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Abstract

Melt-polymerized bisphenol-A polycarbonate materials characterized by a low degree of branching were fractionated according to
molecular weight by the continuous polymer fractionation (CPF) method. The distribution of two types of end-groups and in-chain salicylate
moieties arising from thermal rearrangement reactions were assessed across the molecular weight distribution by analysis of the fractions.
Experimentally determined branching densities of the fractions agreed well with a molecular simulation based on a random sampling
polycondensation model. Both simulation and experiments showed that the branching density increases with molecular weight in the
experimentally accessible range. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bisphenol-A based polycarbonate (BPA-PC) is an impor-
tant thermoplastic engineering material with unique proper-
ties including high transparency, high impact strength and
dimensional stability. Two commercial processes are
currently used to produce BPA-PC: the phosgenation
process where BPA is reacted interfacially with phosgene
in a water—organic solvent system and the melt transester-
ification process where BPA is reacted with diphenyl carbo-
nate (DPC) at elevated temperatures and reduced pressure
[1]. Important advantages of the melt process are the
absence of solvents and phosgene resulting in a polycarbo-
nate material with an extremely low residual contaminant
level. In contrast, the molecular weight (MW) that can be
reached is limited and complicated equipment is needed to
control high temperatures, low pressures and high polymer
viscosities. Combinations of excessive residence time and
high temperatures in the reactor can lead to side reactions
resulting in discoloration and branching [2,3].

The most widely accepted mechanism for thermal rear-
rangements of PC in the melt is a base-catalyzed Kolbe—
Schmitt reaction [2]. The following structures have been
shown to result from this mechanism: phenyl salicylate
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(PhSAL, structure I), phenyl salicylate phenyl carbonate
(PhSALPHC, structure II) and phenyl-o-phenoxy benzoate
(Ph-o-PhxBz, structure III) [2,4,5]. The corresponding PC
structures are shown in Fig. 1.

Characterization of branched PC materials is gaining
renewed attention as evidenced by some very recent publi-
cations [3,6]. While the structure of melt-polymerized PC
branching units is reasonably well understood, their distri-
bution across the MW distribution has never been studied in
detail. In an early paper, Bartosiewicz et al. [7] investigated
branching in commercial BPA-PC materials where the
presence of phenyl-o-phenoxy benzoate branching units
(structure III in this paper) was only hypothesized. Some
evidence for random distribution of branching units was
found. It is well-known that branching can have a
significant influence on the rheological [8] and mechan-
ical [9] properties of polymers and a detailed under-
standing of the branching distribution is therefore of
major importance.

The objective of this paper is to study the distribution of
modified units (structures I to III) across the MW distribu-
tion of two melt-polymerized BPA-PC samples. The experi-
mental study involves fractionation by MW followed by
analytical characterization of the fractions. Besides struc-
ture characterization, a major goal of the fractionation
experiments was to obtain large size fractions to be used
for further rheological and mechanical testing. This aspect
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Fig. 1. Polycarbonate melt rearrangement structures.

will be covered in subsequent publications. Experimental
results have also been validated by a simulation model.

1.1. Random branching

Branching species in polymer materials can be distributed
randomly or non-randomly. We define random branching in
the usual way, i.e. the probability that any monomeric unit
carries a branching point is independent of the status of
other units in the same chain [10]. In fact, the random incor-
poration of branching species in a polymer chain in the ideal
case is a mere statistical process. Randomly branched poly-
mers will be called homogeneous if the branching probabil-
ity is the same irrespective of the sampled chain.
Polymerization reactions where the residence time in a reac-
tor is different for individual molecules, for instance, may
lead to heterogeneous branching. An example is the class of
branched polymers that are made through free-radical poly-
merization with chain transfer when distribution of
residence times in the reactor is large [11]. This can lead
to the so-called intermolecular heterogeneity.

