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ABSTRACT: Synthesis and molecular characterization of bisphenol A poly(iminocarbonate) were
carried out. A successive precipitational fractionation and size exclusion chromatography measure-
ment yielded well defined fractions whose molecular masses varied from 4,000 to 62,300 g/mol.
Dilute solution viscometry in both the systems of 8-composition and DMF at 30 T confirmed
the viscosity-molecular mass relationship is well outside the Gaussian behavior. The chain parame-
ters found on the basis of wormlike cylinder model were; M =473 nm ™, persistence length g=1.8
nm, and cylinder diameter d=0.92 nm, which appeared slightly higher than those of bisphenol
A polycarbonate. These led to a conclusion that the chains can be regarded as semiflexible with

less stiff chain character.

Introduction

The increasing awareness of environmental is-
sues and the impact upon human safety of the use
of polymeric materials placed significant pressure
on both the researchers and manufacturers to en-
sure that the synthetic polymeric materials are en-
vironment-friendly. Many polymers have recently
been facing increasing resistance to their use in
many parts around the world.

In this connection, the one of the candidate poly-
mers which can meet those practical and environ-
mental demands is bisphenol A poly(iminocarbo-
nate) (BAPIC). The biodegradability, low toxicity,
and excellent mechanical properties made this poly-
mer have the potentials in wide applications.™*

Nevertheless, little work to investigate molecular
characteristics or secondary chain structure of this
polymer has so far been done. In view of the mole-
cular design or better understanding of structure-
property relationship, an elucidation of the molecu-
lar characteristics or higher order of chain structure
is essential. Hence, it is intended to characterize
the molecular characteristics of BAPIC chain mole-
cules, placing special emphases on the analysis of
conformational behavior. This may provide a basis
for developing new polymers of improved proper-
ties.

The present paper describes the synthesis, mole-
cular characterization, and conformational behavior
of BAPIC. We discussed in detail the origin of the
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conformational characteristics of BAPIC comparing
with those of bisphenol A polycarbonate, which is
similar in structure except for the imino groups.

Experimental

Monomer Synthesis. With minor modification,
BPA dicvanate was prepared according to the pro-
cedure reported by Kohn ef al® Recrystallization
from n-hexane yielded white needle-like crystals
melting at 82~83 T with 86% vield.

Polymerization. Solution polymerizations of
equimolar mixtures of bisphenol A and dicyanates
were carried out in THF using potassium tert-buto-
xide as the catalyst.! Interfacial polycondensation
was also attempted in a two-phase system consis-
ting of aqueous 0.2 N NaOH and carbon tetrachlo-
ride in the presence of varying amounts of tetrabu-
tylammonium bromide as a phase transfer catalyst.*
All the crude polymers obtained were purified by
several cycles of dissolution and precipitation, follow-
ed by washing and drying under reduced pres-
sure. Tough but transparent materials were obtain-
ed with 86% conversion (Elemental analysis, Cal-
culated for C¢H;;:NO,: C=7589, H=5.93, N=5.53.
Found : C=75.50, H=5.87, N=5.62).

Spectroscopy. 'H NMR spectra were recorded
on a Bruker AM-300 NMR Spectrometer. The sol-
vent used was CDCl;. FT-IR spectra were obtained
on a Digilab FTS-40. KBr pellet method was used.

Partial Specific Volume. The partial specific
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Figure 1. Schematic diagram of structures and syn-
thetic pathway for the BPA dicyanate and bisphenol
A poly(iminocarbonate).

volume of the polymer in THF was measured by
a densitimeter (Anton Parr Co.) equipped with a dig-
ital thermometer (DT100-20).

Solubility Test. The dissolution behavior of the
polymer in eighteen different organic solvents was
observed by visual inspection over the temperature
range from 30 T to 80 T.

Fractionation. The fractionation was carried out
at 30 C according to the usual fractional precipita-
tion method. The solvent-nonsolvent system used
was THF and n-hexane.

0-Solvent. The determination of 6-solvent was
carried out using mixed solvent at constant temper-
ature.® Cloud points of the ternary system at 30
C were measured by a turbidimeter.” A linear plot
of volume fraction of nonsolvent at cloud point
against the concentration of the polymer yielded
8-composition.? The mixed solvent system was THF
and n-hexane.

