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ABSTRACT

Poly(ester-anhydride)s, PEA's, built up by 50 mol% ester and 50
mol% anhydride groups were prepared by polycondensation of
0,0'-bistrimethylsilyl 4-hydroxybenzoic acid and various o,0—
alkane-dicarbonylchlorides. The polycondensations were conducted
either in bulk or in 1-chloronaphthalene. High yields (up to 94%)
were obtained under both reaction conditions, but the higher
inherent viscosities resulted from polycondensations in 1-
chloronaphthalene. IR- and 13C NMR spectroscopy revealed that
reaction temperatures above 200°C cause side reactions such as
transacylation and transesterification. Analogous series of
polycondensations were conducted with 0,0'-bistrimethylsilyl
vanillic acid. The resulting PEA's were amorphous, whereas the
PEA's derived from 4-hydroxybenzoic acid are semicrystalline.

INTRODUCTION

In recent years, the interest and research activities in any kind of more or
less biodegradable polymers have strongly increased. The two groups of biode -
gradable polymers which have already found application and are also most promis-
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ing for the future are: firstly, polylactones, particularly polyesters of lactic acid, and
secondly, starch and starch derivatives. A third group of polymers which may be
usetul for special applications are polymers containing anhydride groups. Numer-
ous polyanhydrides were synthesized and characterized over the past five decades
[1-5]. However, most polyanhydrides described so far, are homopolymers which
possess several characteric disadvantages, with regards to any practical application:

1) they are highly crystalline and insoluble in most, if not all, inert solvents

2) they are difficult to process from the melt, because of rapid degradation

3) they are highly sensitive to hydrolysis, and the rate of hydrolytic degra-
dation is difficult to adjust to the requirements of potential applications.

These difficulties can be overcome be syntheses of poly(ester-anhydride)s,
in particular, by those copolyesters containing a variable amount of anhydride
groups. In most previous parts of this series [7-11] we have reported on fully aro-
matic poly(ester-anhydride)s. The present work describes poly(ester-anhydride)s
based on 4-hydroxy benzoic acid or vanillic acid, on the one hand, and aliphatic
dicarboxylic acids, on the other hand. The aromatic hydroxy acids, were selected as
comonomers, because they raise the glass-transition temperature (T g) and because
they occur in the human metabolism, and thus, are harmless degradation products

[6].

EXPERIMENTAL

Materials

The aliphatic dicarboxylic acid dichlorides were purchased from Aldrich
Co. (Milwaukee, Wisc.) and purified by distillation. 4-Hydroxybenzoic acid and
vanillic acid were gifts of Bayer AG. They were silylated with an excess of
hexamethyl-disilazane in refluxing toluene [7] and were described in previous
publications [7, 12, 13].

Polycondensations
A} In Bulk

A silylated hydroxyacid (20 mmol), dicarboxylic acid dichloride (20 mmol)
and benzyltriethylammonium chloride (10 mg) were weighed into a cylindrical glass
reactor equipped with stirrer, gas-inlet and gas-outlet tubes. The reaction vessel was
placed into an oil bath preheated to 110°C. The temperature was then raised in steps
of 20°C according to the progress of the polycondensation. The liberated chloro -
trimethylsilane was removed with a slow stream of nitrogen. The reaction mixtures



361

(Buneay 1811y) UIL/DLOT JO 1B BULBIY € YIIM SHUSWAINSEIW DS WOL] ,

1/87=2 Yynm D,0T 18 YD HD Ul paInsesy
s1onpoid uonoes apnId Jo SpiAlL ©

8€L  0I'89 punoyg (6£'7€E) apuopyo

0€'L 9989  paEd O"H"D | v9| 1T LEO ¥6 vl ove [Aotpuedspop PT

699 SO'L9 Ppunog (FE€+0E)

0g'L 0I'L9  paed O"H"D | s9| 81| tTo 6 | 00T | opuopyo [Looeqas 37

96°S 1S'$9  punog (62°9L7)

¥8'S 1769  poed O"HD | 19| 12| 9¢€0 16 | 081 | opuopyo jAoreqns qr

10°S 0L'19 punoyg (€T'8¥0)

LY 0679 PIIED O“HYD | 9¢| €z| 810 68 SH| or1| spuoyo [Aodipe o7

H ) (ysrom-uuod) [ [D.] | [D.] | BnpY| [%] | [ul (D] 9pLIO[YIIP "ON
sosAjeue [pjuowoly | euuojwaly | LWL | oSL | o W[ GPRIA [ owi] | dway, | proeorhxoqreaq | wAjod

POLYANHYDRIDES. XI

ing ul SSpLIOIYdI(] proerqg
oneydi]y pue pIoy J10ZUdGAXOIPAH-{ PIR[AJLS JO suojesudapuodijod [ 419dV.L

TT0Z AJenuel $Z €G:€T @I Papeo juwod



13:53 24 January 2011

Downl oaded At:

362 KRICHELDORF AND GOMOURACHVILI

were kept at the maximum temperature (see Table 1) for at least 0.5 hours in vacuo.
The total time required for these polycondensations was in the order of 4-6 hours,
depending on the reactivity of the dichloride. The crude polyanhydrides were
mechanically isolated after cooling and characterized as crude materials.