The concentration of branching species in a polymer
chain is expressed through the branching density, p,
which is defined as

number of branching units

p— (1)

total number of units bound

For branched polymers obtained by random grafting of a
most probable distribution of linear chains, Tobita [11,12]
has recently shown that the branching density as a function
of degree of polymerization, p,, initially increases with MW
and eventually reaches a fixed value for high MW species
according to the following relation:

 Jplaly(2rJpl) o
o T rdpho)

where p is the average branching density, r the degree of
polymerization, u the number average chain length of the
primary distribution of linear chains and /; and /, the modi-
fied Bessel functions of the first and second order, respec-
tively. Well-known theories describing the MW distribution
and branching density of branched step-growth polymers
apply formally only to cases where all monomers are
present from the start of the reaction. In the case of melt-
polymerized PC, however, branching species are being
formed as a result of thermal rearrangement reactions poten-
tially occurring during the later stages of the polymerization
process, and the existing theories should be applied with
caution.

An elegant way to treat complex cases of non-linear poly-
merizations is by simulation. A model can be designed
based on all characteristics of a specific polymerization
process. Simulation models based on random sampling
can deliver detailed information on the MW distribution
and branching architecture of polymers. Their usefulness
and correctness should, however, always be validated by
experimental methods.

1.2. Continuous polymer fractionation of branched BPA-PC

A practical method to determine the branching density
(and other modifications) across a MW distribution is by
fractionation [13]. This is a widely applied technique to
divide polymeric materials into narrowly dispersed fractions
based on differences in MW, crystallinity properties or
chemical composition and valuable information can be
derived on the distribution of end-groups, functional groups,
branching units and co-monomers across the entire MW
range [14].

Polycarbonate can be fractionated by most common frac-
tionation methods including precipitation fractionation
procedures [15-18], column fractionation techniques
[19,20] and chromatographic methods [21]. All methods
in principle are capable of delivering any desired number
of narrowly dispersed fractions. The difficulty lies in obtain-
ing fractions of preparative (multi-gram) size that can be
used for further research. Large-scale fractionation
processes are time consuming and often require significant
volumes of solvents.

The continuous polymer fractionation (CPF) technique
has been especially developed to produce preparative size
fractions in a short time frame with the use of limited
volumes of solvents [22,23]. CPF has been proven success-
ful for linear polycarbonates [24,25] but has never been
employed for branched polycarbonate materials. In CPF,
fractions of increasing MWs are removed from a concen-
trated polymer solution (‘feed’) by a proceeding liquid—
liquid extraction in a counter-current process with a single
solvent or solvent/non-solvent mixture (‘extracting agent’).
A solvent/non-solvent mixture is preferred as it facilitates
tailoring of the process. The feed and the extracting agent
are introduced into the extraction device (e.g. a column) as
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homogeneous phases. For properly chosen fluxes, these
liquids do not mix homogeneously as they meet but form
two phases of different density, which are transported
against each other in the terrestrial gravitational field. By
exchange of matter over the phase boundaries, the polymer-
rich gel phase and the polymer-lean sol phase are gradually
being formed. In this process, the lower MW material is
extracted by the extracting agent and forms the sol fraction
while the higher MW material forms the gel fraction. The
(normally less dense) sol fraction leaves the column at its
top and the polymer it contains is often isolated for direct
use while the gel phase, collected at its bottom, may
frequently be directly employed for a second fractionation
step. The feed is introduced at a position close to the middle
of the column thus preventing a direct contact with the sol
phase in which inevitably some high MW material would
dissolve resulting in reduced fractionation efficiency.
Usually, the two parts of the column above and below the
feed introduction position are kept at different temperatures
in a way that less soluble material fluxes back before the sol
fraction is collected. The fractionation process can be opti-
mized by changing either the solvent/non-solvent composi-
tion, the temperature or the flow rate of feed and extraction
agent. Preliminary experiments for CPF include determina-
tion of the miscibility gap of the polymer—solvent mixture.
This is accomplished by measuring cloud-points in the
concentration range of interest for CPF. Tie-lines connect-
ing the conjugated sol and gel phases can be found by
demixing ternary systems with overall composition inside
the miscibility gap and subsequently analyzing the phase
compositions. Also, the so-called working point has to be
defined as well as the flow rates of the feed and extracting
agent.

