the time—temperature superposi-
tion principle. The density was extrapolated from room
temperature by correcting for thermal expansion with
thermal expansion coefficients of 2 x 1074 K~ below
the glass transition Tg and 6 x 107* K~* above T4. In
some cases a small vertical shift was allowed in addition
to the ideal vertical shift factor, br, in order to obtain
good superposition of the dynamic moduli curves:

by = pT/pTy 3

Parts a—c of Figure 2 show the results for CD 2000.
In Figure 2a the loss angle is plotted for the various
measurement temperatures together with the master
cuurve Good stinernosition is obtained The loss anale
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Figure 2. (a) Loss angle, 6, of CD 2000 for different temper-
atures and master curve at 462 K obtained by horizontal
shifting: (+) 533, (O) 502, (v) 493, (®) 484, () 472, (®) 462,
(a) 452, (O) 443 K. (b) Master curve of the dynamic moduli of
CD 2000 at a reference temperature of 462 K: (a) G", (¢) G'.
(c) Horizontal and vertical shift factors appertaining to the
master curves in parts a and b. Solid lines are the result of
fits with egs 3 and 4, respectively. (®) ar, (O) br.

ranges from 90° in the terminal zone to a minimum of
about 20° in the rubbery plateau region. This clearly
shows that the behavior of the rubbery plateau is not
ideally elastic. The horizontal shift factors, ar, are
shown in Figure 2c. The temperature dependence of
ar obeys the WLF equation:®

_Cl(T - To)

logar =157, )
The result of the WLF fit is indicated as a solid line in
Figure 2c. The dynamic moduli were shifted by the
same factors. Additionally, a vertical shift of by is
applied. The resulting master curves are depicted in
Figure 2b and the vertical shift factors in Figure 2c. The
solid line in Figure 2c is the ideal shift according to eq
3.

The results for the copolymers spiro27, -46, -65, and
-86 are presented as loss angle and dynamic moduli
master curves in Figures 3—6, respectively. In all cases
the minimum loss angle is well covered. The limiting
slopes of the moduli at low frequencies, which will be
ticed later on to determine the recoverable comnliance



Macromolecules, Vol. 29, No. 16, 1996

90

75

60

45

8 [degl

30

15

0
107

10°

10°

G'G"{Pal

10°

4
&

10?

10"
1073 107" 10" 10° 10°
 [rad/s]

Figure 3. Loss angle and dynamic moduli versus frequency
for spiro27. Measurement temperatures: 622, 607, 587, 568,
548, 533, 518, 504, 489, and 481 K; master curve at 548 K.
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Figure 4. Loss angle and dynamic moduli versus frequency

for spiro46. Measurement temperatures: 469, 626, 602, 577,
563, 544, 529, 514, 507, and 502 K; master curve at 563 K.

are not reached completely. The resulting plateau
moduli of the copolymers are shown in Figure 7 as a
function of the SBI content (in vol %) together with the
Ty's obtained from DSC and DMTA measurements,
respectively. The corresponding numerical values are
listed in Table 2. As can be seen in Figure 7, there is
a consistent correlation of G and T, with SBI content.
Gfﬂ, decreases by about a factor of 10 by replacing the
BPA by the SBI monomer. The lines drawn in Figure
7 are meant merely to guide the eye and do not
represent calculated relationships. It is clear that the
correlations are nonlinear. The effect of the spiro
linkage on G, is the weakest at low concentrations of
SBIl. Tg, on the contrary, is most strongly affected at
low SBI content. The Ty of the copolymers cannot be
fitted bv the Fox relation 2 which wotild vield a no<itive
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Figure 5. Loss angle and dynamic moduli versus frequency
for spiro65. Measurement temperatures: 658, 631, 612, 591,
573, 551, 538, 523, and 513 K; master curve at 573 K.
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Figure 6. Loss angle and dynamic moduli versus frequency
for spiro86. Measurement temperatures: 598, 584, 569, 555,
536, and 521 K; master curve at 569 K.

curvature. Couchman'® gave a more general relation
for the Ty of random solutions, viz.:

X,AC, . IN T, +X,Ac. ., InT
In T — 1 p,1 9,1 2 p,2 9,2 (5)
9 XlAcp'l + XZAcp'2

where X is the volume fraction and Ac, the change in
heat capacity at the glass transition. The Tg's as shown
in Figure 7 can be fitted perfectly by the equation of
Couchman, however, only when the change in heat
capacity at T, for the SBI component is taken to be twice
that of the BPA component (Ac, > = 2Ac; 1), which is very
unrealistic.

