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The thermal decomposition of poB(-malic acid), poly&-methylj,L.-malate), and ionic complexes of the polyacid

with alkyltrimethylammonium salts was studied by TGA, GPC, and FTIR and NMR spectroscopy. It was found
that poly(3,L.-malic acid) depolymerized above 20Q by an unzipping mechanism with generation of fumaric

acid which is then partially converted in a mixture of maleic acid and anhydride. On the contrary, random scission
of the main chain was found to happen in the thermal decomposition ofopatgthyl 5,L.-malate). On the other

hand, ionic polyg,.-malate)s degraded through a well defined three-stage process, the first one being
depolymerization of the poly(malate) main chain along with decomposition of the ionic complex. Decomposition
of the previously generated alkyltrimethylammonium salts followed by unspecific cracking of the resulting
nitrogenated compounds happened at higher temperatures. Mechanisms partially explaining the decomposition
processes of the three studied systems were proposed according to collected data.

Introduction Scheme 1. Chemical Structure of Poly(malic acid) and
Poly(malate)s Studied in This Work

Poly(malic acid) (PMLA) is a carboxylic-functionalized

polyester that may be produced by chemical synthesis or by 1° ° ©

biological fermentation by myxomycetes and certain filamentous o o o o

fungi. Botha- andg-structures, either racemic or optically pure, COOH CcooMe cooy

may be obtained by chemical methods whereas microorganisms Me@r:u—mHz)n_pHs
exclusively produce polyL-malic acid) of extremely high Me | -14t022
optical purity! Since production costs by both methods are fairly PMLA PAALMA DATMAPMLA

high, PMLA is hardly accessible and its properties and applica-
tions have not been extensively investigated so far. Neverthelesssoluble in organic solvents, but not in water. These comblike
PMLA is a perfectly biodegradable and biocompatible polymer ionic poly(malate)s adopt a biphasic amphiphilic nanostructure
with exceptionally good features to function as a drug carrier that melts reversibly at 3680 °C and that may lodge hydro-
to which tissue-specific tags can be covalently attached. Thus,phobic drugs within the paraffinic subphase.
a PMLA-based nanoconjugate consisting of several functional The development of new derivatives of PMLA capable of
modules and being able to cross the blebdain barrier (BBB) being processed by thermal methods has created the need for
has been recently reported for brain cancer chemothérapy.  knowledge on their thermal behavior. However, the information
PMLA is readily water-soluble and is hydrolyzed very fast that is available at present on thermal stability and the nature
in aqueous environment, unless special precautions are takenof degradation products of PMLA and its derivatives is
The hydrolysis of synthetic PMLA has been extensively studied extremely scarce. Holler reported in 1997 that PMLA produced
by Braud and Ver. Blocking the carboxylic side groups of by Physarum polycephalumiecomposed above 20€.° and
PMLA has been a strategy conveniently used to modify its more recently, a brief study based exclusively on FTIR analysis
properties and simultaneously to slow hydrolysis. Methylation stated that fumaric acid was the main product that originated
of PMLA with diazomethane renders polymethyl3,.-malate) when PMLA was heated at 24C under an inert atmosphete.
(PAALM-1) neutral, which is a non-water-soluble crystalline Somewhat different data were given for PMLA produced by
product that melts around 15@ without significant decom- Aureobasydiunstrains® Regarding poly(malate)s, both covalent
position4 PAALM-1 is an interesting derivative of PMLA that ~ and ionic, data are restricted to TGA parameters recorded by
displays a completely different pattern of properties, assumed routine essays. This situation is in high contrast to that given
to retain the good biological behavior of the parent polyacid. for poly(3-hydroxy alkanoate)s, a related class of aliphatic
Coupling of PMLA with cationic surfactants of the ammonium polyesters, whose thermal degradation behavior has been
salt type bearing long alkyl chains has been applied to produceextensively examine:12 In this work, a detailed study on the
stoichiometric ionic complexesnATMA -PMLA), which are  thermal degradation of PMLA, PAALM-1, amtATMA -PMLA
complexes is carried out using a combination of analytical
* Corresponding author: sebastian.munoz@upc.edu. techniques. The purpose is to cha_racterize the thermal b(_ahavior
t Universitat Politenica de Catalunya. of these compounds and to elucidate as deep as possible the
* Institut fur Biophysik und Physikalische Biochemie der Univeisita ~ reaction mechanisms underlying the degradation processes.

