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ABSTRACT: Polyanhydrides are largely used in biomed-
ical and pharmaceutical fields because of their biodegrad-
ability and controlled degradation. In this work, oligomers
were investigated as film binders for environmental appli-
cations. To overcome the main disadvantages of polyanhy-
drides (low solubility in common solvents and high
melting points), oligomers based on sebacic acid were pre-
pared. Characterization was carried out by nuclear mag-
netic resonance and electrospray ionization to obtain
chemical structures of the products. The formation of

weak interactions, which confer cohesion between chains,
allows film properties to be observed. The impact of the
solvent polarity on the specific organization was investi-
gated by a combination of focused methods: capillary vis-
cosimetry, IR spectroscopy, polarized light microscopy,
and X-ray diffraction. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 125: 1592–1600, 2012
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INTRODUCTION

Polyanhydrides are well-known biodegradable poly-
mers. Their surface-eroding properties in aqueous
media make them desirable for the controlled release
of bioactive molecules as drugs and functional tissue
substitutes.1–3 Their main advantages are the adjust-
ability of degradation and release rates, the zero
order kinetics of release, and biocompatibility.4 The
first application of polyanhydrides as a biodegradable
matrix for controlled drug delivery systems was
reported in 1983.5 Since then, polyanhydrides of ali-
phatic and aromatic diacids have been extensively
investigated as useful biomaterials for controlled
drug delivery systems.6,7 However, their low solubil-
ity in common organic solvents and their high melt-
ing points limit their potential applications, especially
in environmental fields.8–10 This is the reason why
new strategies of formulation need to be considered
to enlarge the use of polyanhydrides and overcome
their main disadvantages. Due to environmental con-
straints, biodegradable coatings based on polyanhy-
drides should be increasingly employed in the future.

The purpose of this study is to evaluate the poten-
tial of anhydride oligomers as film-forming matrices.

The use of oligomers clears up many difficulties of
synthesis (which is long, extended, and tedious), sta-
bility, and solubilization. Covalent bonds are
replaced by weak interactions to preserve cohesion
between molecules and obtain film properties. To
carry out experiments, poly(sebacic anhydride)
(PSA) has been selected. Indeed, hundreds of poly-
anhydrides have been synthesized in the last 20
years, but only PSA and its derivatives (drug deliv-
ery system, medical devices) have been applied. Ex-
haustive supporting data are available.9,11 Further-
more, PSA is a simple polymer to further study
interactions between chains.
In a supramolecular system, interactions permit a

stabilization of the film structure. In the literature,
the most supramolecular system observed was based
on hydrogen bonds.12,13 According to the literature,
hydrogen bond strength of a supramolecular system
was often comparable to that of a covalent bond to
least four hydrogen bonds. In this study, oligomers
were based on an anhydride or carboxylic acid end
group which permits the formation of hydrogen
bond.
The aim of this work is to highlight the presence

of interactions in the polyanhydride oligomers’ film
and to prove the influence of solvent properties. Evi-
dence of organization was produced by studying
coatings prepared in solvents with different proper-
ties. The selected solvents were: xylene, which is the
hydrophobic, nonpolar solvent generally used for
the coating formulation, and THF, which is known
to break hydrogen bonds due to its high polarity.

Correspondence to: I. Linossier (isabelle.linossier@
univ-ubs.fr).

Contract grant sponsor: Brittany Region.

Journal of Applied Polymer Science, Vol. 125, 1592–1600 (2012)
VC 2012 Wiley Periodicals, Inc.



The solvent properties influenced film organization.
Many complementary techniques have been
employed to highlight the variety of organizations
due to different strengths of interaction. Investiga-
tions of interactions and specific organizations were
carried out by IR spectroscopy, capillary viscosime-
try, thermogravimetric analysis, polarized light mi-
croscopy, and X-ray powder diffraction. The study
of interaction was carried out from different
oligomer conditions: in solution, during drying, and
in dry varnishes. Capillary viscosimetry allows for
the study of the difference between solvent and
chain affinity. Polarized light microscopy has shown
the morphology of the crystalline phase of the sam-
ples. IR spectroscopy and X-ray diffraction have
given supplementary information on the crystalline
phase (crystallinity rate and amorphous index).

