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a  b  s  t  r  a  c  t

Mixed  paramylon  esters  prepared  from  paramylon  (a storage  polysaccharide  of Euglena),  acetic  acid,  and
a long-chain  fatty  acid by one-pot  synthesis  using  trifluoroacetic  anhydride  as a promoter  and  solvent
were  shown  to have  thermoplasticity.  Size  exclusion  chromatography  indicated  that  the  mixed  paramy-
lon  esters  had  a weight  average  molecular  weight  of approximately  4.9 − 6.7  × 105. Thermal  analysis
showed  that  these  esters  were  stable  in  terms  of  the  glass  transition  temperature  (>90 ◦C)  and  5%  weight
loss  temperature  (>320 ◦C).  The  degree  of  substitution  of the  long  alkyl  chain  group,  a dominant  factor
eywords:
hermoplastic
aramylon
ne-pot synthesis
sterification

determining  thermoplasticity,  was  controlled  by tuning  the feed  molar  ratio of acetic  acid  and  long-
chain  fatty  acid  to  paramylon.  These  results  implied  that  the  one-pot  synthesis  is useful  for  preparing
structurally-well  defined  thermoplastic  mixed  paramylon  esters  with  high  molecular  weight.

©  2014  Elsevier  Ltd. All  rights  reserved.
uglena

. Introduction

The creation of products from microalgae has recently attracted
articular attention, mainly because of their ability to fix car-
on dioxide and metabolize carbon sources in wastewater (Chisti,
007). The target products that have been mostly studied are bio-
uels with the expectation of reducing dependency on fossil fuel
Banerjee, Sharma, Chisti, & Banerjee, 2002; Kaya et al., 2011;

ata, Martins, & Caetano, 2010; Tucci, Vacula, Krajcovic, Proksch,
 Martin, 2010; Yamane et al., 2013). Despite intensive efforts

o make the production more efficient, further developments for
educing production cost are required for practical use.

Our efforts in this area have focused on the creation of high-
alue-added organic materials from polysaccharide of Euglena
Shibakami, Sohma, & Hayashi, 2012; Shibakami, Tsubouchi,
akamura, & Hayashi, 2013). This polymer, which is referred to

s paramylon, is a storage polysaccharide in which glucose units
re linked by �-1,3-bonds (Barras & Stone, 1968). Since paramy-
on is produced in significant quantities by using readily cultured

∗ Corresponding author. Tel.: +81 29 861 4547; fax: +81 29 861 4547.
E-mail address: moto.shibakami@aist.go.jp (M.  Shibakami).

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.036
144-8617/© 2014 Elsevier Ltd. All rights reserved.
euglenoid alga (Barsanti, Vismara, Passarelli, & Gualtieri, 2001;
Santek, Friehs, Lotz, & Flaschel, 2012), this polymer is a promising
biomass. We  recently reported the creation of Euglena-based ther-
moplastics from mixed paramylon esters (Shibakami, Tsubouchi,
& Hayashi, 2014). The procedure we  used for synthesizing these
esters is two-pot esterification in which a long alkyl chain and
acetyl groups are sequentially introduced into the glucose unit of
paramylon. Although this two-pot synthetic procedure is not com-
plicated, the development of a one-pot synthetic method may lead
to Euglena-based thermoplastics becoming more practical.

Our ultimate goal is to establish a one-pot method for syn-
thesizing thermoplastic mixed paramylon esters as a component
of mechanically and thermally stable Euglena-based plastics. The
immediate objective of the work reported here was to find a
one-pot synthetic method that produces paramylon with thermo-
plasticity. In particular, we  examined the feasibility of one-pot
esterification using trifluoroacetic anhydride (TFAA). While the
preparation of several polysaccharide esters using this one-pot
synthesis has been reported (Marubayashi, Yukinaka, Enomoto-

Rogers, Takemura, & Iwata, 2014; Yang & Montgomery, 2008; Yang,
Ding, & Montgomery, 2009), there has been no study of paramy-
lon esters. In this paper, we describe the suitability of one-pot
esterification for producing thermoplastic mixed paramylon esters

dx.doi.org/10.1016/j.carbpol.2014.11.036
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.036&domain=pdf
mailto:moto.shibakami@aist.go.jp
dx.doi.org/10.1016/j.carbpol.2014.11.036
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omparable to those prepared by two-pot esterification. We also
riefly compare the structural and thermal properties of mixed
aramylon esters prepared using one-pot and two-pot synthesis.