10.1021/bm060710i CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/24/2006
CDhVv



3284 Biomacromolecules, Vol. 7, No. 11, 2006 Portilla-Arias et al.

Table 1. Data of Compounds Studied in This Work 0 o
compound M2 PD? Tm? (°C) - g.
PMLA 36200 1.25 216 2
PAALM-1 33000 1.40 151 s
NATMA-PMLA L -0 g
14ATMA-PMLA 106000 1.25 n.o. = %
16ATMA-PMLA 115100 1.25 30 % a
18ATMA-PMLA 123800 1.25 48 i 3
20ATMA-PMLA 132400 1.25 60 £ (28
22ATMA-PMLA 141100 1.25 71 8 =
18ATMA-Br 404 107 & ;
a\Weight-average molecular weight (M,) and polydispersity (PD) I -30 3‘
determined by GPC. Values for complexes calculated from PMLA data
taking into account the increment of mass due to stoichiometric complex-
ation. » Melting temperature for ammonium salts refers to melting of the 0 T T T T T T T T T T
paraffinic phase. 100 200 300 400 500 600
a) Temperature (°C)

Experimental Section

100

PMLA used in this work was obtained spectroscopically pure by
cultivation of Physarum polycephaluand subsequent purification as
described in detail elsewhet&lethylation of PMLA was accomplished
according to a previously reported method based on the reaction with
diazomethané.Stoichiometric complexesATMA -PMLA were pre-
pared by mixing PMLA and the corresponding alkyltrimethy ammonium
bromidesnATMA -Br, with n = 14, 16, 18, 20, and 22, according to
previously described procedureThe main features of all these
compounds in relation to the present study are given in Table 1.

Infrared spectra were recorded using a Perkin-Elmer FT2000
instrument provided with a heating device. Typically 800 mg of 204
dried KBr and the appropriate amount of sample were ground
extensively, and the disk was prepared in the usual way. Gel permeation
chromatography (GPC) was performed using a Waters equipment 100 ' 200
provided with a multimode Wyatt light-scattering detector. NMR spectra b) Temperature (° C)
were recorded on a.Bruker AMX-300 NM_R_ |nstrument with §amples Figure 1. TGA traces of PMLA. (a) TGA trace recorded at the heating
dissolved in CD, either pure or after addition of trifluoroacetic acid, rate of 10 °C-min—1 and its corresponding derivative curve. (b) TGA
and using TMS as internal reference. Sample concentrations of aboutyaces recorded at the indicated heating rates.

1% (w/v) were used for these analyses. Both PMLA and PAALM-1

were chromatographed using 0.005 M sodium trifluoroacetate  inor shoulders at 220C and 270°C indicating that the
hExalﬂutolr O'Z'thptagO' (.NaTFA]:HFt'.D D, _agd mOIGCUI;;‘(‘;";f'%mlssc‘)"’ere decomposition process apparently involves three differentiated
a Sofjle y estimated using a refractive index increm : steps with weight losses of 20, 80, and 97% of the initial value,
mL-g~%, which was previously determined for the PAALM-1-HFIP respectively. The effect of the heating rakavithin the 2-30
Syiﬁ?ﬁermogra\/imetw (TGA) experiments were carried out in a °C-min~!range is depicted in Figure 1b. As expected, the traces
are moved to higher temperatures for increasing heating rates,

thermobalance Perkin-Elmer TGA6 under a circulating nitrogen flow. h he th d o . .
Sample weights of about 15 mg were used in dynamical experiments.W ereas the three-stage decomposition pattern remains practi-

