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a b s t r a c t

A series of cellulose esters (CEs) with high degrees of substitution has been obtained by linking aliphatic
acid chlorides (from C8 to C18) onto cellulose backbone, in a homogeneous LiCl/DMAc medium. These
materials have been characterized by Fourier transformed infra red (FTIR) and nuclear magnetic reso-
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nance of proton ( H NMR) spectroscopies, as well as differential scanning calorimetry (DSC), wide angle
X-ray scattering (WAXS), dynamic mechanical analysis (DMA) and mechanical analyses. CEs organize in
a layered type structure: cellulosic backbones are arranged in a plane, the flexible side chains being fully
extended and perpendicular to the cellulosic backbone. When the fatty chain length exceeds 12 carbon
atoms, a fraction of the alkyl chains crystallize into hexagonal packing. Regarding the mechanical behav-
ior, the strain at break decreases significantly whereas no clear evolution of the yield stress is observed

teral
tructure–properties relationships when the length of the la

. Introduction

Cellulose esters (CEs) represent a class of commercially impor-
ant thermoplastic polymers, with excellent fiber and filmogenic
haracteristics recognized for nearly a century (Edgar et al., 2001).
hey may be synthesized from natural and renewable raw mate-
ials. Moreover, these bio-based products can be obtained through
“green chemistry” approach, and offer interesting alternatives to
etrochemical plastics, depending on their physical properties. Our
reliminary studies (Crépy, Chaveriat, Banoub, Martin, & Joly, 2009;

oly et al., 2006) have demonstrated the possibility to obtain such
hermoplastic materials by acylation of cellulose with fatty acids.

The effective use and high functionalization of cellulose have
een investigated in recent years (Nagatani, Endo, Hirotsu, &

urukawa, 2005). In fact, native cellulose does not exhibit any
hermoplastic behavior, due to strong inter- and intramolecular
ydrogen bonding. Therefore, in common cellulosic plastics such as
Es (acetate, propionate, etc.) thermoplastic properties result from
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chain is increased.
© 2010 Elsevier Ltd. All rights reserved.

the esterification of cellulose (Edgar et al., 2001; Mohanty, Wibowo,
Misra, & Drzal, 2003). CEs with a longer substituent (laurate for
example) exhibit plasticized polymer behavior but without any
addition of external plasticizer unlike the case of other biopolymers
(Chauvelon et al., 2000; Thiebaud, Borredon, Baziard, & Senocq,
1997).

Numerous literature contributions concern cellulose chemical
modifications, and particularly cellulose esters synthesis and prop-
erties (Edgar et al., 2001; Heinze & Liebert, 2001). The first studies
of CEs thermal properties have shown that the melting point (Tm)
increases slightly from C8 (octanoate) to C18 (stearate) (Malm,
Mench, Kendall, & Hiatt, 1951; Morooka, Norimoto, Yamada, &
Shiraishi, 1984). This increase is probably due to a diminution of
substituent mobility related to the steric effects of the chain length
substituent. With higher substituents, thermal transitions are less
well-defined; glass transition (Tg) and Tm are closer to each other.
Moreover, the longer the substituent is, the higher is the thermal
stability (Chauvelon et al., 2000).

One of the most extensive study about CEs thermal properties
(from C12 to C20 with a degree of substitution, DS, about 2.8–2.9)
was carried out by Sealey et al. (Sealey, Samaranayake, Todd, &
Glasser, 1996). Differential scanning calorimetry (DSC) analyses

have shown two separate and distinct transitions for waxy CEs:
a broad Tg near 100 ◦C, which increased linearly with substituent
size, and a large Tm from −19 ◦C (C12) to 55 ◦C (C20). The increase
of Tm values with the fatty chain length and the broadness of the
corresponding peak were attributed respectively to the crystal size

dx.doi.org/10.1016/j.carbpol.2010.10.045
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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L. Crépy et al. / Carbohydrat

nd dispersion. According to Vaca-Garcia et al., each transition of
ully substituted CEs obtained in a heterogeneous system occurred
ithin a narrow temperature range, whatever the substituent chain

ength is. They explained this phenomenon by the formation of a
rystalline phase of the fatty substituents between the cellulosic
ackbone (Vaca-Garcia, Gozzelino, Glasser, & Borredon, 2003).