Requirements for a successful fractionation are the exis-
tence of a good solvent/non-solvent mixture and the possi-
bility to realize liquid-liquid phase separation, a large
enough difference in density between the coexisting phases
and a controllable viscosity of the system.

It is well known that branching alters the solubility of
polymers and fractionation based on phase equilibria will
therefore not exclusively take place with respect to MW but
inevitably also to some extent according to the branching
architecture, where the latter contribution depends on the
concentration of branching units in the material. In most
cases, fractionation may be at least considered semi-quanti-
tatively useful [13].

It will become clear that the PC samples investigated here
were fractionated predominantly according to MW.

2. Experimental
2.1. Samples

Two lab-synthesized polycarbonate samples, PC1 and
PC2, were obtained by a melt-transesterification process

from BPA and DPC according to literature-described proce-
dures [26,27].

2.2. Continuous polymer fractionation

2.2.1. Equipment

CPF experiments were carried out with a fractionation
device combining two glass columns with independent ther-
mostatting control. The lower column is designated as
‘column’ (length = 1.80 m, diameter =5 cm); the upper
column is designated as ‘condenser’ (length = 0.60 m,
diameter = 5 cm). Both the column and condenser are
completely filled with a mixture of glass beads with
diameters of 8 mm (50%) and 10 mm (50%). The feed
inlet is positioned between the column and the condenser
at approximately three-fourths of the total height of the
system. The extracting agent inlet is positioned at the
bottom of the column. Two piston pumps are used for regu-
lation of feed and extracting agent fluxes. Glass reservoirs
are used for supply of feed and extracting agent. CPF equip-
ment is shown in Fig. 2.

2.2.2. Solvents
Methylene chloride: Roth, >99%, synthesis grade.
Diethylene glycol: Acros, 99%.

2.2.3. Determination of cloud-point curves

To construct the phase diagram of the polymer, solvent
(methylene chloride) and non-solvent (diethylene glycol),
cloud-point curves were recorded at room temperature by
titrating polymer solutions with concentrations varying
between 4 and 24 w/v% with non-solvent until visible
turbidity.

2.2.4. Determination of tie-lines by demixing experiments
Information on the demixing behavior of the polymer/

solvent/non-solvent system was obtained by determining

tie-lines connecting the conjugated phases. Compositions
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within the miscibility gap of the phase diagram (at least at a
distance of 1 wt% from the cloud-point curve) were selected
and prepared in closed vials. The samples were heated on a
heating plate at 60°C for several minutes until a clear, homo-
geneous solution was obtained. The samples were allowed
to cool down to room temperature and equilibrate overnight
upon which the two-phase system was re-established. Both
sol (upper) and gel (lower) phases were collected with a
syringe and compositions were measured by means of
proton-NMR. Tie lines were obtained by connecting sol
and gel compositions in the ternary phase diagram.

2.2.5. Working line

The working line connects feed and EA compositions.
The working point, which is situated on the working line,
was determined graphically in the ternary phase diagram by
means of known ratio of the fluxes of feed and extracting
agent.

2.2.6. Isolation of fractions

From collected feed and sol fractions, dichloromethane
was removed by evaporation at 40°C under reduced pressure
by means of a rotation evaporator. The precipitated polymer
was separated from the remaining non-solvent by filtration
over a Buchner funnel and extracted several times with
excess methanol to remove the last traces of diethylene
glycol. By this procedure, the diethylene glycol content in
the fractions is lower than 20 ppm as determined by proton-
NMR. The applied isolation procedure has no influence on
the chemical structure or MW of the fractions as confirmed
by NMR and SEC.

2.3. Size exclusion chromatography

2.3.1. SEC-UV

Measurements were run on a system consisting of a
Waters model 590 pump, a Waters WISP 717 plus autosam-
pler device and a Waters 486 tuneable UV absorbance
detector. Polycarbonate samples in methylene chloride
(0.1 w/v%) containing 0.025% toluene as flow marker
were filtered through 0.45w Schleicher and Schuell Green-
band filters and injected on the SEC system at an injection
volume of 50 pl. Two PL-gel 5w 300 mm X 7.5 mm
columns, 103 and 103 A were used in series with methylene
chloride as mobile phase. Flow rate was 1.0 ml/min. The
eluted polymer was detected at 254 nm. Total run time was
24 min. Calibration was performed against a series of poly-
carbonate standards with known absolute MWs. Data
manipulation: Perkin—Elmer Nelson Turbochrom 4 software.