. Experimental

.1. General methods

1H nuclear magnetic resonance (NMR) spectra were recorded on
ruker AVANCE 500 and JEOL JNM-ECX400 spectrometers. Quan-
itative 13CNMR spectrum was obtained using the inverse-gated
ecoupling method (65,536 cumulative times). Fourier transform

nfrared (FT-IR) spectra were recorded using a JASCO FT/IR-480ST
pectrophotometer equipped with an attenuated total reflectance
ccessory (ATR Pro 400-S, ZnSe prism, JASCO) with a resolution of

 cm−1. The melting behavior of the products was observed using
 Yanako MP-500D melting-point apparatus. Optical microscopic
bservation was performed with a Leica DMRE microscope.

All chemicals and reagents were used without further purifi-
ation. Paramylon particles were obtained from Euglena gracilis in
ccordance with a previously reported method (Shibakami et al.,
012). The degree of substitution (DS) values, i.e., the average
umber of functional groups attached to a glucose unit, were deter-
ined by comparing the integral values of the methyl protons

f the long alkyl chain and acetyl group with those of the gluco-
idic protons in the 1HNMR spectrum. The calculation of DS values
akes account of the non-functionalized OH groups that have sig-
als appearing in the glucosidic proton range. The equations used

or the calculation were as follows.

DSace × 7.0
7.0 + DSH

= a

DSlac × 7.0
7.0 + DSH

= b

Sace + DSlac + DSH = 3.0

here DSace, DSlac, and DSH represent the DS of acetyl, long
lkyl chain (octanoyl, decanoyl, lauroyl, myristoyl, palmitoyl, or
tearoyl), and proton, respectively; a and b are the relative integra-
ion value due to the methyl group of acetyl and long-chain alkyl
roup, respectively, when the total glucosidic protons were set to
.0.

.2. Synthesis of mixed paramylon esters

.2.1. Paramylon acetate myristate prepared using one-pot
ynthesis in DMAc/LiCl from paramylon, acetic anhydride, and
yristoyl chloride (1)

To a homogeneous solution of paramylon (10.00 g, 61.68 mmol)
nd lithium chloride (LiCl) (7.84 g, 185.00 mmol) in N,N-
imethylacetamide (DMAc) (500 mL)  prepared by heating at
120 ◦C for 0.5 h were added dropwise at room temperature tri-
thylamine (NEt3) (43.3 mL,  308.51 mmol) and a solution made
rom DMAc (500 mL)  and myristoyl chloride (8.4 mL,  30.84 mmol).
his mixture was heated at 120 ◦C under a nitrogen atmosphere
or 3 h and then cooled to 70 ◦C. Next, NEt3 (300 mL,  2.15 mmol),
cetic anhydride (240 mL,  2.54 mmol), and DMAc (500 mL)  were
dded to the solution. After mechanical stirring at 70 ◦C for

 h and at room temperature for 14 h, a mixture of methanol
1500 mL)  and water (140 mL)  was added to precipitate a solid.
fter removal of supernatant by filtration, the solid was washed

ith water (1600 mL)  by mechanical stirring for 1.5 h. Air-drying

or 4 h and subsequent vacuum-drying at 90 ◦C for 1 h produced a
ark orange-colored solid (20.59 g). A part of this solid was  puri-
ed as follows. To a solution made from the solid (1.03 g) and
e Polymers 119 (2015) 1–7

chloroform (25 mL)  was  added methanol (250 mL) to precipitate
a yellowish solid. This procedure was repeated two  times. Air-
drying for 16 h and subsequent vacuum-drying at 90 ◦C for 2 h
produced paramylon acetate myristate (1) as a pale yellowish solid
(734 mg,  2.62 mmol, yield 84.3%). 1HNMR (CDCl3) ı 5.04–4.71(m),
4.53–4.13(m), 4.11–3.96(m), 3.87–3.33(m), 2.47–2.33(m), 2.12(s),
2.06(s), 2.00(s), 1.60(m), 1.26(s), 0.88 (t, J ———— 6.8). FT-IR (cm−1) 2925,
2852, 1742, 1636, 1434, 1368, 1213, 1190, 1119, 1037, 889.