The CEs under concern were obtained via an acylation pathway
sing pyridine in a heterogeneous medium. These reactions led to
non-homogeneous substitution only on the cellulosic particles

urface.
Despite the substantial literature on cellulosic material research

rea, very few studies going from synthesis and chemical charac-
erization to the physical and structural properties were carried out
n the same material. This work deals with the analysis of CEs syn-
hesized in a homogeneous system, and esterified uniformly onto
he cellulose skeleton. Moreover, we are dealing here with a com-
lete range of CEs esterified with fatty chains ranging from C8 to
18 with high DS values. The structural, thermal and thermome-
hanical analysis of cellulose esters were systematically performed
sing wide angle X-ray scattering (WAXS), differential scanning
alorimetry, dynamic mechanical analysis (DMA) and uniaxial ten-
ile tests respectively. The final goal of this investigation is to
etermine the structure–property relationships of CEs according
o the substituted fatty chain length.

. Experimental

.1. Materials

All reagents were stored at room temperature and used with-
ut further purification: microcristalline cellulose (20 �m, Aldrich),
hose degree of polymerization (DP = 150) was measured by
viscosimetric method using cupriethylenediamine and water

s solvents (TAPPI Press, 1990); N,N-dimethyl-4-aminopyridine
DMAP, 99%, Acros); N,N-dimethylacetamide (DMAc, 99%, Acros);
nhydrous lithium chloride (99%, Acros); octanoyl chloride (OcCl,
9%, Aldrich); decanoyl chloride (DCl, 98%, Aldrich); lauroyl chlo-
ide (LCl, 98%, Aldrich); myristoyl chloride (MCl, ≥99%, Fluka);
almitoyl chloride (PCl, 98%, Acros); stearoyl chloride (SCl, 90%,
luka); chloroform (≥99%, Prolabo); methanol (≥99%, Prolabo).
euterated chloroform was purchased from Aldrich and stored at
◦C.

.2. Acylation of cellulose by acyl chlorides

In a typical experiment, a 20 g L−1 cellulosic solution, consist-
ng in pre-treated cellulose in a 6.7% LiCl/DMAc (v/w) system (Joly,
ranet, & Krausz, 2003) (150 mL; 3 g; 18 mmol) and DMAP (6.6 g;
62 mmol; 3 equiv. per anhydroglucose unit) were stirred at 80 ◦C
ntil complete solubilization. Fatty acyl chloride (5–8 equiv. per
nhydroglucose unit according to fatty acid chloride) was then
dded. The mixture was heated classically at 80 ◦C during 3 h (Joly
t al., 2006; Satgé, Verneuil, Branland, & Krausz, 2004; Vaca-Garcia,
hiebaud, Borredon, & Gozzelino, 1998). The product was precip-
tated by addition of methanol and the solid was purified by a
epeated solubilization/precipitation process using chloroform and
ethanol, respectively, and finally dried in air at room temperature

Satgé et al., 2002) and the film was recovered by addition of water,
fter complete elimination of solvent. CEs were then converted into

lms via casting: CEs (10 g) were dissolved in 100 mL chloroform,
ltered, and poured in a plate (20 cm × 20 cm). The solvent was then
vaporated in air at room temperature, and the plastic was recov-
red by addition of water, after complete elimination of solvent
24 h).
mers 83 (2011) 1812–1820 1813

All cast films were translucent and ductile, except for the one
obtained from stearoyl chloride, which was extremely brittle so
that no mechanical properties could be undertaken.

2.3. Chemical characterization

Every film has been characterized by Fourier transformed infra
red (FTIR) spectroscopy using a Bruker Vector 22 FT-IR apparatus
equipped with a diamond reflection accessory.

Nuclear magnetic resonance of proton (1H NMR) spectroscopy
was performed in CDCl3 using a Bruker DRX-300 Spectrometer
(operating at 300 MHz) to determine the degree of substitution
(DS) by an integration method described elsewhere (Joly, Granet,
Branland, Verneuil, & Krausz, 2005). The DS is defined as the num-
ber of fatty chains linked per anhydroglucose unit (maximum value
of 3).

2.4. Structural characterizations

Wide angle X-ray scattering data were collected on a MAR345
Image plate detector, with Cu K� radiation produced by a Bruker-
Nonius FR591 rotating-anode generator equipped with an Osmic’s
confocal Max-flux optical system and running at 100 mA and 50 kV.
Experiments were conducted at room temperature in the transmis-
sion mode on CE cast films.