2.3.2. SEC-LS/IV/RI

Absolute MWs were measured on a Hewlett Packard
1100 SEC system coupled to a Viscotek 300TDA Triple
detector combining a right angle laser light scattering detec-
tor (RALLS), a four-capillary differential viscometer and a
differential refractometer. Sample preparation, column

configuration, mobile phase and flow rate as for SEC-UV.
Injection volume was 100 pl. Data manipulation: Viscotek
TriSEC software.

2.4. NMR

Proton-NMR measurements were run on a Bruker
Avance 400 spectrometer using a 5 mm i.d. Quadro Nuclei
Probe. A pulse width of 90° (10 ws), relaxation time of 4 s
and acquisition time of 2.6 s were employed. Automatic
digital quadrature detection was applied. Data manipula-
tion: Bruker XwinNMR software.

Sol and gel phases obtained from demixing experiments
for determination of tie-lines were prepared at a concentra-
tion of 5 w/v% in d-chloroform. 128 free induction decays
(FIDs) were collected for compositional analysis of the
phases. CPF fractions were dissolved in d-chloroform at a
concentration of 5-10 w/v%. 1024 FIDs were collected for
analysis of the fractions. PhSAL structures were quantified
by integrating the absorbance at 8.01 ppm after deconvolu-
tion from a neighboring peak against the total absorbance of
aromatic protons in the region between 6.5 and 7.6 ppm.

PhSALPHhC branching structures were similarly quanti-
fied by using the absorbance at 8.14 ppm. Both PhSAL
and PhSALPhC absorbances exhibit a 3J doublet-splitting
pattern resulting from long-range proton—proton coupling
effects.

The hydroxyl end-group concentration of the fractions
was determined by integrating the absorbance at 6.62 ppm
against the total absorbance of aromatic protons.

2.5. Simulation model

A random simulation model has been written in Visual
Basic in order to determine the statistical chain configura-
tion for each MW species of a polymeric melt-polymerized
BPA-PC system. In each simulation, BPA, DPC and branch-
ing units (structure IT) were linked randomly. A total of 10°
BPA monomers were used in each simulation experiment.
The number of DPC monomers follows then from a calcula-
tion of the stoichiometry of the system. It is related to the
number average MW and the endcap level (i.e. the ratio
between phenyl carbonate and bisphenol-A end-groups) of
the polymer to be simulated, both determined experimen-
tally from SEC and NMR results. The number of branching
units used in the model was equal to the experimentally
determined concentration of these units. The program
output includes information on the MW distribution,
branching density distribution and endcap level of the simu-
lated polymer.

3. Results and discussion
3.1. Fractionation of samples

For the fractionation of samples PC1 and PC2 by CPF, a
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solvent/non-solvent/polymer system was used consisting of
methylene chloride (MCH), diethylene glycol (DEG) and
the polymer (PC). It was shown in previous studies
[24,25] that when using MCH as solvent and DEG as non-
solvent, specific problems related with the fractionation of
PC such as degradation and crystallization are prevented.
Fractionation was carried out in a column filled with glass
beads. The glass beads decrease the interstitial volume and
consequently the capacity of the column but significantly
increase the efficiency of the fractionation by delaying the
descent of the gel particles in the column and, hence,
prolong the effective fractionation period. Feed and EA
compositions are chosen in a way that their connecting
working line lies approximately parallel with the experi-
mental tie-lines. Prior to execution of the CPF runs,
cloud-point curves were recorded for the starting polymers
to determine the miscibility gap in the concentration range
of the fractionation. For PC1, the polycarbonate fraction
isolated from the gel phase of the first CPF run was used
for the second fractionation experiment. For this purpose, a
second cloud-point curve was recorded. In case of PC2, the
gel phase obtained after the first fractionation run was used
as such for the second fractionation experiment without
isolation of the polymer.