Molecular Mass Determination. Average mo-
lecular mass of each fraction was determined by
Waters Model 201 GPC having a chromatographic
system which consists of U6K injector, M6000A sol-
vent delivery system, R401 differential RI detector,
and M730 data module. Three GPC columns (pore
sizes of 10°, 10%, 10° A of p-styragel) were placed
in series and were operated at a flow rate of 1.0
mL/min in THF. Calibration was made by using
polystyrene standards supplied by Waters Co. Ltd.

Viscometry. Intrinsic viscosities were measured
by employing an Ubbelohde suspended level type
of viscometer with negligible kinetic energy correc-
tion. The value of intrinsic viscosity was obtained
from the common intercept of the Huggins, Krae-
mer, and Schulz-Blaschke plots.

Results and Discussion
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Fig. 2. IR spectrum of poly(BPA-iminocarbonate).
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Fig. 3. 'H NMR spectrum of poly(BPA-iminocarbo-
nate).

In order to obtain high molecular masses, the
reaction conditions were borrowed from the optimi-
zed solution polymerization method reported by Li
et al.* However, the highest M, obtained was 62,300
g/mol.

The interfacial polymerization was also proved
to be unsuccessful in obtaining high molecular mass-
es. Contrary to the result reported by Li ef al}
products having M,, lower than 2.0X 10° g/mol were
generally obtained. This was largely due to the ear-
ly precipitation of polymer from the reaction mix-
ture.

IR spectrum of BAPIC shown in Figure 2 reveals
characteristic bands at 3,341 cm™! (NH), 1,675 and
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Fig. 4. Solubility of poly(BPA-iminocarbonate) in va-
rious solvents in the 8y vs 8, plot.
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Fig. 5. Dependence of nonsolvent volume fraction on
the polymer concentration at the cloud point(30 T).

1,301 cm™! (C=NH), and 1,502 c¢cm™! (aromatic).
A more critical evidence for the polymer formation
is the disappearance of the absorption at 2,240 cm ™!
due to O-C=N group in the monomer. 'H NMR
spectrum of BAPIC depicted in Figure 3 supports
the polymer formation by showing peaks at 5.73
ppm (NH, 1 H), 7.11~7.27 ppm (aromatic, 8 H), and
1.66 ppm (CHs, 6H).

Polymer Characterization. The dissolution be-
havior of BAPIC in various organic solvents has
been examined over a wide range of solubility pa-
rameter. In the description of polymer-liquid inter-
actions, a polymer is generally characterized by a
set of three parameters designated by &, (disper-
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Fig. 6. Huggins, Kraemer, and Schulz-Blaschke plots
for F2 under O-state.

sion), 8, (polar), and &, (hydrogen bonding) accord-
ing to the natures of the interactions they reflect.?

Figure 4 shows the two dimensional solubility
space drawn according to the method proposed by
Bagley ef al.® in which the volume-dependent para-
meter 8, and §,'° are plotted, where 8,=(8]+85)"%
As is apparent from the diagram, the majority of
thepoints for good solvents fall in a region which
can approximately be delimitated by a circle center-
ed at 8,=24 and & =7 MPa'% This observation
led to a conclusion that BAPIC can be soluble in
such solvents that satisfy the condition defined
by

L8, 24)* + (8, — 7)*]"*<5

Examples of those solvents include DMF, DMSO,
1,4-dioxane, THF, and halogenated alkanes.

The determination of the B-composition for the
ternary system (solvent/polymer/nonsolvent) at
constant temperature can successfully be accompli-
shed by the cloud point titration® A plot of the
volume fraction of non-solvent (o3 at cloud point
against the polymer volume fraction (py) accord-
ing to the following linear relationship yields the
6-composition;

05= g3~ Bodngh
where q,f; is the volume fraction of non-solvent at
the @-state and B, is a constant. Figure 5 shows
the dependence of ;" of the nonsolvent(n-hexane)
on /n @ for different fractions of polymer sample
at 30 C. The 8-composition found from the common
intercept of these straight lines was 0.84 (THF)/0.16
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Table 1. Molecular Characteristics of Poly(BPA-
iminocarbonate) Fractions at 30 °C in DMF and

0-Solvent
7 [T]]DMF [YI ]e Ry

Frac. No  M./10° (cm*/g)  (cm%/g) (8-system)
F:1 62.3 345 29.3 0.71
F-2 576 318 29.2 0.65
F-2 55.0 279 26.8 0.63
F-4 433 26.8 252 0.71
F-5 418 249 24.6 0.98
F-6 36.7 21.6 214 0.70
F-7 21.0 16.5 16.9 0.64
F-8 20.0 156 16.0 0.82
F-9 130 11.2 12.8 0.71
F-10 6.0 5.1 76 0.76
F-11 40 35 5.1 0.83
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Fig. 7. [n] dependence of M, at 30 C for poly(BPA-
iminocarbonate) in THF-n-Hexane(8-state).