2.5. Thermal behavior

DSC measurements were carried out on a Perkin-Elmer Dia-
mond apparatus. The temperature and the heat flow scales were
calibrated from the melting of high purity indium and zinc samples.
About 10 mg of each CE film sample was used in the heating/cooling
cycle experiments conducted at 20 ◦C min−1 under nitrogen atmo-
sphere.

2.6. Dynamic mechanical analysis (DMA)

DMA measurements were performed on a Rheometrics RSA III
apparatus operating in tensile mode at a frequency of 1 Hz in the
temperature range −120 < T < 110 ◦C. Specimens with gauge width
and length 5 mm × 24 mm were cut out from the CEs solvent-cast
films. The temperature of T� and T� were taken at their respective
tan ı peak maxima.

2.7. Uniaxial tensile behavior

Tensile testing was conducted on an Instron machine at room
temperature, using specimens with L0 = 24 mm and l0 = 5 mm gauge
length and width, respectively. The tensile tests were carried out at
a constant crosshead speed of 1.44 mm min−1 which corresponds to
an initial strain rate of 1 × 10−3 s−1. The nominal stress � and strain
ε are defined conventionally as the ratio F/(l0e0) and (L − L0)/L0,
respectively.

3. Results and discussion

In order to proceed to homogeneous cellulose modification as
described in Scheme 1, it was necessary to dissolve cellulose. This
polysaccharide is known to be insoluble in classical organic sol-
vents and water. Nevertheless, particular solvent systems such as
lithium chloride/N,N-dimethylacetamide (LiCl/DMAc) (Dawsey &

McCormick, 1990), have to be used to dissolve this polysaccharide.
This system of solvent (LiCl/DMAc) for cellulose solubilisation is
really interesting since concentrated solutions of cellulose can be
prepared without any degradation of the natural polymer in time
(Dupont, 2003).
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Table 1
1H NMR chemical shifts of pure CEs and FAMEs (in CDCl3).

ı (ppm) Pure CEs FAMEs (R–COO–CH3)

Hsugar 5.50–3.00 –
–CH2–C O 2.34 2.34
–CH –C–C O 1.60 1.60

T
T

–
B

Scheme 1. Esterification o

Synthesis of plastic materials was performed by the internal
lasticization of cellulose with fatty acids. These plastic films were
btained by cellulose acylation, using fatty chains with length
anging from octanoyl (C8) to stearoyl (C18), corresponding to
he major fatty acids found in vegetal oil triglycerides. CEs were
btained by a method described elsewhere (Crépy et al., 2009; Joly
t al., 2005), consisting in the reaction between fatty acid chlorides
nd cellulose, in presence of a basic catalyst, the N,N-dimethyl-4-
minopyridine (DMAP).

.1. FTIR analysis

A comparison of the FTIR spectrum of native cellulose with cel-
ulose laurate shows the relative efficiency of acylation (Fig. 1):

decrease in the intensity and a shift of the hydroxyl group
haracteristic band at 3400 cm−1 (–OH stretching) were observed
compared to the native cellulose spectrum). This difference indi-
ates that a large amount of –OH groups were substituted. This
henomenon is linked with an increase in the intensity of the
C–H alkyl bonds characteristic signals at 2800–2900 cm−1 (–CH–
ntisymmetric and symmetric stretching of –CH2– and –CH3), cor-
esponding to the presence of fatty long chains. The concomitant
ppearance of two new bands is also observed; the first one at
740 cm−1 (–C O stretching), corresponding to the vibration of

arbonyl ester groups, and the second one at 720 cm−1 character-
stic for at least four linearly connected –CH2– groups (–(CH2)4–
ocking). That means fatty substituents have been linked directly
nto cellulose. Same results are obtained whatever the substituent
hain length is.

able 2
hermal transitions obtained by DSC.