Functional forms for the variation of G} with com-
no<ition have been nronosed in the literatiire for
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Figure 7. Glass transition temperature (O, DMTA; <, DSC)
and plateau modulus (a) of copolycarbonates vs SBI content
in % (v/v) at a reference temperature of 573 K.
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Figure 8. Plateau modulus (O) and entanglement molecular
weight (a) of copolycarbonates vs SBI content in % (v/v). Solid
line fit by the Tsenoglou model (eq 6); broken line fit by the
Wu model (eq 7).
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Table 2. Tg, G2, and M. of SBI Copolycarbonates
Ty¢(DSC) T¢(DMTA)

material K] K] GY [MPa] Tref[K] Me

CD2000 415 422 2.00 462 2180
spiro27 456 462 4.68 548 2950
spiro46 471 478 1.00 563 4960
Spiro65 480 491 0.64 573 7730
spiro86 490 499 0.33 569 14750

instance, by Wu'l and Tsenoglou,2 which are similar
in the sense that in both models the contributions scale
with the square of the volume fractions and the mixed
term is adjustable. In Tsenoglou’s model:

v../G +1/2
VG =v,/G |1+ 2
Vl\/G_l
v../G +1/2
V, /G|l + =  (6)
VoG,

in the case of no specific interactions ¢ = 0. The
exponent can either be positive or negative for favored
or unfavored contacts between dissimilar components.
In Wu's model:1!

v P1P2

Ivle,12

G =Vv,°G, + Vv,°G, + 2v,V,RT 7

Me 12 is a measure for the interaction of dissimilar
species, the molecular weight between “hetero” entangle-
ments. In Figure 8 the results are shown of a fit of the
measured plateau moduli (after translation to the same
reference temperature of 573 K) and M, by both models.
A< can be cseen the fit of M. i< verv aood for both models
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although a little better for the Tsenoglou model. This
is more clear in the fit of GY. Wu’s model does not give
a good fit at lower SBI content. The local maximum in
Tsenoglou’s model cannot be verified with the employed
copolymer compositions, unfortunately. In both cases
the GY, of pure SBI—PC was taken as 144 kPa. The fit
with eq 6 was achieved with a positive exponent and ¢
= 0.35, indicating a favorable interaction between
dissimilar components. The fit with Wu’'s model in
Figure 8 was obtained by taking M¢ 12 = 4700. Interms
of Wu's model this means that the entanglement prob-
ability of dissimilar components is higher than that in
the unperturbed case. This is different from examples
reported in the literature for miscible blends!! and
statistical copolymers of immiscible components.!3 Also
the logarithmic blending law, as found by Wu and
Beckerbauer!8 for copolymers, is not obeyed by the SBI
copolycarbonates.

For both T4 and Mg, there is also an influence coming
from the dispersion which is not considered here ex-
plicitly, since the various copolymers do not differ very
much in that respect. Although M is, in principle, only
a function of chain stiffness, its determination from the
dynamic moduli introduces influences coming from M,,
and the dispersion. The former determines the distance
from the glass transition relaxation and consequently
the degree of overlap of the terminal and glass relax-
ations, which affects the position of the minimum
damping. The dispersion affects the result via the
contribution of chains with a molecular weight less than
M. This dilution leads to apparently higher M¢'s. It
was shown by Schausberger et al.}4 that GY, scales
with the square of the volume fraction of chains with
M > M.

Recoverable Compliance, Jg. Like the plateau
modulus, the recoverable compliance is a rheological
property which, in principle, does not scale with molec-
ular weight. Strictly speaking, this holds only for mono-
disperse polymers, since polydispersity affects JS. The
recoverable compliance is a measure of the strain in the
physical network of a polymer melt per unit stress:

o .. I
J. =lim— (8)
t—o0 0’0

where y; is the recoverable strain. There are two direct
ways of determining yr, viz., from creep and from
recovery. Inacreep experiment a step stress is applied.
The total strain is the sum of a recoverable, an elastic,
and a plastic contribution:

ym=%@m+§) ©)
0,

where 7 is the zero-shear viscosity. After some time a
steady state is reached, where the recoverable compli-
ance becomes constant, namely, equal to Jg. If, at a
certain point in time, t', the load is removed, the
response will be the same as that of applying a negative
stress of equal magnitude, in accordance with the
Boltzmann superposition principle. The strain can then
be written as:

ﬂ0=%@&+5—%a—w) (10)
Mo

Again, Je(t) will eventually become equal to Jg, so that
onlv the constant viscotis contribuition will remain
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Figure 9. Recoverable shear compliance versus entanglement
molecular weight of copolycarbonates: (a) from recovery; (O)
from dynamic moduli.