The phase diagram for PC1 comprising of the cloud-point
curve, tie-lines and working line is shown in Fig. 3. Data
points representing the compositions of the initial polymer/
solvent/non-solvent mixture and sol and gel phases of the
experimentally determined tie-lines are not positioned
exactly on a straight line. This is mainly due to evaporation
of the highly volatile methylene chloride during the applied
measurement procedure. The phase diagram for PC2 looks
very similar and is not reproduced here.

Samples PC1 and PC2 were fractionated into three and
four fractions, respectively. Fraction nr. 3 of PC2 was
isolated from the column content, which was collected
directly after termination of the second fractionation run.

The choice for a limited number of large size fractions
goes to some extent at the cost of narrowness of the disper-
sion of the fractions. Narrower dispersions could easily be
obtained by increasing the number of fractionation steps and

Table 1
CPF parameters for PC1 and PC2
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Fig. 3. Phase diagram for PCl/methylene chloride/diethylene glycol at
room temperature (20°C).

scaling down of the equipment (e.g. the use of glass beads
with smaller diameters) [24]. This would consequently
prolong the fractionation time. With the used experimental
CPF set-up, PCs can be fractionated at a rate of roughly 10—
15 g/h. Experimental CPF parameters for the fractionation
of polycarbonate samples PC1 and PC2 are given in Table 1.

3.2. Characterization of fractions

For each fraction, MWs, concentrations of modified units
I (PSAL) and II (PhSALPhC) and hydroxyl end-groups
were determined. Based on NMR and HPLC data there
was no evidence for the presence of structure III (Ph-o-
PhxBz) in our samples. MWs were measured by SEC-UV
and SEC-LS. Because of the presence of branched chains, it
cannot be assumed without further checking that SEC

CPF run no.  Feed (wl/w2/w3)* EA (wl/w2)  Working point (w3)  Fractionation Fluxes (Feed/EA) a: Fraction no.: yield (g)
temperature (°C), (g/h), b: (ml/min)
column/condenser
PCI 1 0.780/0.080/0.140  0.780/0.220  0.035 21/8 a: 93/305, b: 1.2/4.0 #1: 77
20 0.790/0.085/0.125  0.805/0.195 0.032 22/11 a: 85/261,b: 1.1/3.4 #2: 63, #3: 48
PC2 1 0.780/0.080/0.140  0.780/0.220  0.033 21/8 a: 100/321, b: 1.3/4.2  #1:55
2¢ Gel of run #1 0.795/0.205 n.a. 17/10 a: n.a., b: 1.3/4.0 #2: 38, #3: 12d, #4: 21

* w1: methylene chloride, w2: diethylene glycol, w3: polycarbonate.

b PC1, CPF run #2 on PC isolated from the gel fraction of CPF run #1.
¢ PC2, CPF run #2 on gel obtained from CPF run #1.
4 Isolated from column content after CPF run #2.
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Table 2

Analytical data for samples PC1 and PC2 and derived fractions

A.C. Hagenaars et al. / Polymer 42 (2001) 7653-7661

Sample SEC-UV Modified units (ppm) [OH] (ppm) Endcap (%)
M,, (g/mol) M, (g/mol) D Total PhSAL PhSALPhC

PCI Total 21,700 9520 2.28 1250 - 1250 570 84
PCIF1 11,400 6590 1.73 760 - 760 1050 80
PCIF2 17,700 11,570 1.53 1220 - 1220 675 77
PCIF3 31,900 24,100 1.32 1870 - 1870 250 82

PC2 Total 23,700 9210 2.57 5260 1795 3465 1185 67
PC2F1 11,900 6330 1.87 3715 1670 2045 1855 65
PC2F2 22,100 14,120 1.57 5355 1820 3535 780 68
PC2F3 28,900 19,090 1.51 5765 1760 4005 610 66
PC2F4 39,200 24,950 1.57 7045 1855 5190 455 67

delivers true MWs as molecules with different MWs can
have the same hydrodynamic volume in diluted solution
due to differences in branching density. Since LS detection
is less sensitive towards low molecular species, the number
average MWs are consistently underestimated by SEC-LS
and more reliable M, values are obtained by SEC-UV.
Weight average MWs as determined by both techniques
show good agreement. Because of this, SEC-UV MWs are
used throughout this paper. Characterization results are
summarized in Table 2. The fraction of phenyl carbonate
capped end-groups (called endcap%) is calculated from the
hydroxyl concentration and number average MW. Fig. 4
shows a SEC-LS overlay plot depicting the MW distribu-
tions for the fractions and initial polymer of sample PC2.