(n-hexane).

Figure 6 illustrates a representative viscosity plot
drawn by Huggins, Kraemer, and Schulz-Blaschke
methods for the selected sample of F2 under the
0-condition. Table I summarized those viscosity
data thus obtained for all the selected polymer frac-
tions under O-state and DMF at 30 C, together
with the corresponding M, values measured by
GPC. The Huggins constants (ky) were found to
be distributed within the range of 0.73% 0.10, ex-
cept fraction F5. This trend corresponds to the
theoretical prediction describing the constancy of
kny under the unperturbed state regardless of the
molecular masses of polymer are,'' and hence the
O-state established above is proved to be pertinent
within the experimental error range.
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Fig. 8. Daune-Freund-Spach plot of viscosity data for
poly(BPA-iminocarbonate) under 0-state.

The curve in Figure 7 describes the dependence
of [nJs on M, according to the logarithmic relation
of Mark-Houwink equation. The shape of the curve
corresponds to that of the curve represented by
many semiflexible chain molecules. The slope esti-
mated from the lower than 1.3X10* g/mol was 0.78,
but reduced to 0.53 as M, increased. This type of
gradual diminution in slope is usually observable
from a semiflexible chain molecule that assumes
a less stiff chain character.'*"® Furthermore, accord-
ing to Daune et al.,"* the plot of M?*/[n] against
In M shows a curve bent upward when the chains
are partially flexible. As is apparent from the Figure
8, the experimental points were fitted to a smooth
line curved upward, providing a strong evidence
that BAPIC chains have partial flexibility.

Wormlike Chain Parameters. Since the fore-
going experimental results have shown that BAPIC
chains can be characterized in the framework of
the semiflexible chain model, it is desired therefore
to evaluate the conformational parameters based
on the wormlike cylinder theory which takes into
account three parameters including the shift factor
M,, the persistence length ¢, and the cylinder dia-
meter d'®7 According to this theory, [n] can be
expressed in terms of the parameters as follows:

(n]=(2q/My"*"M"*®(d/2q, M/2qM;) (1)

where ® is the Flory’s universal constant. However,
the validity of this equation was found impractical
because of the intricacy of the procedure to deter-
mine those parameters. Hence, Bohdanecky'® and
Bushin et al*® modified eq. (1) independently into
a more simplified and useful form. According to
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Fig. 9. Bushin-Bohdanecky plots of M?/[n]** vs. M

for poly(BPA-iminocarbonate) in THF-n-hexane and

DMF at 30 TC.

them, [n] can be expressed in a very good approxi-
mation under certain conditions for L/2¢ and d/2q
by

WM/(n )P =0 PAM, + D..”“By(2/M) "M (2)

with ®..=2.87X10%® mol ! and 2g/M,=6(<S*>,/
M)... Here Ay and B, are functions of d/2q and
are tabulated in the paper disclosed by Bohdanecky.!®
Therefore, the plot of (M?/[(n1)"* vs. MV? will give
directly M;, q and (<S?>¢/M).. to a good approxi-
mation, if there is no significant excluded volume
effect on [n]2®

The linear dependence of (M?/[n1)'® on M2 de-
picted in Figure 9 corroborates that the present
data obtained from the system of BAPIC-0-solvent
or BAPIC-DMF well agreed with the theoretical
prediction within the experimental error range. The
intercepts and slopes of the straight line in Figure
9 were 55 g cm™! and 1.82 g'® cm’ ', respectively,
for O-system, and 66 g"*cm~! and 1.67 g"%cm ! for
DMF system. These values in turn gave M,’s, ¢’s,
and unperturbed molecular dimensions, which are
summarized in Table II along with the published
values of some other typical semiflexible polymers
for comparison.