CE materials First heating

Tg1 Tg2 Tm �H
(◦C) (◦C) (◦C) (J/

Octanoate: C8 – 93 58 –
Decanoate: C10 – 99 59 –
Laurate: C12 – 110 58 –
Myristate: C14 −20 110 49 8.3
Palmitate: C16 −4 122 43 18
Stearate: C18 6 – 44 50

: not mesurable.
etween brackets, the melting enthalpy by weight of aliphatic chain.
2

–(CH2)n– 1.26 1.26
–CH3 0.89 0.89
–CO–O–CH3 – 3.68

3.2. 1H NMR analysis

1H NMR spectroscopy was used to estimate quantitatively the
presence of the fatty chains on the cellulose backbone. Fig. 2
exhibits the 1H NMR spectra for cellulose laurate. Note that spec-
tra were similar for all CEs, irrespective of their fatty chain lengths.
The acylation of cellulose was confirmed by integration of the char-
acteristic signals of fatty acid protons from 0.89 to 2.34 ppm, and
of the cellulosic backbone from 5.50 to 3.00 ppm (carbohydrate
protons) in Table 1.

However, a new signal for CEs at about 3.68 ppm was sometimes
observed (Fig. 2a). It appeared as a thin peak in the area of the Hsugar

chemical shifts. We also noticed that this peak disappeared (Fig. 2b)
after an additional purification step of the CEs plastic films (sol-
ubilization/precipitation process using chloroform and methanol
respectively). This new peak corresponded to the 1H NMR chem-

ical shift of the ending methyl groups (–CH3) of fatty acid methyl
esters (FAMEs), which could be formed during the purification of
CEs with methanol. In fact, during the first precipitation of the reac-
tion medium with methanol, unreacted fatty acid chlorides reacted
with methanol to form FAMEs and hydrochloric acid. A part of these

Second heating

m Tg2 Tm �Hm nc

g) (◦C) (◦C) (J/g)

75 – – –
83 – – –
101 – – –
102 3 27 (39) 2.67

.7 114 23 44 (61) 4.84

.2 – 40 55 (74.5) 6.67
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Fig. 1. FTIR spectra of a) nativ

AMEs can be retained inside the product. The longer the fatty sub-
tituent chains were, the more retained the FAMEs were. Hence,
nother purification step was needed. CEs were considered strictly
s pure products when the chemical shift at 3.68 ppm disappeared.

The degree of substitution (DS) for all the derivatives was esti-
ated to be 2.8 ± 0.1.

.3. Thermal behavior

The thermograms recorded during the first heating reveal sev-
ral thermal transitions for all the CEs: depending on the sample,
ne or two broad heat capacity jumps (glass transitions) and a
road endothermic peak (first order transition) were observed
Fig. 3a). The characteristic data for all these thermal transitions
re reported in Table 2. The high temperature glass transition, Tg2,

ainly related to the cellulosic backbone tends to increase with

he fatty chain length. Similar trend has already been reported for
omparable series of fully substituted n-alkyl esters of cellulose
Klarman, Galanti, & Sperling, 1969; Sealey et al., 1996). This result
s indicative of an increased restriction in backbone cooperative

Fig. 2. 1H NMR spectra of a) cellulose laurate polluted with F
lose and b) cellulose laurate.

motion as the alkyl chain length is increased beyond some critical
value. For C14 to C18, a first order transition was clearly observed
just above room temperature. This thermal transition is attributed
to the melting of side chain crystals, as already observed for simi-
lar cellulose derivatives (Morooka et al., 1984; Sealey et al., 1996).
As stated in literature, side chain crystallization can take place in
polymers with rigid backbones and long n-alkyl side chains when
its length exceeds 10 or 12 carbon atoms (Lee, Pearce, & Kwei,
1997a, 1997b; Sealey et al., 1996). In the present study, the thermo-
grams of C8 to C12 recorded during the first heating exhibit a faint
endotherm, suggesting the presence of small amount of crystals
in the CEs with an alkyl side chain containing only 7 carbons. The
area and broadness of the endothermic peak grow significantly as
substituent chain lengthens, indicating an increase of crystallinity
and a broad crystal thickness distribution respectively. The low

temperature glass transition Tg1, rarely reported in papers deal-
ing with cellulose derivatives, can be ascribed to the alkyl chain
fraction which is not involved in the crystalline phase. In this case,
the Tg1 temperature shift with chain length may be related to the
crystal content increase as shown below. Indeed, one may expect an

AME residues and b) pure cellulose laurate (in CDCl3).
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below room temperature, revealed by a first drop in E’ associated
with a loss tangent peak. The temperature maximum for this relax-
ation increases with the ester substituent length (Table 3) except for
the C8 and C10 samples which display similar relaxation tempera-
ture around −63 ◦C. These first relaxation temperatures are in good

Table 3
Temperatures of the mechanical relaxations measured in DMA.