EXPERIMENTAL

Materials

Sebacic acid (SA; 99%, M ¼ 202.25 g/mol) was pur-
chased from Aldrich Chemical. Acetic anhydride
(99þ%) was purchased from Acros organic. Tetrahy-
drofuran (THF, HPLC grade), xylene (laboratory rea-
gent grade), and analytical solvent were purchased
from Fisher scientific. All the reactants were used
without further purification.

Oligomer synthesis

From the prepolymer synthesis of Domb et al.,8 a
protocol of oligomers synthesis was determined. The
PSA oligomers were prepared by polycondensation
of diacid monomer and acetic anhydride with reflux
at 170�C and different reaction times from 4 to 14 h
(Fig. 1). The excess of acetic acid was evaporated to
dryness in a rotavapor. The sample was freeze dried
for one night and stored at �18�C until use. The
oligomers had the consistency of a compact paste.

Methods of analysis

The molecular weight distribution of the oligomers
was determined by size exclusion chromatography
(SEC). It was performed on a Merck (L-7110) instru-
ment, with a evaporating light scattering (ELS)
detector (Sedex 55, Sedere). Samples were eluted in
THF through a polystyrene/divinylbenzène (PL) gel
column (Varian, mixed-D 5lm pore size) at a flow
rate of 1 mL/min. Molecular weight of oligomers
was determined relative to polystyrene standards
(Varian, molecular range 580–188,700 g/mol).

Different masses of sample were detected by elec-
trospray ionization ion trap mass spectrometry (ESI-
MS) using a Bruker Esquire-LC spectrometer (Bruker

Daltonic, Germany) under negative-ion conditions.
Oligomers were put in solution in acetonitrile (ACN)
and studied in direct injection at a flow rate of 2
mL/h. Capillary entrance voltage was set to 3.8 kV
and dry gas temperature to 150�C. The software
used was Bruker Data Analysis.
For the solubility test, the sample was placed in

xylene and agitated to dissolve. The resulting solu-
tion was placed in rotavapor to remove the solvent.
Then, samples were placed in vacuum desiccators
for 24 h and weighed. The measurement was
repeated three times.

1H and 13C-NMR spectra were recorded at room
temperature in DMSO solvent on a Bruker Advance
400 photometer at 400 MHz. Chemical shifts are
given in ppm relative to tetramethylsilane. The
oligomers had typical aliphatic group at 1.25 ppm (s,
8H, ACH2A(CH2)4ACH2A), 1.5 ppm (d, 4H,
ACH2ACH2A(CH2)4ACH2ACH2A), 2.2 ppm (s, 6H,
CH3ACOAOACOACH2ACH2A(CH2)4ACH2ACH2A
COAOACOACH3), and (s, 4H, CH3ACOAOACOA
CH2ACH2A(CH2)4ACH2ACH2ACOAOACOACH3),
2.5 ppm (DMSO). 13C-NMR verified the 1H-NMR
structure: 22 ppm (CH3ACOAOACOACH2A), 23.6
ppm (CH3ACOAOACH2ACH2ACH2A(CH2)2ACH2A
CH2ACH2ACOA), 24.46 ppm (OHACOACH2ACH2A
CH2A(CH2)2ACH2ACH2ACH2ACOAOACH3), 28 ppm
(CH3ACOAOACOACH2ACH2ACH2A(CH2)2ACH2A
CH2ACH2ACO), 28.4 ppm (CH3ACOAOACOA
CH2ACH2ACH2A(CH2)2ACH2ACH2ACH2ACOA), 33.6
ppm(OHACOACH2ACH2ACH2A(CH2)2ACH2ACH2A
CH2ACOAOACOACH3), 34.4 ppm (CH3ACOA
OACOACH2ACH2ACH2A(CH2)2ACH2ACH2ACH2A
COAOACOACH3), 167.1 ppm (CH3ACOAOA

Figure 1 P(SA) oligomers synthesis.
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COACH2A), 169.7 ppm (CH3ACOAOACOACH2A),
172.2 ppm (OHACOACH2A).