Samples were heated from ambient temperature to°608t heating cally unmodified.
rates of between 2 and 4C-min—* were used, and sample temperature ~ 1he volatile and residual products generated in every step of
and weight were continuously recorded. Conversely, isothermal essaysthe thermal degradation of PMLA were analyzed by FTIR and
were carried out with sample weights of 40 mg in order to provide NMR spectroscopy and by size exclusion chromatography. The
sufficient amounts of residual product for subsequent spectroscopy andonset of decomposition was characterized by following the
chromatography analyses. For the analysis of volatile emanating from changes that were seen in the FTIR spectra recorded at
decomposition, pyrolysis was performed using larger amounts of increasing heating from room temperature up to 2@ at
samples in a flask provided with a coldfinger to collect the condensed intervals of 5°C. Selected spectra are compared in Figure 2
gases. demonstrating the occurrence of significant changes within the
200—-220°C range. Around 210C, absorption bands at 1270,
Results and Discussion 1010, and 645 cm characteristic of fumaric acid started to
appear whereas the absorbance at 1045 @rising from the
Thermal Degradation of PMLA. The TGA trace for PMLA  stretching of the €0—C main chain group decreased. Such
recorded at a heating rate of 2C-min~1 under circulating changes were accentuated upon further heating to the point that
nitrogen is shown in Figure 1a. The weight loss concomitant to the spectrum of fumaric acid was only observable at the end of
degradation is seen to occur between 200 and qD0the experiment.
residual material left at the end of the treatment being ap- To analyze the degradation products that were generated at
proximately 3% of the initial mass. The10% of weight loss each stage, PMLA was subjected to isothermal heating at 200,
that is observed at temperatures below 16CGorresponded to 220, and 240°C, and volatiles produced at each stage were
the release of water absorbed in the PMLA sample. The collected for weight losses of 20, 80, and 97%, respectively.
derivative curve consists of a main peak at 245 with two ThelH NMR spectra of these volatiles and the residual mat%Bk/
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dehydration of maleic acid to anhydride is reported to occur at
temperatures close to 22C€ .12 In a separate experiment, pure
fumaric acid was subjected to the same thermal treatment
applied to PMLA. It was found that the gas released upon
decomposition of fumaric acid consisted of a mixture of the
same three components in approximately the same proportions
as in the thermal decomposition of PMLA. These results
strongly suggest that maleic acid present in the volatiles released
by PMLA resulted from the isomerization of fumaric acid rather
than being directly produced in the decomposition of PMLA.
Since maleic acid is more volatile than fumaric acid, the slope
increase of the TGA trace observed at the second stage can be
simply due to the faster evaporation of maleic acid. The decrease
in the decomposition rate observed by TGA in the third stage
could be due to the slower evaporation of the mixture caused
by the presence of anhydride maleic, whose formation from
maleic acid is favored at higher temperatures.

The GPC analysis of the residue remaining after heating
PMLA afforded extremely valuable information about the
degradation mechanism. In Figure 4, thi of the residual
material left after heating at 220C is plotted for remaining
weights of 75, 50, and 25% of the initial sample. The decay in
molecular size with conversion is approximately linear with a
slope close to one. This fact, together with the evidence provided
by NMR that the constitution of the residual polymer remained
unaltered throughout the whole degradation process, allows us
to offer a mechanism for the thermal degradation of PMLA
consisting of an end-of-chain unzipping reaction. Depolymer-

generated in each stage are compared in Figure 3. Results shovzation would take place with the release of fumaric acid and
that PMLA decomposed in the first stage, giving fumaric acid gradually decrease of the polymer chain length, as depicted in
and leaving a residue that is spectroscopically undistinguishableScheme 2. Certain polyesters such as poly(caprolactone) are

from the original PMLA sample. A mixture of fumaric and

known to degrade by such a type of mechanism with generation

maleic acids was released in the second stage, the residuapf caprolactoné? The same degradation model has been
material being a mixture of fumaric acid and PMLA. No residual reported for the thermal decomposition of poly(lactic acid), a

material was left after heating at 240, and the volatile material

polyester bearing a methyl side group on thearbon!® The

generated at this stage consisted of maleic acid accompaniedact that fumaric acid instead of malic acid is produced in the
by minor amounts of fumaric acid and maleic anhydride. The thermal decomposition of PMLA is consistent with the occur-

interconversion of maleic acid to fumaric acid is a well-known
isomerization process that takes place above 200 and
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Figure 3. 1H NMR spectra of products resulting from the thermal degradation of PMLA. at the indicated temperatures. (a) Released gases. (b)

Residual products.