B) In I-Chloronaphthalene

A silylated hydroxy acid (20 mmol), a dicarboxylic acid dichloride (20
mmol) and benzyltriethylammonium chloride (10 mg) were weighed into a 50 ml
three-necked round bottom flask and dissolved in dry 1-chloronaphthalene (15 ml).
The reaction vessel was placed in an oil bath preheated to 110°C. The temperature
was raised in steps of 20°C according to the progress of the polycondensation and
the maximum temperature was maintained for several hours (see Tables 2 and 4).
The liberated chlorotrimethylsilane was removed with a slow stream of nitrogen.
Finally the cold reaction mixture was diluted with CH ,Cl, (50 ml) and precipitated
into cold diethyl ether (500 ml). The dried polymer was again dissolved in CH,Cl,,
precipitated into cold diethylether and dried at 40°C in vacuo.

Measurements

The inherent viscosities were measured with an automated Ubbelohde vis-
cometer, thermostated at 20°C.

The IR-spectra were recorded on a Nicolet SXB-20 FT IR spectrometer.

The 100 MHz 'H NMR spectra were recorded on a Bruker AC-100 FT
NMR spectrometer in S mm o.d. sample tubes.

The 25.4 MHz 13C NMR spectra were recorded with the same spectrometer
in 10 mm o.d. sample tubes. Internal TMS served for shift referencing in all cases.

The DSC measurements were conducted with a Perkin Elmer DSC-7 in
aluminum pans under nitrogen.

The WAXD powder patterns were recorded with a Siemens D-500 diffract-
ometer using CuK g -radiation.

RESULTS AND DISCUSSION

Syntheses

As reported in previous publications [7, 8], aromatic poly(ester-anhydride)s
derived from 4-hydroxybenzoic acids were easily obtained by polycondensation of
the silylated 4-hydroxybenzoic acid with dicarboxylic acid dichlorides. Therefore, all
syntheses were conducted in such a way that 0,0'-bistrimethylsilyl 4-
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Figure 1. IR-spectra (films cost on NaCl) of the poly(ester-anhydride)s 1d
prepared at different reaction temperatures: A) 200°C, B) 240°C, C) 280°C.

hydroxybenzoic acid or 0,0'-bistrimethylsilyl vanillic acid were reacted with o, ®-
alkane dicarbonyl dichlorides (Equation 1). From previous syntheses of polyesters
and poly(ester-anhydride)s [7, 8], it was clear that chloride ions were needed as
catalysts. Furthermore, it was known that a temperature of 100°C was required as
minimum reaction temperature. Therefore, the only open question was the
maximum reaction temperature.

In order to find the upper limit of the reaction temperature three poly-
condensations of silylated 4-hydroxybenzoic acid with sebacoyl chloride were
conducted in bulk (method A), so that the final reaction temperature was limited to
200°C, 240°C or 280°C. The product (1¢) obtained at 280°C was not completely
soluble in CHClI, or tetrahydrofuran, and thus, NMR spectra were not recorded. The
IR-spectra (Figure 1), and the 13C NMR spectra (Figure 2) proved that significant
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Figure 2. 254 MHz 13C NMR spectra of poly(esteranhydride)s lg: A)
prepared at 200°C, B) prepared at 240°C.
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side reactions occured at 240 and 280°C. At 200°C, only acyl interchange reactions
had occurred in agreement with previous studies of other polyanhydrides 9. The IR
spectra of the PEA's prepared at 200°, 240°, or 280° showed that the CO-bands of
the anhydride groups at 18114£5¢m -1, 1782+5cm -1 and 17655¢m-1 loose intensity
with increasing reaction temperature. However, the side reaction responsible for this
trend were not elucidated. When other dicarboxylic acid dichlorides were used, it
was learned from repeated polycondensations that the maximum temperature which
could be used to prevent major side reactions depends largely on the reactivity of the
dicarboxylic acid chloride. Whereas 240°C was still useful in the case of dodecane-
dioyl dichloride the temperature had to be lowered to 110°C in the case of succinyl
chloride. The reaction conditions and the results of the most successful poly-
condensation experiments conducted in bulk are compiled in Table 1.