Thermal analysis was conducted by differential
scanning calorimetry (DSC) using a Perking–Elmer
calorimeter. Four to five milligrams PSA samples
were analyzed from �70 to 50�C with a heating rate
of 20 �C/min (first scan). Samples were slowly
cooled from 50�C to �70�C with a cooling rate of 5
�C/min. The second scan was made at 20 �C/min
from �70 to 50�C. The DSC analysis of coatings
required a different program. The coating samples
were scanned from 0 to 100�C with a heating rate of
20 �C/min (first scan). Samples were slowly cooled
from 100 to 0�C. The second scan was performed at
20 �C/min from 0 to 100�C. The melting temperature
(Tm) was plotted in the second scan.

Viscosity of the different solutions was determined
by an Ubbelohde-type viscosimeter, thermostated at
25�C, using THF and xylene as solvent.

IR was performed in the attenuated total reflection
(ATR) mode by using a Bruker Spectrum Tensor 27
system equipped with an ATR cell with a diamond
reflection element. Samples were applied directly
onto the surface of ATR crystal. Spectra result from
the accumulation of 16 scans at 4 cm�1 resolution.
The wavenumber range was 4000–400 cm�1.

The surface deposits were investigated by polar-
ized light microscopy using a LEICA DMLP micro-
scope. The deposits were transferred onto a glass
slide and covered with a coverslip. The sample was
melted at 70�C and observed during cooling to the
ambient temperature.

Coatings were based on a 50 : 50 (w:w) blend of
PSA oligomers and solvent. For studies, PSA coat-
ings were deposited on a glass strip and scratched
out after drying in vacuum desiccators.

Crystallinity rate was determined from X-ray dif-
fraction on powder using a FR591 Bruker AXS-X-ray
generator with monochromatic CuKa radiation (k ¼
1.54 Å) and linear collimation. Samples were studied
at an angle of 0� < 2y < 40� and the detector was
positioned at 170 mm.

RESULTS AND DISCUSSION

Synthesis/characterization

Optimization of synthesis conditions

The goal of this study was to produce oligomers
using a quick reaction while maintaining a control
over the chain length. The first results have shown
that the optimum length of chains was estimated at
3–4 repeat units to obtain solubility in xylene and
stability before use. Indeed, the smaller the chain,
the more soluble the oligomers. The synthesis was
performed during different reflux times (4, 6, 8, and
14 h). The corresponding oligomers were first char-

acterized by an SEC and solubility test. Table I sums
up the variation of Mw measured by the SEC as a
function of time reaction. It can be seen that Mw

increases with reaction time. For example, for 14 h
of reaction time, Mw of 1000 g/mol was obtained,
corresponding to a number of repeat units per chain
of 5–6, whereas for 8 h of reaction, the Mw was 900
g/mol and the number of units per chain was 4–5.
Nevertheless, for 4 and 6 h of reaction, the same Mw

was obtained (Mw ¼ 700 g/mol). Indeed, the longer
the reaction time, the less soluble the oligomers.
Four hours (PSA-1) corresponds to a better solubil-
ity, so the analysis was carried out with PSA-1.

Characterization of oligomers PSA-1

Oligomers were characterized by several methods:
NMR, SEC, and electrospray ionization (ESI) stud-

ies have produced structural information and molar
masses of the oligomers.
Thermal properties and crystalline forms were

studied from DSC and IR, respectively.
The 1H-NMR spectrum of polyanhydride oligom-