However, since the Bushin-Bohdanecky plot can
provide only two relations among M,, ¢, and d, ad-
ditional experiment is essential to obtain the third
parameter. In connection with this third relation,
Tsuji ef al.?' proposed a reliable empirical equation
expressed as

v=nNd’/AM, 3

Table II. Wormlike-chain Parameters of Poly(BPA-iminocarbonate) and Some Other Typical
Semiflexible Polymers

Polymer Solvent () (SH¢/M nm * M, nm ' g nm d nm  Ref.
Schizophyllane Water(25) 2150 200 22
Poly(hexylisocyanate) Hexane(25) 715 42 23

Toluene(25) 740 37 24
Poly(p-benzamide) 96% H.SO, 198 40~60 25
Poly(1-phenyl-1-propyne)  Cyclohexane(36) 480 3.8 12
. Chloroform(25) 330 3.7
PPDF* N-methyl-2-pyrrolidon(25) 330 33 26
BAPIC’ THF-n-Hexane(30) 1.205%107¢ 473 1.71 0.92
DMF(30) 1.44X10 * 529 2.29 0.97
. THF(25) 241 1.59 0.77
Poly(BPA carbonatey TCE-Tol(25) 22402X10 * 259 161 o079 X

¢ Poly(phthaloyl-trans-2,5-dimethylpiperazine).
¢ Bisphenol A Poly(iminocarbonate).
 Bisphenol A Polycarbonate.

98

Korea Polym. J., Vol. 3, No. 2, 1995



Synthesis and Molecular Characterization of Bisphenol A Poly(iminocarbonate)

Fig. 10. Schematic structure based on the possible
cyclization due to the hydrogen bonding between nei-
ghboring imino groups.

®: Nitrogen atom and O: Oxygen atom.

which assumes the hydrodynamic volume occupied
by one gram of a wormlike cylinder is equal to
the partial specific volume 7 of the polymer. This
relation has been confirmed very useful, particular-
ly for those polymers exhibiting weak chain stiff-
ness.” The cylinder diameter d derived from this
relation was found to be 0.92 nm for the 6-system.

A comparison of the wormlike chain parameters
listed in Table II makes it clear that the chains
of BAPIC can be regarded as semiflexible. In terms
of chain rigidity ¢, BAPIC chains appeared far less
stiff than such a typical semiflexible polymer as
poly(hexyl isocyanate), but definitely stiffer than
atactic polystyrene(g=1.13 nm)*® which is known
as a representative random coil polymer. In addi-
tion, BAPIC shows a slightly higher value of ¢ than
BPA polycarbonate, which suggests the local confor-
mations of the two polymers may differ from each
other. Hence, the lengths of monomeric projection
h to the chain contour for btoth the polymers have
been estimated by using the relation h=M,/M, ,
where M, being the molecular mass of the mono-
meric unit. The value of 0.54 nm found for the
@-system is much higher than the length of pitch
per monomer for 8; helix®, but is lower than 0.98
nm derived from BPA polycarbonate in the mixed
solvent of tetrachloroethane-toluene. This implies
that the local conformation of BAPIC chain assumes
neither the form of a-helix nor the type of simple
chain extension. The origin of diminution in 4 is
tentatively ascribed to the close cyclization in the
main chain due mainly to the intramolecular hydro-
gen bonding between neighboring imino groups, as
is illustrated schematically in Figure 10. It is well

Korea Polym. J., Vol. 3, No. 2, 1995

known that a cyclization usually increase the chain
rigidity by suppressing the rotation about valence
bonds. Examples of this effect are the polymaleini-
mide® and polyacenaphthylene.®® Moreover, the
smaller size of the unperturbed molecular dimen-
sion for BAPIC than BPA polycarbonate indicates
also that the chains are not fully extended but bent,
and thus supports the possibility of local hydrogen
bonding formation.

Conclusion

BPA poly(iminocarbonate), a biodegradable poly-
mer, was synthesized and its molecular conforma-
tion was characterized. M, obtained for the frac-
tions of the polymer varied from 4,000 to 62,300
g/mol. The [n]—M, relationships were found to
be well outside the Gaussian behavior. Hence, the
conformational characterization was carried out on
the basis of wormlike cylinder model. The chain
molecules followed the semiflexible chain behavior
exhibiting weak chain stiffness. Those wormlike
chain parameters elucidated from the unperturbed
state were: ¢g=1.17 nm, M; =473 nm!, and d=0.92
nm. Furthermore, both the length of monomeric
projection to the chain contour and the unperturbed
molecular dimension supported the possibility of
local intramolecular hydrogen bonding between
neighboring imino groups which can allow the
chains to have chain stiffness.
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