2.2.2. Paramylon acetate myristate prepared using one-pot
synthesis and TFAA from paramylon (1 eq), acetic acid (10 eq),
and myristic acid (6 eq) (2)

To a round-bottomed flask containing TFAA (8.0 mL)  were
added acetic acid (710 �L, 12.41 mmol) and myristic acid (1.499 g,
7.48 mmol) at 50 ◦C. After stirring for 5 min, paramylon (200 mg,
1.23 mmol) was  added to the solution under a nitrogen atmo-
sphere and stirred for 1 h. The resulting homogeneous solution
was poured into a saturated sodium hydrogen carbonate aqueous
solution (400 mL). A white solid was obtained from this solu-
tion by filtration. The solid was washed with water (80 mL)  for
15 min  and methanol (80 mL)  for 15 min  by mechanical stirring
(two times), followed by vacuum-drying at 90 ◦C for 2 h to yield
paramylon acetate myristate (2) (523 mg,  1.15 mmol, yield 93.5%).
1HNMR (CDCl3) ı 4.95–4.65(m), 4.43–4.14(m), 4.07–3.91(m),
3.81–3.52(m), 2.41–2.21(m), 2.12(s), 2.06(s), 2.00(s), 1.59(m),
1.26(s), 0.88 (t, J ———— 6.6). FT-IR (cm−1) 2918, 2851, 1745, 1456, 1368,
1213, 1146, 1111, 1038, 1026, 890, 799, 721, 631.

2.2.3. Paramylon acetate myristates prepared using one-pot
synthesis and TFAA from paramylon, acetic acid, and myristic acid
with different feed molar ratio (3–5)

Procedures similar to those described for the preparation of 2
were used to obtain paramylon acetate myristate (3–5) using dif-
ferent feed molar ratio (i.e., 1:11:5, 1:12:4, and 1:14:2 (paramylon
(glucose unit): acetic acid: long-chain fatty acid)). Yields (%) were
78.1 (3), 71.4 (4), and 72.7 (5).

2.2.4. Mixed paramylon esters prepared using one-pot synthesis
and TFAA from paramylon (1 eq), acetic acid (12 eq), and myristic
acid (4 eq) (6–10)

Procedures similar to those described for the preparation of 2
were used to obtain mixed paramylon esters (6–10) made from
paramylon, acetic acid, and different long-chain fatty acid (octanoic
acid, decanoic acid, lauric acid, palmitic acid, and stearic acid) with
a feed molar ratio of 1:12:4. Yields (%) were 92.5 (6), 88.4 (7), 88.3
(8), 91.1 (9), and 92.0 (10).

2.2.5. Paramylon acetate myristate prepared using two-pot
synthesis in DMAc/LiCl from paramylon, acetic anhydride, and
myristoyl chloride (11)

Two-pot synthesis of paramylon acetate myristate was done
using a method previously reported (Shibakami et al., 2014). To
a homogeneous solution of paramylon (10.00 g, 61.68 mmol) and
LiCl (7.84 g, 185.00 mmol) in DMAc (500 mL)  prepared by heating at
∼120 ◦C for 0.5 h were added dropwise at room temperature NEt3
(43 mL,  308.38 mmol) and a solution made from DMAc (500 mL)
and myristoyl chloride (8.4 mL,  30.9 mmol). This mixture was
heated at 120 ◦C under a nitrogen atmosphere for 3 h. Methanol
(1200 mL)  was then added to precipitate a solid. After removal of
supernatant by centrifugation, the solid was washed with a mix-
ture of methanol (600 mL)  and chloroform (300 mL)  for 1 h. The
wet solid separated by centrifugation was air-dried for 15 h and

subsequently vacuum-dried at 90 ◦C for 2 h to produce paramylon
myristate as a solid (15.00 g).

To a homogeneous solution containing DMAc (1500 mL), LiCl
(6.50 g, 153.46 mmol), and paramylon myristate (15.00 g), which
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cheme 1. Scheme for synthesizing paramylon acetate myristate from paramylon
ystem.

as prepared by heating at ∼120 ◦C for 0.5 h, were added pyri-
ine (168 mL,  2.09 mol) and acetic anhydride (240 mL,  4.89 mol) at
0 ◦C. The mixture was heated at 70 ◦C for 5 h and then left at ambi-
nt temperature for 17 h under a nitrogen atmosphere. Addition of
ater (3000 mL)  to the mixture produced a solid. This solid was
ashed with methanol (1600 mL)  for 15 min  by mechanical stir-

ing. After separation by filtration, the resulting solid was air-dried
or 17 h and subsequently dried under reduced pressure at 90 ◦C for

 h to produce paramylon acetate myristate (11) as a white solid
16.10 g, 48.06 mmol, yield 77.9%). 1HNMR (CDCl3) ı 5.09–4.69(m),
.49–4.16(m), 4.11–3.90(m), 3.82–3.47(m), 2.47–2.21(m), 2.12(s),
.06(s), 1.99(s), 1.60(m), 1.26(s), 0.88 (t, J ———— 6.7). FT-IR (cm−1) 2925,
852, 1742, 1630, 1434, 1368, 1213, 1167, 1119, 1037, 889.