ers exhibited a typical peak at 2.2 ppm which corre-
sponds to anhydride function.14 No acid peak was
observed in 1H-NMR. 13C-NMR spectrum corrobo-
rated the 1H-NMR structure. The main peaks were
22 ppm (CH3ACOAOACOACH2A) and 172.2 ppm
(OHACOACH2A). These results confirmed the pres-
ence of anhydride and acid terminal groups. All of
the experimental data revealed the presence of anhy-
dride groups in the middle of the oligomers chain
and at the extremity of the chain. Despite molar
weight and degree of polymerization, the desired
structure (anhydride function) was obtained. Fur-
thermore, NMR studies revealed a small remaining
amount of acetic acid at 21 ppm (CH3ACOAOH)
and 174.5 ppm (CH3ACOAOH). The presence of
acetic acid was required to make oligomers’ solubili-
zation easier (results not shown). This is the reason
why the oligomers were never completely dried
before their use in the preparation of the coating.
As well as the NMR analysis, mass spectra con-

firmed the formation of anhydride bonds in the

TABLE I
Variation of Mw, Unit Number, and Solubility in

Function to Reaction Time

Reaction
time (h)

Mw
a

(g/mol)
Units

numberb
Solubility in
xylene (g/L)

PSA-1 4 700 3–4 90
PSA-2 6 700 3–4 46
PSA-3 8 900 4–5 30
PSA-4 14 1000 5–6 20

a Determined by SEC (THF, PS standard).
b Determined by ESI–MS.
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oligomers. Figure 2 features the ESI spectrum in the
positive mode of the oligomers PSA-1 obtained. The
mass spectrum was used to identify the different
structures which coexist in the sample. Three differ-
ent structures can be distinguished, called I, II, and
III. They differ in the presence of linear or cyclic
chains and in the presence of one or two anhydride
end groups. The mass range (m/z) extended from
309.2 uma to 1045.7 uma which corresponds to a
DPn varying from 1 to 5. The cyclic structure III is
due to an intramolecular transesterification reaction
and leads to corresponding peaks located at m/z ¼
391.4 and 575.4.15 The other structures are linear
chains with two anhydrides end groups I or one an-
hydride and one acid end group II. Despite the fact
that few terminal acid and cyclic structures were
present in the oligomers, the desired structure (I) is
mainly observed. Moreover, mass analysis demon-
strates that several lengths of oligomers chains coex-
ist. In fact, synthesis of small length chain brings
about a high structural polydispersity.

In conclusion, SEC normally showed the distribu-
tion of chain lengths (polydispersity) and molar
mass in polymer. Standard polystyrene calibration
did not allow for accurate values and seemed to
overestimate masses (Mw < 689 g/mol). Indeed, the
SA monomer mass was outside the calibration curve
of PS standard. ESI displayed a distribution of
chains and the accurate masses present in the
oligomers; however, the ionization process did not
allow for asserting that all the structures were ion-
ized. Seeing that a comparison between the intensity
is difficult, the polydispersity index could not be cal-
culated although the observed values were close to
what could be expected.

FTIR was also used to study the different func-
tional groups in the oligomers. The assignment of
PSA-1 peaks has already been described in the litera-
ture.16,17 The authors demonstrated the presence of

two stretching bands in the carbonyl region due to
asymmetrical and symmetrical anhydride’s carbonyl
stretching mode. The two characteristic anhydride
peaks was identified at 1813 and 1741 cm1 in pure
PSA-1 oligomers representing the SA-SA diads (Fig.
3). SA monomer and oligomers FTIR spectra were
compared. In the oligomers spectrum, the methylene
peak was observed in the 3400–2400 cm�1 region.
This technique gave rise to the formation of an an-
hydride group in the oligomers by synthesis. There
are four additional peaks directly connected with
the crystallinity of the oligomers and can be attrib-
uted as follows: the 1286 and 1307 cm�1 bands are
characteristic of the crystalline regions of the SA–SA
diads and 1360 and 1386 cm�1 bands are characteris-
tic of the SA–SA diads in both amorphous and crys-
talline region.
DSC determined the transition temperature of the

oligomers. Melting temperature of PSA was given in
literature.18–22 It was 68–82�C in function of structure
and masse. The sample undergoes several exother-
mic and endothermic transitions within the �20 to
50�C temperature range. The presence of several
peaks means that several populations linked to het-
erogeneous chemical functions and/or intermolecu-
lar interactions coexist. Moreover, as the sum of exo-
thermic peak areas is equal to the endothermic ones,
it can be concluded that these peaks feature melting
and crystallization points of these different
populations.