CE materials T� (◦C) T� (◦C)
ig. 3. a) First heating thermograms of the CEs cast films (endotherm up); (b) sec
unction of carbon numbers of alkyl side chains.

ncreased constraint on the amorphous fraction of alkyl chains with
he addition of crystals. One may notice that Tg1 is not observed in
he case of C8 and C10, because it occurs in a temperature range
ower than T = −60 ◦C, as will be confirmed by DMA experiments
escribed in the next section.

Besides, the thermograms recorded during the second heating
after a controlled cooling performed from 170 ◦C down to −60 ◦C
t 20 ◦C min−1) reveal an increase of the melting temperature
ith chain length, suggesting an increase in crystal thickness

Fig. 3b). Such a statement could not be made from the first heating
cans since the different samples underwent different long-term
nnealing at 25 ◦C. The second heating scans related to the same
hermal history were thus used to estimate the crystallinity of
lkyl side chains in cellulose derivatives. Melting point and melt
nthalpy for all systems are listed in Table 2. When the fusion
nthalpies are plotted versus the number n of carbons in alkyl side
hains, a linear correlation is found (Fig. 3c). This result has already
een observed for various polymers having long alkyl side chains
Jordan, Feldeisen, & Wrigley, 1971; Lopez-Carrasquero et al., 2003;
hi et al., 2004). The slope of the solid line, k, which represents
he contribution of each added methylene group to the enthalpy is
ensitive to the type of crystal lattice adopted by the alkyl chains. In
he present study, k is around 2.7 kJ mol−1 CH2

−1 which is smaller
han that of the corresponding n-alkanes (Lopez-Carrasquero et al.,
003; Shi et al., 2004). This indicates that the alkyl side chains
orm less-dense or less-ordered cells in the crystalline regions of

Es. However, the slope value is close to the one corresponding
o the hexagonal lattice; suggesting that the alkyl side chains

ight be packed into a “hexagonal”-like crystal structure. This
ituation is similar to the one encountered for n-alkyl side chains
n comb-like polymers (Lopez-Carrasquero et al., 2003; Shi et al.,
eating thermograms of the CEs cast films; and c) enthalpies of fusion plotted as a

2004). In addition, from Fig. 3c, a value of n0 ≈ 11 resulted for
�Hm = 0 kJ/mol for the series of these CEs which roughly repre-
sents the minimum length required for the side chain to be able to
crystallize. According to Jordan (Jordan et al., 1971), the number
of crystallized CH2 groups in the side chain nc may be estimated
using the following relation: nc = �Hm/k. Results summarized in
Table 2b show that only a part of the alkyl side chain participate
in the crystallization and that the number of crystallized CH2, nc,
increases with chain length.

3.4. Dynamic mechanical analysis (DMA)

The evolution of storage modulus E′ and loss factor tan ı as a
function of temperature is presented in Fig. 4(a) and (b) respec-
tively. For C14 and C16 samples, the DMA signal became erratic
above room temperature, in relation to the melting of crystals, as
evidenced from DSC experiments. All CEs exhibit a first relaxation
C8 −64 77
C10 −63 87
C12 −45 97
C14 −22 –
C16 −4 –
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of number of carbon atoms, taking into account only the aliphatic
part of the side chain assuming no interdigitation of the side chains.
The result of this computation corresponds to the dotted line in
Fig. 5b. Comparison of data with this crude estimate as a function
of number of carbons in the range from 7 to 15 reveals that the

Table 4
WAXS diffractions (Å) of the CE cast films.

CE materials Low-angle region Wide-angle region

C8 21.2 ND 4.5
C10 26.1 ND 4.5
Fig. 4. Dynamic mechanical response of CE cast films as a function of tempe

greement with the values of Tg1 obtained by DSC recorded during
he first heating. Additionally, DMA experiments clearly show the
xistence of a low temperature relaxation for C8 and C10.

Upon increasing temperature, an abrupt drop of E′ accompanied
y a broad loss tangent peak is observed for C8 to C12 samples.
he shape of the loss tangent peaks suggests that two transitions
verlap, the first one around 60 ◦C obviously independent of lat-
ral chain length and a second one for which the peak temperature
ncreases as the chain lengthens, located in the same temperature
ange as Tg2, observed in DSC experiments. Moreover, the tan ı
agnitude of both transitions, particularly the second one, seems

o decrease as the chain length increases. Similar observations have
lready been reported in literature (Vaca-Garcia et al., 2003).