.3. Size exclusion chromatography

The weight average molecular weights (Mw) of mixed
aramylon esters were determined by using size exclusion chro-
atography with multiangle laser light scattering (SEC-MALLS).

he SEC-MALLS measurements were carried out on a DAWN
ELEOS II multiangle laser photometer (Wyatt Technology) and
n Optilab T-rEX refractive index detector (Wyatt Technology)
quipped with a Shodex KD-805 gel permeation chromatography
olumn (eluent chloroform, 1.0 mL/min, 40 ◦C). All of the polysac-
haride solutions were purified using a 0.2-�m filter prior to
njection. The injection volume was 100 �L with a concentration
f approximately 4.0 mg/mL. The dn/dc value was  0.0403.

.4. Differential scanning calorimetry and thermogravimetric

nalysis

Differential scanning calorimetrry (DSC) were carried out with
 Rigaku Thermo plus EVO II DSC8230 calorimeter. The sample was

Scheme 2. Scheme for synthesizing mixed paramylon esters from paramylon,
1

c anhydride, and myristoyl chloride using one-pot synthesis in DMAc/LiCl solvent

heated from 25 to 230 ◦C at a scan rate of 10.0 ◦C/min and held at
230 ◦C for 3 min. After cooling from 230 to 25 ◦C and holding for
5 min  at this temperature, the sample was heated to 250 ◦C at the
same scan rate. Thermograms obtained during the second heating
were used for determining the glass transition temperature (Tg).
Thermogravimetric (TG) analyses were carried out using a Rigaku
Thermo plus EVO II TG8120 thermogravimetric analyzer. The sam-
ple was heated from 25 to 500 ◦C at a heating rate of 10.0 ◦C/min
under a nitrogen flow of 100 mL/min.

2.5. X-ray diffraction measurement

X-ray diffraction (XRD) diagrams were recorded using a MAC
Science MFX-HP diffractometer with monochromatic Cu-K� radia-
tion (� ———— 0.15418 nm) generated at 40 kV and 30 mA  through an
optical slit system: divergence slit ———— 1◦; scattering slit ———— 1◦; and
receiving slit ———— 0.3 mm.  Scattering was performed as: scattering
angle, 2� ———— 3–35◦ with 2� step of 0.05◦ and accumulation time of
5 s.

3. Results and discussion

3.1. Exploration of feasibility of one-pot synthesis in DMAc/LiCl as
a means for producing mixed paramylon esters

First, we examined the feasibility of one-pot esterification mod-
ified from the two-pot synthesis previously reported (Shibakami
et al., 2014). In brief, myristoyl chloride and acetic anhydride were

sequentially added to a homogeneous DMAc/LiCl solution con-
taining paramylon without purifying the intermediate products
(Scheme 1). A naked-eye observation of the melting behavior of
the resulting solid (1) on a hot plate revealed that it did not show

 acetic acid, and long-chain fatty acid using one-pot synthesis and TFAA.
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Fig. 1. Optical microscopic images of paramylon acetate myristat

hermoplasticity, even upon heating up to 300 ◦C. This result indi-
ated that this one-pot synthesis cannot produce thermoplastic
ixed paramylon esters. To examine the reason for the absence

f thermoplasticity, we carried out 1HNMR measurement on 1.
he spectrum showed that DSace and DSlac were 2.58 and 0.07,
espectively. This DSlac value is too low for the feed molar ratio
f myristoyl chloride to paramylon (glucose unit) of 0.5 eq. Since
hermoplastic mixed paramylon esters have a DSlac of above ca.
.3 (Shibakami et al., 2014), it is plausible that the absence of
hermoplasticity was due to a low DSlac value.