Study of interactions

Solution of oligomer

Interaction between chains was studied in two dif-
ferent solvent (THF and xylene) in solution by vis-
cosimetry and in coating by IR and light microscopy.

Figure 2 Structural characterization of PSA-1 oligomers
by ESI (mass spectroscopy) in positive mode.

Figure 3 FTIR spectra of SA monomer and PSA-1
oligomers in the ATR mode.
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Coatings were prepared from a 50 : 50 (w : w) blend
of oligomers and solvent. This solution was called
varnish.

Two solvents were used: xylene (polarity ¼ 2.5)
which is relatively apolar and so could favor interac-
tions between chains and THF (polarity ¼ 4.0) which
is known to break hydrogen bonding.23,24 The less
polar was the solvent, the stronger were the interac-
tions. Viscosities of oligomers solutions were meas-
ured by capillary viscosimetry to bringing to light
intermolecular interactions. Solutions with varying
oligomer concentrations were studied by capillary
viscosimetry which permitted to determine the
intrinsic viscosity of varnishes. Intrinsic viscosity
was estimated from the y-intercept of reduced vis-
cosity curves as a function of oligomers concentra-
tion in THF and xylene.25 According to the viscosity
curve, intrinsic viscosity was a little greater in xylene
([g]P(SA)xylène ¼ 7.1 10�3 6 1 10�5 L/g) than in THF
([g]P(SA)THF ¼ 10�4 6 5 10�5 L/g). According to
Abed et al.,26 the lower the polarity of solvent, the
stronger the hydrogen bonding. Thus, according to
the authors, solvent polarity influences the oligomers
viscosity. Knowing that the viscosity of THF and xy-
lene are 0.55 and 0.61 cP respectively, it can be con-
cluded that the difference of intrinsic viscosity was
not due to solvent viscosity. As seen in Figure 4, the
reduced viscosities of the xylene solution are higher
than THF ones. This difference is mainly explained
by stronger interactions between chains in xylene
than in THF. As seen previously, a lower solvent po-
larity led to stronger interactions. This hypothesis is
confirmed by the determination of the interaction
parameter v12.

v12 ¼
V1

RT
ðd1 � d2Þ2 (1)

With V1
� the molar volume of solvent (Vxyl ¼

120.3 and VTHF ¼ 81.4 cm3/mol), T the temperature
(K), R ¼ 8.314 J/mol, d1 solubility of solvent (dxyl ¼

18.2 and dTHF ¼ 19.4 (J/cm3)1/2) and d2 solubility of
polymer. Because polymer parameter solubility was
not known, Van Krevelen method was used to deter-
mine d2.

27

d22 ¼ dd
2 þ dp

2 þ dh
2 dd ¼

P
Fdt

V

dp ¼
ffiffiffiffiffiffiffiffiffiffiffiP

F2
p

pt

V
dh ¼

ffiffiffiffiffiffiffiffiffiP
E

p
ht

V
V ¼ Mn

q
ð2Þ

With: dd dispersive forces component, dp polar
forces component, dh hydrogen bond component, V
molar volume of polymer (cm3/mol), and q molar
density of polymer. All components were calculated
from polymer structure (Table II). It was approxi-
mated that only anhydride groups were present.
These calculations show that THF has more affinity
with oligomers chains (v12 ¼ 6.01) than xylene (v12
¼ 10.53), thus preventing interactions between
chains of oligomers.

During drying

First, drying varnish was studied with thermogravi-
metric analysis (TGA) (Fig. 5). THF (Tm exp ¼ 60�C)
is more volatile than xylene (Tm exp ¼ 120�C).

Figure 4 Reduced viscosities of PSA-1 oligomers solu-
tions in THF and xylene.