Ccbv



3286 Biomacromolecules, Vol. 7, No. 11, 2006

18000
16000 —
14000 -
12000 -

10000
PMLA

Mn

8000 —

6000+ PAALM-1

4000

2000
A )

—e

T T T T T T T T T
10 20 30 40 5 60 70 80

Lost Weight
Figure 4. Evolution of the number-average molecular weight of the

residual product left in the thermal degradation of PMLA and PAALM-
1.

Portilla-Arias et al.

Af(o)

doar] ~ ERT

InB=1In 1)

The Ozawa plots obtained for three degrees of conversion
within each of the three degradation stages are shown in Figure
5a. Isoconversional lines are nearly parallel assessing the
applicability of the method to the system under study. The
Kissinger method? which calculates the activation energy from
plots of the logarithm of the heating rate versus the inverse of
the absolute temperature at which the decomposition rate is
maximum for each stage, was also applied. Kinetic parameters
are summarized in Table 2 showing that similarvalues
showing similar trends were obtained by both methods. It should
be stressed that very close values of the activation energy
resulted for the three decomposition stages. This is consistent
with the occurrence of a unique thermally decomposition
mechanism for the whole degradation process. The fact that a
three-stage process appears reflected in the TGA traces could
be simply the result of differences in the evaporation rate of
the gases released in each of the three decomposition stages. It
should be noted that tHe values resulting in this study are of

butyrate), a linear polyester with the same backbone as PMLA the same order as those reported for poly(hydroxy alkanoate)s

but bearing a methyl side group instead of the carboxylic group,

when determined using the same thermogravimetric methods

which is reported to degrade by a random main chain scission ¢ significantly lower than those obtained by applying the

mechanism based on aisg elimination yielding short hy-
droxyacid oligomer§:12

To analyze the kinetics of the degradation mechanism
occurring in PMLA, the activation energy was evaluated for
the three stages outlined in the TGA traces shown in Figure 1.
First, the isoconversional method of Ozawa, Flynn, and Wall
(OFW) was used® This method assumes that the conversion
function f(at) does not change with the heating rate. Tempera-
tures corresponding to fixed valuesmfn experiments carried
out at different heating rate§ are measured. Plotting |B
against 1T according to eq 1A is a preexponential factor
independent of andRis the gas constant) should give a straight
line, the slope of which are directly proportional to the activation
energyE. If the activation energy is the same for the various
values ofa, the occurrence of a single-step reaction can be
ascertained. On the contrary, a changk imith the conversion
degree is indicative of the occurrence of a complex reaction
mechanism.

Arrhenius equatiof?

Thermal Degradation of PAALM-1. The thermal degrada-
tion of the methyl ester of PAALM-1, polg-methyl g,L-
malate), was studied by applying the same methodology used
in the study of PMLA. At contrast to the results obtained for
the polyacid, the TGA trace of PAALM-1 (Figure 6) shows a
sigmoidal progression of the weight loss from the onset to the
almost total disappearance of the polymer. The maximum
decomposition rate appears at 2% a temperature just a few
degrees above that observed for PMLA when heated at the same
rate. The effect of heating rate on decomposition was similar
for the two polymers, i.e. TGA traces moved to higher
temperatures with increased heating rates without significant
modification of the shape. Ozawa plots built from these data
(Figure 5b) display similar features to those displayed by PMLA
plots. The activation energy afforded by this analysis was
approximately 80 kdnol™%, and essentially the same value
resulted when the Kissinger method was applied. As it can be