ci®
Me3Si—O@COZSiMe3 + CIOC-—(CHg)n—COCI—(—-——)~>
-2 MejSiCl
1
O@CO—O—OC—(CHZ)n—CO M

n
la-d
a:n=4 ¢c: n=§
b: n=6 d: n=10
CH;0
0] CO—O0—0OC—(CHy)n—CO
! )
2a-¢
a n=2 c: n=6 e: n=10
b: n=4 d: n=8
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An analogous series of polycondensations was conducted in 1-chloronaph-
thalene which is a good inert solvent for numerous polyesters. The reaction condit-
ion and results are summarized in Table 2. Despite the lower concentration of the
reactants higher molecular weights (viscosities) were obtained for the PEA's 1b-1d.
In the case of 1a' the inherent viscosity was the same as that of 1a prepared in bulk.
A comparison of the PEA's prepared by methods A or B also revealed that the
yields, the elemental analyses and the TH NMR spectra were nearly identical. More
detailed information was extracted from the 13C NMR spectra (Figures 2 and 3). As
demonstrated previously[14, 15] the CO-signals are particularly sensitive to
sequence effects and may indicate transacylation and transesterification reactions. In
the case of 1¢ and 1 d the counterparts 1¢ and 1d' gave nearly the same spectra as
illustrated in Figure 2. These 13C NMR spectra proved that the polycondensations
were accompanied by intensive transacylation reactions, so that an equilibrium
between homo- and heteroanhydride groups was obtained. However, significant
differences were detectable when 1a was compared with 1a' or 1b with 1 b' (Figure
3). Whereas the spectra of 1a and 1b resembled those of 1c and 1d, the spectra of 12’
and 1b' indicated that further interchange reactions (most likely transesterification)
had occurred. The spectrum of 1b' prepared at180°C) resembled the spectrum of 1b,
when prepared at 2406°C (Figure 2). Particularly conspicuous is the reduced
concentration of the mixed anhydride groups. As discussed below, these differences
in the chemical structure have consequences for the properties of 1a' and 1b'.

Two more series of PEA's (2a2e and 2a'-2¢') were prepared by
polycondensation of silylated vanillic acid with aliphatic dicarboxylic acid dichlor-
ides. Again method A and method B were applied, and the reaction conditions and
results compiled in Tables 3 and 4. High yields were obtained by both methods.

With exception of [a' the elamental analyses were satisfactory in both series, and the
I'H NMR spectra were identical. The inherent viscosities did not show a clear

tendency. Slightly higher values were obtained by method A for 2b and 2¢, whereas
method B gave higher values for 2¢' and 2d'. Furthermore, the 13C NMR spectra of
both series of PEA's were nearly identical. Transacylation had occurred in all
polyconden-sations. A trend towards additional interchange reactions was detectable
for the more reactive acid chlorides.

Thermal Properties

All PEA's were subjected to DSC measurements with a heating and cooling
rate of 20°C/min. A somewhat surprising result was found for the PEA's derived
from 4-hydroxybenzoic acid, because all those PEA's proved to be semicrystalline
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Figure 3. 254 MHz 13C NMR spectra of A) PEA 1band B) PEA 1b'.

regardless fo the synthetic method. One melting endotherm in the temperature range
of 56-65°C was observable in the first heating curve of 1a-1d, the intensity of which
was reduced in the second heating trace. Furthermore, the glass-transition steps
(Tg's) were found in the temperature range of 18-23°C. Surprisingly, no clear-cut
trend toward lower Tg's or Tm's was detectable, when dicarboxylic acid with
longer aliphatic chains were used for the syntheses.Whereas, the Tg's of the PEA's
1a'-1d' were similar to these of 1a-1d the Tm's of 1b-1d' interesting deviations. Not
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Figure 4. DSC measurements (heating/cooling rate 20°C/min) of PEA 1b'
prepared in l-chloronaphthalene: A) first heating, B) first cooling, C) second
heating.

only was the strongest melting endotherm shifted to higher temperatures (70-80°C),
a second, albeit weaker endotherm was present in the heating traces of 1a' and 1b'.
(Figure 4). This difference (when compared with 12 and 1b) is also reflected in the
WAXS powder patterns. As illustrated by Figure 5, the crystallinity of 1a' and 11’
was higher than that of 1a and 1b. A speculative explanation of these results is based
on the assumption that 12’ and 1b' contains dimmeric blocks of 4-hydroxybenzoyc
acid (Equation 3) resulting from transesterification.

—CHz-CO—O—©—CO-O—©—CO—O—CO—©—O—CO—CH2—
3)

Both DSC measurements and WAXS powder patterns of all PEA's pre -
pared from vanillic acid proved that these polymers are completely amorphous. In
contrast to the thermal properties of the PEA's of 4-hydroxybenzoic acid and the
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Figure 5. WAXD powder pattern of: A) PEA la prepared in bulk, B) PEA
1a' prepared in 1-chloronaphthalene.

PEA's 2a-¢ and 2a-2¢' display a clear trend of the Tg's, which decrease with
increasing lengths of the dicarboxylic acids. However, it is difficult to understand
why the Tg's of 2d,¢e (or 2d',e") are lower than those of 1¢.d (or 1¢',d).

CONCLUSION

The polycondensation of silylated 4-hydroxybenzoic acid or vanillic acid
with aliphatic dicarboxylic acid dichlorides allows the syntheses of poly(ester-
anhydride)s consisting of nontoxic degradation products. Polycondensation in 1-
chloronaphtalene yields in most cases slightly higher molecular weights, but side
reaction may be more pronounced. Regardless of the reaction medium, the max -
imum reaction temperature needs careful optimization. The PEA's derived from 4-
hydroxybenzoic acid differ from the amorphous PEA's of vanillic acid by their
semicrystalline character.
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