Table 3. Recoverable Compliance

J%(dynamic) JI%(recovery)
material [10-5Pa™1]  Trer [K] [L05Pa™]  Tmeas [K]
CD 2000 0.6 462 0.5 438, 448
spiro27 3.4 548 2.9 493
spir46 7.7 563 4.1 508
Spiro65 6.4 573
spiro86 20.9 569 5.8 515, 526

Both experiments have their practical difficulties.
In the case of creep, any slack in the setup or over-
shoots in the load will be reflected directly in the
value of 2. In the case of recovery, the stress must be
exactly zero. Air bearings can have a residual momen-
tum. In both experiments the time scale is critical, as
one has to be sure that the steady state has been
reached. In both, control of the normal force is also
crucial for the reliability of the result, especially in a
cone—plate arrangement.

An alternative way of determining JS is from dy-
namic moduli at the zero-frequency limit:®

r

(11)

where 1 is the first normal stress coefficient. This
method of determination only requires the limiting
slopes of 1 and 2 for G" and G’ on a double-logarithmic
plot to be achieved. The experimental results for the
copolycarbonates are summarized in Table 3. Only the
steady shear results from recovery were used, since the
results from creep proved unreliable owing to startup
transients. As can be seen from Table 3, J° increases
by more than 1 decade. The values from the steady
shear experiments are consistently lower than those
from the dynamic experiments. This is obviously due
to the fact that the limiting recovery was not reached
in the experiments. But even the values from the
dynamic experiments can be considered underestimates
of the real Jg, since the limiting slopes were not
reached completely for the copolymers. Instead, the
values at the lowest frequency of the master curves were
used for the calculations. The value for spiro65 does
not fit very well. This is partially due to some scatter
of the storage modulus at low frequencies, as can be seen
in Figure 5. In Figure 9 the experimental JS is plotted
versus the entanglement molecular weight for all co-
polycarbonates. In the case when only M. changes,
Jg should change in proportion to it. Both properties
scale inversely with the plateau modulus. In terms of
dynamic moduli this is merely a vertical shift of the
cuurves A< can be seen in Fiatire 9 the initial <lope
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i.e., from the homopolymer to spiro27, is very high. This
means that J? is very sensitive to small SBI concen-
trations, as was also observed for T4. (Compare Figure
7). At higher concentrations the average slope is on the
order of unity, as could have been expected. An
explanation for this strong effect on Jg cannot be given
at the moment. From the shape of the dynamic moduli
curves one can see that the transition from the rubbery
plateau to the terminal regime is more gradual in the
case of copolymers. This effect may be interpreted by
differences in lifetimes of entanglements depending on
the local chemical compositions, leading to a broadening
of the spectrum by statistical variations in chemical
composition. Another influence may come again from
differences in polydispersity. For a polymer the product
of Gy, and J? increases strongly with dispersion. Part
of the large difference between the J° of CD2000 and
spiro27 could be explained by such an effect.
Characteristic Ratio, C.. The prime measure for

chain stiffness is the so-called characteristic ratio, C.:
15

C., = E,°Inl? (12)

This is the ratio of the mean end-to-end distance of the
real chain to that of an unperturbed chain of equal
contour length, nl, where n is the number of statistical
segments and | is their length. Wu gave a relation
between the characteristic ratio and the entanglement
molecular weight based on his binary hooking model for
entanglements:3

N, = 3C,? (13)

where N, is the number of skeletal units in an entangle-
ment strand which is equal to M¢/M,, with My, being the
molecular weight of a skeletal unit. Consequently, C.
also can be derived from the plateau modulus and vice
versa if My is chosen properly:

1/2
C.= ( pRTO) (14)
3M,GY,

Since the characteristic ratio can be derived from
intrinsic viscosity!® and the latter can be calculated from
group contributions, C. and M. can also be derived from
group contributions, as given by Wu:316