The hydroxyl end-group content as well as PASAL and
PhSALPhC structures (I and II) can be conveniently
quantified by proton-NMR. Fig. 5 shows the aromatic
region of the NMR spectrum of PC2-fraction no. 4 with
peak assignments.

The branching concentrations as determined for the frac-
tions are only accurate if fractionation did occur solely by
MW and was not significantly affected by branching archi-
tecture. Two reasons make us confident this is indeed the
case. First, as can be observed from Table 3, the overall
branching density of the PC samples investigated is very
low. This is highlighted by the calculated ratios of the

2.31
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Wt/[dlogMw]

0.991
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3.02 328 3.54 3.81 4.07 433 460 486 512 5.39

Log (Molecular Weight)

Fig. 4. SEC-LS overlay plot for PC2: initial polymer (dotted line) and
derived fractions (solid lines).

mean square radii in solution for branched and linear mole-
cules, {g(m)),,, which remain very close to 1 except for the
highest MW PC2 fraction. The calculated values are based
on the Zimm and Stockmayer formula [13] for randomly
branched polymers containing trifunctional branching units:

.
(s :[ (1 + ?) + 9—’7"7] 3)

where m is the average number of branching units per mole-
cule. Second, as will become clear from the simulation
results, there is an excellent agreement between experimen-
tal branching densities of the fractions and the simulation
predictions. This implies that the MW measured for the
fractions is indeed correct.

Fig. 6 shows how the concentration of PhSAL and
PhSALPHhC units depend on the fractions number average
MW. On the one hand, the concentration of PhnSAL structure
I units in PC2 is fraction MW independent indicating homo-
geneous incorporation in the polymer, i.e. the thermal rear-
rangement reaction leading to PSAL structures is not MW
dependent. The endcap level is also constant across the
entire MW range, which is an expected result if the BPA
units carrying the hydroxyl end-groups are built in statisti-
cally. On the other hand, the concentration of PhSALPhC
structure II units, i.e. the branching density increases quasi
linearly with MW for both polymers. This also means
PhSALPHhC branching units are not homogeneously distri-
buted across the MW distribution, at first sight a counter-
intuitive result, considering that the statistical nature of the
polymerization process is confirmed by the results for
PhSAL units and end-groups concentrations.

Branching effects can be visualized through Mark—
Houwink plots where intrinsic viscosities (SEC-IV) are
depicted as a function of MW (determined by SEC-LS).
The higher the degree of branching, the lower the intrinsic
viscosity will be relative to the absolute MW. For poly-
ethylene for instance, it is known that long chain branched
metallocene catalyzed polymers have simple architecture
and materials with different branching probabilities are
represented in the Mark—Houwink plot by by parallel
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Fig. 5. Aromatic proton-NMR region of PC2, fraction no. 4: (a) BPA-PC; (b) PhSAL, structure I (c) PASALPhC, structure II.
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lines [28]. On the other hand, radical polymerized LDPE
polymers have a complex architecture and exhibit a decreas-
ing slope with increasing MW. Fig. 7 shows Mark—
Houwink log plots for the initial polymer and the two
extreme fractions of PC2. The observed lines are essentially
parallel for the lower MW fractions and the whole sample,
which is consistent with the overall low degree of branching
determined by NMR. For the highest fraction PC2F4,
however, there is a slight departure from parallelism. The
lower exponent is consistent with the higher degree of
branching of this last fraction. For PC1 (not shown), all
lines run parallel, reflecting the lower branching density as
compared to PC2. On the other hand, the expected relation-
ship between (g(m)) and g’ (see Table 3) is not observed.