Scheme 2. Unzipping Mechanism Operating in the Thermal Degradation of Poly(malic acid) by Successive a,f Elimination Reaction?
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Figure 5. Ozawa plots for TGA traces of PMLA (a) and PAALM-1 0.1
(b) for the indicated conversion degrees. o
Table 2. Kinetic Parameters of Thermal Degradation of PMLA = 1 404
and PAALM £
£ o (.5
Tt Twbowe  E E® g .06
compound step Aa? (°C) (°C) (%) (kJmol~1) (kJ mol~1) =y L07
9o 06 :
PMLA .08
1 0.0-0.14 191 232 13.7 82.8 81.9 s
2 0.14-0.86 232 268 67.9 92.5 86.3 '
3 0.86-1.0 268 310 155 987 92.6 i . . . .
PAALM-1 0.0-1.0 220 260 98 81.2 80.1 15 1.7 19 21 2.3 25
b 1000/T (K™)
2 Interval of conversion. Conversion calculated in term of mass loss )
asa= (Wo — W)/ (W, - W), where Wp, W, and W., are, respectively, Figure 6. TGA trace of PAALM-1 recorded at the heating rate of
the initial weight, the actual weight, and the final weight at the end of the 10 °C-min~! and its corresponding derivative curve.
degradation process. ? Initial and final temperature of the step determined
at 10 °C-min~1. ¢Weight lost (%) at each step at the heating rate of b a
10 °C-min~1. Char yield = 2.9%. ¢ Average activation energy determined H COOCHs a
by the Ozawa method. ¢ Activation energy determined by the Kissinger o, c=c
method. 0=¢ "g=0 bW Hooc MW
/C=C 1 b
seen in Table 2, such a value & is very close to that ¢ | J
determined for the first decomposition stage of PMLA. It can
be concluded therefore that, as in the case of PMLA, it is the
volatility of the released compound that determines the degrada-
tion kinetics of PAALM-1. J ]
. . . . . b) e
The infrared spectra obtained for progressively increasing OCHs
temperatures revealed changes in PAALM-1 comparable again H0
to those observed for PMLA, the onset of decomposition -go-CH-cuz-'c?-)
appearing at a temperature only a few degrees below that for EoocH, CH CHe
the polyacid. On the contrary, results obtained by NMR and 4 A
GPC analysis concerning both composition of degraded products 72 68 | 64 | 60 | 56 | 52 | 48 | 44 | 40 | a6 ' 32 | 28 |
and molecular weight of the degraded polymer were clearly . ®pm) _
different for polymalic acid and the polymalate. THé NMR Figure 7. 1H NMR spectra of products resulting from the thermal

: ; Py degradation of PAALM-1. (a) Original polymer. (b) Residual polymer.
spectra of the volatile products, residual polymer, and original (c) Released gases. The intensity of the peak at 3.3 ppm arising from

PAALM-1 are qompared in Figure 7. As it could be expected the water present in the solvent which is more apparent for lower

from the chemical structure of the polymer, the released gas sample concentrations.

was composed of methyl fumarate accompanied of a minor

amount of maleic anhydride. Th#1 NMR spectrum of the  (hydroxy alkanoate)31° The occurrence of secondary cycliza-

residual material reveals the presence of chemically alteredtion reactions due to intramolecular transesterifications cannot

PAALM-1 containing the double bonds of crotonic acid together pe discarded despite the lack of evidence for the presence of

with a considerable amount of retained methyl fumarate. cyclic products. A plausible mechanism for the thermal decom-
The GPC analysis of the residual material for different position of PAALM-1 according to the experimental data

conversion degrees showed a rapid decrease of the polymer sizelescribed above is depicted in Scheme 3.

since the earliest stages of decomposition, the number-average Thermal Degradation of NATMA -PMLA Complexes. The

molecular weight falling to approximately 1000 for a sample TGA traces for the whole series 0ATMA -PMLA showing

weight loss of 10% (Figure 4). Combined NMR and GPC results the mass loss as a function of temperature recorded at a rate of

indicated that thermal degradation of PAALM-1 must be 10°C-min~!are compared in Figure 8a. In all cases, the traces

explained by a random main chain scission mechanism basedshow three decomposition stages, which become clearly dif-

on thea,-elimination reaction of the type described for poly- ferentiated in their respective derivative curves, as it is iIIustr%B({/
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Scheme 3. Mechanism of Thermal Decomposition of Poly(a-methyl, 3,.-malate) Based on Random o, Elimination Reaction?
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Figure 8. (a) TGA traces of nATMA-PMLA complexes recorded at

the heating rate of 10 °C-min~1 (nvalues indicated at labels). (b) TGA
trace of 18ATMA-PMLA and its corresponding derivative curve.