Only few studies report on a mechanical relaxation located
round −60 ◦C for cellulose fatty esters. Morooka et al. assigned
his relaxation to motions of the alkyl chains (Morooka, Norimoto,
amada, & Shiraishi, 1983). The drop of E′ suggests that this
elaxation may be assigned to cooperative motions of the non
rystallized part of the lateral chains. The temperature increase
f this relaxation peak with the chain length may result from the
rystallization of a part of the aliphatic chain as revealed by DSC
xperiments. It is expected that crystallization should hinder the
obility of the rest of the lateral chain. Note that Vaca-Garcia et al.
ho studied homologous series of fully substituted n-alkyl esters

f cellulose have not observed any relaxation in this temperature
ange probably because samples are heated at 110 ◦C prior to analy-
is (i.e. in a situation similar to the 2nd heating of DSC experiments
or which no heat capacity jump was observed around −60 ◦C). The
ransition around 60 ◦C which seems fairly constant in cellulose
riesters whatever the size of the lateral chains is, depends on the
egree of substitution. The temperature maximum of this transition
ecreases as the side chain length increases for partially substi-
uted CE (Vaca-Garcia et al., 2003). Several assignments have been
roposed to explain the molecular origin of this relaxation such
s a boat-chair configuration change of the glucose ring (Klarman
t al., 1969), motion of oxycarbonyl group of the side chain (Ogura,
iyachi, Sobue, & Nakamura, 1975) or local motion of the aliphatic

ubstituents. From the present study, it is difficult to assign the spe-
ific group implied in this mechanical relaxation. However, it may
e already assumed that this relaxation is rather due to the glucose

ing and/or the oxycarbonyl group, considering that mobilities of
morphous alkyl chain are already unlocked at lower temperature.
olid state 13C NMR experiments might clarify the molecular origin
f the relaxation. The higher temperature relaxation is attributed
o cooperative motions in the cellulose backbone. The tempera-
, recorded at 1 Hz frequency a) storage modulus E′ and b) loss factor (tan ı).

ture increase of this main relaxation as the lateral chain lengthens
indicates that mobility in the cellulose backbone is increasingly
restricted when the substituent chain is long enough.

3.5. Structural characterization

Fig. 5a shows the X-ray diffraction profiles of all film samples.
All diffractograms display a major reflection in the low angle region
(1◦ < 2� < 4◦) and a broad and weak halo in the region 2� = 16–24◦.
In the case of C14, C16 and C18, a weak additional diffraction in
the region 2� = 5–7◦ is also noticed, which may be attributed to the
third order of the small angle peak. The location of these reflections
changes as a function of the fatty chain length. The d spacings of the
corresponding diffraction peaks of each sample are summarized in
Table 4.

Regarding the small angle reflections, the corresponding inter-
molecular distance increases steadily with the number of carbon
atoms in the side chain, as shown in Fig. 5b. This indicates that these
materials organize in a layered type structure, as already reported
for similar CEs (Arici, Greiner, Hou, Reuning, & Wendorff, 2000; Lee,
Pearce, & Kwei, 1998). It is difficult to propose an exact structural
description of the packing of the chain molecules from these X-ray
diffractograms. However, a structural model in fair agreement with
the results obtained so far may be suggested. The simplest struc-
tural representation would involve a layered structure composed
of a planar arrangement of parallel cellulosic backbones with fully
extended flexible side chains oriented perpendicular to the pla-
nar structure (Scheme 2). In order to evaluate the relevance of this
structural model, the layer spacing may be estimated as a function
C12 28.8 ND 4.5
C14 37.1 13.0 4.4
C16 41.8 14.9 4.3
C18 ND 16.8 4.2

ND: not detected.
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ig. 5. a) X-ray diffractograms of the CE cast films; b) variation of the layer distanc
arbon); c) deconvoluted peaks superimposed on the experimental curves for C8 an

lopes remain similar. This is indicative of the fact that no dras-
ic change in the structural organization occurs as the alkyl chain

ength is increased, i.e. no major evolution implying tilt and inter-
igitation is taking place, which would result in a leveling off of the
–n plot of Fig. 5b.