Ko\22 M,
C.=|=— 15
(q)o) IZI]VZD (19)

®o = 2.51 x 102, [I,2Ls the average length of a skeletal
unit, and Kg is derived from group contributions per
repeat unit:

ZKi—i- Bn, ?
1

® M. (16)
where K; are constants for groups of atoms, B = 4.2,
and n, is the number of skeletal atoms in the repeat
unit. To calculate C., we have to identify M, and 1,20
for the homopolymers and copolymers. As done by Wu,
the skeletal unit of BPA-PC was chosen as half of the
repeat unit, namely, from the carbonyl carbon to the
isopropylidene carbon. In the case of SBI-PC the
isopropylidene linkage is completely rigid, so the only
loaical choice is to take the whole repeat 1init as the
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Table 4. Scaling Parameters As Used for Wu’'s Model?
(For Symbols See Text)

property BPA-PC SBI-PC
M, 254.3 334.4
My 127.15 334.4
1,2 43.7 111.5
Ke 0.214 0.15—-0.402

2 The range is due to different choices of Kj's for the phenyl rings.
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Figure 10. Characteristic ratios of copolycarbonates vs SBI
content. Symbols are calculated from experiment; solid lines
are the result of calculations using Wu’s model for different
constants of the phenyl rings. For explanation, see text.

skeletal unit. In the case of the copolymers, values were
taken as the sum of weighted contributions according
to their molar ratios:

0,°0=0,,°01 — x) + 0,,° (17)

where x is the molar SBI content. The value for [0,2(of
SBI-PC was derived from a molecular model created
with Chem-X Windows.'” The pertinent values used for
the calculations are summarized in Table 4.

A main problem with the calculations is choice of the
group contribution K of the phenyl rings which are
linked via the spiro carbon. This contribution has not
been tabulated. The ranges given in Table 4 were
obtained by using the value for a para-substituted
phenyl ring as the lower bound and the sum of the
values for para- and meta-substituted phenyls as the
upper bound in the SBI—PC. The effect of choice of that
contribution is demonstrated in Figure 10, where the
calculated characteristic ratios are shown as a function
of the SBI content for three different cases obtained with
the aid of egs 15—17. The lower line is for para-
substituted phenyls, the middle one for meta, and the
top one for the sum of “para + meta” substitution. Also
shown in the graph are the values derived from the
experimental plateau moduli with the aid of eq 14. It
will be seen that the order of magnitude has been
predicted quite well. The dependence on the composi-
tion, however, has not been predicted correctly. The
meta + para line fits well with the value at the highest
SBI content but overpredicts at intermediate composi-
tions. The meta line fits for intermediate compositions,
and the para line fails completely at higher SBI con-
tents. One has to keep in mind, however, that the
calculated experimental points in Figure 10 are affected
by the choice of M,.

It appears that C. scales more nonlinearly than
predicted from group contributions. This becomes even
clearer in a plot of the predicted and measured rubbery
plateau moduli. A nonlinear scaling of M, was reported
for blends and statistical copolymers of PMMA. 18 For
these copolymers this was ascribed to changing rota-
tional enerav barriers Thi< aratiment i< reasonable for
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PMMA, whose chain stiffness is determined by steric
hindrances in the packing of the side groups, but is not
logical in the present case, where the various segments
are always separated by the highly flexible carbonate
units. It would be interesting to compare the present
system with results of more sophisticated models as
described by Bicerano?® in order to check whether the
reported deviations are due to oversimplifications inher-
ent to the employed models.

4. Conclusions

The introduction of the SBI comonomer into BPA-PC
causes all properties related to chain stiffness to change
in a nonlinear fashion with composition:

(a) The glass transition temperature increases with
SBI content by about 80 °C with a decreasing slope
(negative curvature, opposite to the Fox relation).

(b) The entanglement molecular weight increases by
more than a factor of 10 with a strong positive curva-
ture. In terms of Tsenoglou's model this is explained
by a favorable interaction between the components
without leading to disentanglement.

(c) The recoverable shear compliance increases more
than proportional to M. with positive but weak curva-
ture.

(d) The characteristic ratio determined from Mg is
more than doubled.

(e) The composition dependence of the characteristic
ratio is not predicted correctly by the group additivity
method proposed by Wu.
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