TABLE II
Van Krevelen Method Data to Calculate d2

Structures
Fdi

(J1/2 cm3/2/mol)
Fpi

(J1/2 cm3/2/mol)
Ehi

(J/mol)

-CH3 420 0 0
-CH2- 270 0 0
-CO- 290 770 2000
-COO- 390 490 7000
1 plane of
symmetry

– 0.5x. . . _

Figure 5 TGA of PSA-1 varnishes in THF and xylene.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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According to literature, more volatile solvent, more
oligomer chains are likely to auto-assembled.28

Moreover, loss mass analysis shows a significant dif-
ference between varnish. Indeed, varnish in THF
contained appreciatively more 10% than varnish in
xylene. So, some solvent molecules of THF remained
traped in film which is in correlation with the v12
calculated. So, it was supposed that THF molecules
were responsible to the less interaction than film in
xylene.

Second, organization during drying was also stud-
ied by infrared spectroscopy. More important varia-
tion was observed in the domain of anhydride fre-
quencies. To obtain more information from these
spectra, a principal components analysis (PCA) was
performed. Figure 6 (left) shows the 2D factorial
map. Figure 6 (right) displays the corresponding
principal components which feature 99 and 1% of
the total variability, respectively. PCA was carried
out on complete course and on first ten points for

distinguishing drying phase to the other phenom-
enon. First points correspond to solvent evaporation.
Varnish in xylene present two near components
which suggest progressive organization during dry-
ing. Varnish in THF presents two clearly opposed
evolution, which the first corresponds to the solvent
evaporation. So this analysis shows the importance
of the solvent volatility in the organization of the
film. In a volatile solvent, the mobility of chains was
more reduced which is responsible to a lower
crystallization.

Dry coating

To characterize the crystallinity of PSA coatings in
xylene or THF, MIR spectroscopy was used. Figure
7 displays the two corresponding spectra in the
1800–700 cm�1 frequency domain. Regarding the
discrimination between crystalline and amorphous
domains, two distinct frequency domains are

Figure 6 PCA of PSA varnishes prepared in xylene and THF. Left figures represent 2D factorial map and right figures
represent statistic variable. Complete path is represented by full line and first ten points by dash line. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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relevant: the 1400–1250 cm�1 and 740–700 cm�1do-
mains. A previous study16 has shown that the peaks
located at 1382, 1360, 1307, and 1286 cm�1 appear
only in pure PSA polymer, but not in the monomer
IR spectra; as a consequence they must reflect the
polymer conformations. The same authors were able
to assess that the peaks at 1307 and 1286 cm�1 are
characteristic of the crystalline region of the SA–SA
dyads while the peaks at 1382 and 1360 cm�1 are

more characteristic of the SA–SA dyads in both
amorphous and crystalline regions. This spectral do-
main was hence subjected to spectral decomposition
[see Fig. 7(B)] to compute the areas of these four
bands. Following, an ‘‘amorphous index’’ AI was
calculated as:

AI ¼ A1382 þ A1360

A1307 þ A1286
(3)

It appears that PSA-1 coatings in xylene present a
smaller AI (0.478) than in the THF solvent (0.545)
suggesting a higher crystallinity in xylene as com-
pared to THF. The second domain to which atten-
tion was paid was the 740–700 cm�1. Indeed, the
720/730 cm�1 doublet, assigned to the CH2 rocking
mode, has been previously observed to vary with
strains within the polymer.29 Transition moments of
the 730 and 720 cm�1 vibration are parallel to the a-
axis and the b-axis, respectively. These authors have
observed that the asymmetry in the intensity of this
doublet was caused by the preferential orientation of
the b-axis parallel to the surface of the drawn film.
Hence, the 730/720 cm�1 doublet provides a spectral
marker of the vibrators orientations. As shown in
the Figure 8(C) (and Table III) in this spectral range,
the xylene PSA coating IR spectrum is dominated by
a peak at 721 cm�1 along with a weak shoulder at
729 cm�1. The same polymer in THF is characterized
by two bands of roughly equal contributions with
no significant spectral shifts. A weak band located at
715 cm�1 also appears in both samples. Hence the
PSA-1 coatings exhibit a large A720/A730 ratio (6.6) in
xylene whereas this ratio decreases down to 1.2 in