in Figure 8b for the case of 18BATMARMLA. Maximum rate

Table 3. Thermal Decomposition Data of Poly(malic acid) and
Poly(malates)?

compound °T4P (°C) T4¢ (°C) % W (%)

PMLA 215 220/245/270 80/20/5
PAALM-1 210 251 2
nATMA-PMLA

14ATMA-PMLA 219 242/250/416 69/25/6

16ATMA-PMLA 224 242/261/416 71/23/6

18ATMA-PMLA 232 245/271/416 73/22/6

20ATMA-PMLA 234 243/290/414 75/20/5

22ATMA-PMLA 236 245/299/415 76/19/5
18ATMA:-Br 200 278/370 20/5

aData from TGA recorded at 10 °C-min~1. ® Onset decomposition
temperature measured for 5% loss of the initial weight. ¢ Maximum rate
decomposition temperature. ¢ Remaining weights at the end of the
respective three decomposition stages.

residual material are collected in Table 3 for the whole set of
complexes. The onset temperature increases steadily with the
length of the surfactant alkyl chain. Whereas first and third
stages occur at temperatures essentially constant along the series,
the temperature of the intermediate stage increases steadily with
the length of the alkyl group. Mass losses taking place in the
first stage are between 30 and 25% with values decreasing as
the length of the alkyl chain increases. Mass losses between 45
and 55% occur in the second stage with a trend opposite to
that observed in the first stage. The mass losses in the third
stage are within the 1520% range, showing a slight decrease
with the size of the alkyl chain. The residual material remaining
at the end of the process amounts t6886 of the original mass

for all the complexes.

In support of the results obtained for the thermal degradation
of NATMA -PMLA complexes, the pyrolysis of the surfactant
salt 18ATMA-Br was carried out, and the resulting products
were examined by NMR spectroscopy. The TGA traces for this
salt (results not shown) revealed a decomposition process
consisting of two well differentiated stages with maximum
decomposition rates at 27& and 370°C, respectively. The
first stage appeared to be a complex process that accounted for

temperature values for the three steps as well as the weights ofapproximately 85% of mass loss. The residual material Ie&s{l
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upon heating at 280 °C. +

COOH
, , ) ) =~ HO®

this stage was composed mainly of a mixture of dimethyl- and pooc e

octadecylmethylamines, indicating that decomposition of the salt Me=N—(CH2)n.1CHs
Me

takes place through multiple molecular scissions and rearrange- =\
ments. Partial volatilization of the formed amines aided by the HOOC¢ |, COOCH
carrier effect of the nitrogen circulating gas may account for L-HQO + *

the large weight loss at this stage. The residual material left CHy~(CHy) (CH=CH, MesN-(CHy)._1CHy + MeOH
after heating at 350C contained almost exclusively the less  od__to NMes + HaO o e
volatile octadecylmethylamine. These results are in agreement
with those obtained by Xie et &.in the study of the pyrolysis
of 18ATMA-Cl by GC-MS analysis, who also reported the
presence of alkyldimethylamines in the volatile products.

By analogy with the TGA trace obtained for PMLA, the sharp
decomposition step afATMA -PMLA showing the maximum
rate between 242 and 24%C should correspond to the
decomposition of the polyester main chain. In fact, tHe&NMR

2° stage

)

N

Qo

3° stage

nitrogenated compounds

Thermal decomposition of the trimethyloctadecylammonium
hydroxide is expected to proceed by a reaction mechanism based
on the Hofmann elimination reaction with generation of
trimethylamine and 1-octadecene. The presence of this alkene

analysis of the gases released upon heating 18ATIALA was in fact detected in the volatiles released upon heating the
at 230°C were found to consist of a mixture of fumaric acid cOMPlex at 260C, which demonstrated the occurrence of the

(15%), maleic (65%) acid, and maleic anhydride (20%), which Hofmann reaction during the second decomposition stage

is very similar to that found for the decomposition of PMLA. (Flgqre 9c). The reS|dua_I matenall left after this treatment
The IH NMR spectra of the residual material resulting from consisted of a complex mixture of nitrogenated compounds of