Table 3
Branching data for PC1 and PC2

Both factors usually relate as g’ = (g)b, where b has a value
between 0.5 and 1.5 depending on the type of branched
polymer [12]. Apparently, this empirical formula is not
valid for the polymers investigated here. A similar discre-
pancy for polycarbonate materials was already reported by
Bartosiewicz et al. [7].

3.3. Simulations

In order to approach the branching density distribution of
the investigated melt-polymerized PC samples from a more
theoretical standpoint and to validate experimental results, a
simulation model was developed based on a random
sampling technique. The MW, end-group and branching

Sample Branching Average no. of (g(m))y" SEC-1V ¢’
density X 1073 branching units (=1IVy/IVyy)
per chain (average)

PC1 Total 1.068 0.040 0.996 0.86
PCIF1 0.650 0.017 0.998 1.04
PCIF2 1.042 0.048 0.995 0.94
PCIF3 1.597 0.151 0.984 0.85

PC2 Total 2.955 0.107 0.989 0.82
PC2F1 1.175 0.044 0.995 0.98
PC2F2 3.014 0.168 0.983 0.87
PC2F3 3.413 0.257 0.974 0.80
PC2F4 4.419 0.434 0.957 0.76

* Calculated from Zimm-Stockmayer equation (3).
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Fig. 6. PhASAL and PhSALPhC concentration as a function of M, for PC1
and PC2; closed symbols denote the fractions, open symbols the total
unfractionated polymer.

data of samples PC1 and PC2 were used as input parameters
for the model. The polymers were then ‘rebuilt’ by a statis-
tical simulation process. Fig. 8 shows the simulated branch-
ing density for PC1 fractions as a function of MW. The
branching density initially increases with MW and reaches
a plateau for very high MWs well beyond the experimental
range. The results are qualitatively identical for PC2.
Clearly our simulation results for a step-growth polymeriza-
tion agree qualitatively with Tobita’s model [11,12] devel-
oped for an addition polymer.

Fig. 9 highlights the agreement between experimental and
simulated data by comparing the number of branching units
per chain as function of M, and M,, for PC1 and its fractions.
The measured weight average M,,s of the initial polymer and
fractions fit very well with the simulation curve while a
minor shift is observed for the number average M,,. This
latter deviation is most probably caused by the non-random-
ness of the branching distribution within individual frac-
tions. The branching units are, like the total polymer, not
randomly distributed across the MWD of each fraction and
chains on the high end of the fraction MWD have propor-
tionally more branching units than chains with shorter M,s.
As a result, the number of branching units per chain is over-
estimated resulting in the observed shift for the M, data.
Apparently, choosing M,, rather than M, gives the right
‘weighing’ to the chains in the various fractions. Very simi-
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Fig. 7. Mark—Houwink plot for PC2 and derived fraction nos. 1 and 4.
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Fig. 8. Simulated branching density distribution for PC1.

lar results are obtained for PC2 and its fractions. Also here, a
minor shift from the simulation curve is observed for M,
data, this shift being only marginally larger than for PC1
due to the higher concentration of branching units in the
fractions.

4. Conclusions

CPF is an efficient method to fractionate melt-produced
polycarbonate materials with low degrees of branching with
respect to MW. The technique is capable of delivering
preparative (multi-gram) size fractions that can be used
for further research. The experimentally determined branch-
ing density distributions as derived from the fractions and a
random simulation model are in good agreement. The most
striking result is the heterogeneous nature of branching
density across the MWD. Despite the fact that the result is
in agreement with Tobita’s findings it must be emphasized
that the reaction mechanisms underpinning the two simula-
tions are quite different. Although an increasing branching
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Fig. 9. Experimental and simulated number of branching units per chain as
a function of number and weight average MW for PC1.
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density with increasing MW seems at first counterintuitive,
it simply reflects that under statistical ‘thermodynamic’
control, branched chains will ‘on average’ be longer than
linear chains, thus concentrating branching points in the
high MW fractions. This effect only disappears at very
high MW, beyond the experimental reach for PC. On the
other hand, PhSAL units and end-groups are distributed
homogeneously across the entire MW distribution, as
expected.
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