Figure 7 MIR spectra of PSA-1 coatings dissolved and
dried in THF and xylene. Frame (A) features the MIR
spectra of PSA coatings in the 1800–700 cm�1 spectral do-
main. To assess the crystallinity of the samples, the 1400–
1260 cm�1 (B)) and (C) 740–700 cm�1 domains have been
subject to spectral decomposition to estimate the area of
the bands which have been reported as dependant on the
polymer crystallinity. Xylene, solid line; THF, short dash
lines. In (B) and (C) frames, thick lines feature the band
envelopes whereas the thin lines feature the underlying
spectral components.

Figure 8 Polarized microscopy (20�), observation of PSA-1 (A) P(SA) oligomers; (B) P(SA) coating in xylene; (C) P(SA)
coating in THF during crystallization. The scale is given by the ban at the upper right corner which is 50 lm. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the THF solvent. These findings further support that
the oligomers exhibit highly ordered (anisotropic)
conformations in xylene as compared to those
observed in THF for which a quasi statistical (iso-
tropic) distribution is observed.

Polarized light microscopy was used in the litera-
ture to observe the organization and morphologies
of crystalline areas in the oligomers.30,31 Göpferich
et al. demonstrated that PSA polymer has a distinct
microstructure like Maltese crosses spherulites.30

Figure 8 shows the difference of the crystallization
behavior of PSA-1 oligomers and varnishes prepared
in xylene and THF. In PSA-1 oligomers, large spher-
ulites organization was observed with a size of 380
lm. This revealed a complex organization: crystal-
line phases are organized in spherulites. In varnish
prepared in xylene, lamellar structure (35 lm) was
observed. These complex organizations are probably
due to hydrogen interactions as observed by optical
microscopy in varnish prepared in xylene and in
oligomers. Varnish prepared in THF presented
smaller crystallites in amorphous matrix that con-
firmed the absence of intermolecular organization as
is explained in the literature.31 Light microscopy
was in agreement with MIR observation.

The crystallinity of oligomers was also studied by
X-ray diffraction. Lahrouni and Arman32 carried out
the crystallinity rate (Xc) with crystallinity area (Ac)
and amorphous area (Aa). Like the authors, Xc was
calculated from the equation:

Xc ¼ Ac

Ac þ Aa
(4)

PSA-1 oligomers have a high crystallinity rate (Xc

¼ 80.6). As seen by light microscopy, both varnishes
were not of the same organization. Indeed, X-ray
confirmed the last studies that is to say, varnish pre-
pared in xylene has higher crystallinity rate (Xc ¼
49,4) than varnish prepared in THF (Xc ¼ 40,8).
These results confirmed light microscopy and MIR
results, that is, the difference of crystallinity in func-
tion of solvent used. Indeed, the addition of solvent
decreases PSA oligomer’s crystallinity. Cristallinity
in THF decreases more than xylene because of abil-
ity to breack interactions.

CONCLUSIONS

PSA-1 oligomers characterization has shown differ-
ent structures which lead to important polydisper-
sity. The principal structure observed is composed
of linear chains with anhydride terminal group but
structure composed of acid terminal group was also
present in oligomer. Cristallinity studies have high-
lighted a difference of coating organization which
depends on solvent. A more important cristallinity
was observed in xylene probably due to presence of
hydrogen bond formed from acid terminal groups.
Coating prepared in THF present less crystallinity
due to a rest of THF molecules which was opposed
to the formation of interaction. Interaction control is
significant in handling coating erosion to application
in marine coating.

The authors thank L. Taupin for the ESI measurements, I. Pil-
lin for the DSC analysis, F. Peresse for polarized light micros-
copy, N. Kervarec for RMN analysis in Brest, and C.
Meriadec for X-raymeasurements in Rennes.
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