Lateral chain order is suggested in the wide angle region of the
iffractograms as indicated by the decrease of the peak width in the

Scheme 2. Possible representation of a structu
function of n, the number of carbons in the aliphatic side chain (slope = 2.61 Å per
cellulosic esters.

region 2� = 16–24◦ as side chain length is increased. To elucidate
the structural evolution, a deconvolution of the I(2�) profiles was

attempted using Peakfit software. Contributions of the amorphous
and crystalline phases were approximated by Pearson VII functions.

Deconvoluted peaks are superimposed on the experimental
curves for C8 and C18 in Fig. 5c and the results from profile analy-
sis of the two scans are summarized in Table 5. The I(2�) profile of

ral model for cellulosic laurate cast films.
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Table 5
X-ray scattering parameters.

CE materials Amorphous “Crystalline”

C8
2� 19.7 –
FWHM 5.3 –

C18
2� 19.8 21.2
FWHM 6.4 2.4
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ig. 6. Nominal stress–strain curves of the CE cast films under uniaxial drawing at
= 20 ◦C.

8 can be fitted by one Pearson function characterized by a signifi-
ant full-width at half-maximum (FWHM) indicative of a material
n mainly disordered state. Two Pearson functions are needed for
18: one of them, much akin to the function used for C8 with simi-

ar maximum peak position and broad FWHM; the second Pearson
unction is characterized by a “narrower” FWHM indicating that
his peak is rather relevant to a more ordered structure. These find-
ngs are in good agreement with the DSC experiments which have
learly shown the presence of crystals in C18. In addition, based on
-paraffin crystal structures (reference), the maximum peak posi-
ion of the second Pearson function in the case of C18 located at
.2 Å suggests that the aliphatic side chains are rather arranged into
�-hexagonal lattice, in agreement with the previous interpreta-

ion of DSC results. Moreover, this result is in good agreement with
nvestigations on poly(n-alkyl methacrylates) and poly(n-alkyl ita-
onate)s which have shown that the alkyl side chains are able to
rystallize into hexagonal packing (Lopez-Carrasquero et al., 2003).

.6. Uniaxial tensile behavior

Fig. 6 displays the stress–strain behavior of solvent-cast films
t room temperature. All samples exhibit a rather ductile behavior
xcept for the C18 material which is extremely brittle, as men-

ioned previously. These preliminary results show that as the lateral
hain length is increased, the strain at break tends to drop whereas
o clear evolution of the yield stress is evidenced (Table 6). The
ext step will focus on a detailed investigation of the structural

able 6
ield stress, �y and strain at break, εbreak, of CE cast films at T = 23 ◦C.

CE materials �y (MPa) εbreak

C8 6.40 ± 0.01 1.0 ± 0.1
C10 5.25 ± 0.24 0.7 ± 0.2
C12 4.84 ± 0.09 0.6 ± 0.2
C14 4.80 ± 0.14 0.5 ± 0.1
C16 7.06 ± 0.01 0.4 ± 0.2
mers 83 (2011) 1812–1820 1819

evolution of sample organization upon drawing, in relation to
the key molecular parameters of chain substitution and thermo-
mechanical history.

4. Conclusion

Fully substituted cellulose fatty ester derivatives were synthe-
sized in homogeneous medium, and then converted into films by
casting. All of the structural, thermal and mechanical properties
were performed onto these samples, to determine the relationships
of these properties with the side chain length. Thermal analysis
experiments had revealed the presence of two glass transition tem-
peratures, which increase with alkyl chain length: a high glass
transition temperature (between 70 ◦C and 115 ◦C) related to the
cellulosic backbone and a low one (from −64 ◦C to 6 ◦C) rather
attributed to alkyl chains which were not involved in crystalline
phase. A melting point had also been observed (4–50 ◦C) for these
cellulosic films, whose temperature increases with the fatty chain
length. DSC and X-ray data indicate that alkyl side chains with
more than 11 carbons were able to crystallize in hexagonal lattice.
Moreover, a structural model was proposed in which the cellu-
losic backbones display a planar organization, together with an
arrangement of the alkyl side chains perpendicular to the cellu-
lose backbone without interdigitation. Finally, regarding the tensile
deformation behavior, the strain at break decreases significantly
whereas no clear evolution of the yield stress was observed as a
function of fatty chain lengths.
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