. S : : . difficult spectroscopic assignment. The third decomposition step
this decomposition indicated that it consisted mainly of alkyl- .
trimethylammonium salt, most likely in the hydroxide form that chcurfr(;(]d abtove 30$IZd|s tf&ougt;hlt ]E,? rf:torr?hspond t% tr,][e
(Figure 9). It is known thahATMA -PMLA complexes bind Zrac Ir;_glo e;" rogenate }:l))ro uctsle tz)il er esecgnf S etlge.
firmly up to about 2 mol of water per repeating uhitfhis partal mechanism can be reasonavly proposed for the

absorbed water cannot be removed by standard methods, an&lecomposmo_n OPATMA -PMLA chpI_exes (Scheme 4) in

its presence is accounted by elemental analyses and also in th@greement with all data recorded in this study.

1H NMR spectra as a broad signal at 2.8 ppm. Decomposition

of nATMA-PMLA showed concommitance with the first Conclusions

decomposition stage observed for octadecyltrimethylammonium

bromide. In fact, a minor amount of octadecyldimethylamine  The degradation processes that occur upon heating poly(malic
is observed together with the ammonium salt in the spectra acid) and polymalates have been characterized by combining
shown in Figure 9b. Experimental weight losses observed for experimental data obtained by TGA, GPC, and FTIR and NMR
the first decomposition step and weight losses calculated for spectroscopy. The underlying molecular mechanisms have been
the disappearance of the main chain by depolymerization arepartially outlined. The main conclusions are the following:
compared in Figure 10 for the whole set of complexes. An  (a) Decomposition of polyL-malic acid) (PMLA) by heating
excellent correspondence between the two series of data isunder inert atmosphere starts at temperatures neafQ@hd
observed with differences between them being within the range evolves by an unzipping depolymerization mechanism with
of experimental error. generation of fumaric acid. Maleic acid and maleic anhydrd'ﬂ_gv
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found in the released gases are produced by isomerization and (4) Ferriadez, C. E.; Mancera, M.; Holler, E.; Bou, J.; Galbis, J. A;
anhydridization of the initially formed fumaric acid. Mufoz-Guerra, SMacromol. Biosci2005 5, 172.
(b) Thermal decomposition of polgfmethyl ﬁ,L—maIate) (5) Portilla-Arias, J. A.; Gara-Alvarez, M.; Martnez de llarduya, A;

. L7 . Holler, E.; Mufoz-Guerra, SBiomacromolecule200§ 7, 161.
(PAALM-1) proceeds mainly by random scission of the main (6) Holler, E. In Handbook of Engineering Plastics and Materials

chain with the release of methyl fumarate and production of Cheremisinoff, N. P., Ed.; Marcel Dekker: New York, 1997; pp-93
low molecular weight oligomers. 103.
(c) Thermal decomposition afATMA -PMLA complexes (7) Fujishige, SJ. Therm. Anal. Calorim2002 70, 861.
proceeds along three well differentiated steps. First, a quantita- (8) Nagata, N.; Nakahara, T.; Tabuchi,Biosci., Biotechnol., Biochem.
tive decomposition of the polymalate involving unzipping 1993 57, 638. -
depolymerization of the main chain together with decomposition ) g") Grassie, N.; Murray, EPolym. Degrad. Statil984 6, 47. (b)
L ST rassie, N.; Murray, EPolym. Degrad. Stat1984 6, 95. (c) Grassie,
of the ionic comp!ex takes placg. Hoffman §I|m|nat|0n pf the N.: Murray, Polym. Degrad. Stakl984 6, 127.
quaternary alkyltrimethylammonium hydroxide formed in the  (10) Kopinke, F. D.; Remmler, M.; Mackenzie, Rolym. Degrad. Stab
first stage and pyrolysis of unspecified nitrogenated compounds 1996 52, 25.
account for the other two stages observed in the thermal (11) Kunioka, M.; Doi, Y.Macromoleculesi99Q 23, 1933.
decomposition of these complexes. (12) :lg\lgzulygen, S.; Yu, G.; Marchessault, R. Biomacromolecule2002
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