.2. Exploration of feasibility of one-pot synthesis using TFAA as a
eans for producing mixed paramylon esters

Next, we examined the feasibility of one-pot synthesis using
FAA as a promoter and solvent. To examine the feasibility
f this synthetic method for preparing thermoplastic mixed
aramylon esters, we attempted to synthesize paramylon acetate
yristate using procedures similar to those previously reported

Marubayashi et al., 2014). In brief, to a flask containing mixed
nhydrides made from TFAA, acetic acid, and myristic acid was
dded paramylon at a feed molar ratio of 1:10:6 (paramylon
glucose unit):acetic acid: myristic acid) (Scheme 2). The het-
rogeneous solution containing paramylon and acids became
omogeneous within 20 min  upon addition of paramylon, which

ndicates the progress of acylation. Subsequent addition of the
eaction mixture to a sodium hydrogen carbonate aqueous solu-
ion yielded the desired product (2) as a white solid. The
HNMR spectrum of 2 confirmed successful introductions of
oth acetyl and a long alkyl chain group into the paramy-

on, with DSace and DSlac values of 1.84 and 1.05, respectively.
 naked-eye observation of the melting behavior of 2 on a

ot plate revealed that this compound had thermoplasticity
Fig. 1). These results demonstrate that TFAA-based one-pot syn-
hesis can be used to prepare thermoplastic mixed paramylon
sters.

able 1
egree of substitution, molecular weight, degree of polymerization, and thermal propert

Feed molar ratio of paramylon (glucose
unit)/acetic acid/myristic acid

DStotal DSace

2 1/10/6 2.89 1.84 

3  1/11/5 2.85 2.15 

4  1/12/4 2.69 2.14 

5  1/14/2 2.59 2.24 
 (a) before and (b) after heating to 230 ◦C. Bars represent 0.1 mm.

3.3. One-pot synthesis using TFAA of paramylon acetate
myristates from paramylon, acetic acid, and myristic acid with
different feed molar ratios

The DSlac of mixed polysaccharide esters is a dominant fac-
tor determining thermoplasticity (Iji, Toyama, & Tanaka, 2013;
Shibakami et al., 2014; Takihara, Yoshida, & Isogai, 2007; Yoshioka,
Hagiwara, & Shiraishi, 1999). The feasibility of controlling the DS
values by changing the feed molar ratio of the acids has been
demonstrated for preparation of mixed cellulose esters (Yang &
Montgomery, 2008). To examine the applicability of this method
to the control of the DS values of mixed paramylon esters, we
synthesized paramylon acetate myristates using different feed
molar ratios. The total feed molar equivalent of acids to paramylon
(glucose unit) was  fixed at 16 eq.

The DStotal, DSace, and DSlac values of the synthesized paramylon
acetate myristates are summarized in Table 1. The DStotal values
ranged from 2.59 to 2.89, indicating that full acylation was  not
achieved under the current reaction conditions. Table 1 also shows
that DSlac can be controlled by changing the feed molar ratio of the
long-chain fatty acid: the smaller the ratio, the smaller the DSlac.
The Mw values ranged from approximately 4.9 to 6.7 ×105 Da, and
the degree of polymerization (DP) ranged from about 1200 to about
1900.

A naked-eye observation of the melting behavior of products
2–5 on a hot plate revealed that all the compounds had thermo-
plasticity. To evaluate their thermal properties quantitatively, we
carried out TG and DSC measurements. Thermograms are shown in
Figs. 2 and 3. Since no crystallization or melting peak was present in
each DSC curve, it is apparent that the mixed esters are glassy and
amorphous at room temperature, which was  confirmed also by XRD
measurement showing amorphous halo (Marubayashi et al., 2014)
(see Supplementary data). Thermal property values determined

from the thermograms are shown in Table 1. Tg tended to increase
with a decrease in DSlac. This is attributed to the contribution of
the myristoyl group to the increasing of the intermolecular chain
distance. Further examination revealed that the Tg of 2 was higher

ies of paramylon acetate myristates prepared using different feed ratios.

DSlac Mw (Da) DP Tg (◦C) Td5 (◦C)

1.05 540,500 1187 96.6 330.1
0.70 559,700 1414 93.4 351.4
0.55 673,600 1872 106.2 345.8
0.35 496,000 1547 127.0 339.8
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Table  2
Degree of substitution, molecular weight, degree of polymerization, and thermal properties of mixed paramylon esters made from paramylon, acetic acid, and long-chain
fatty  acid with a feed molar ratio of 1:12:4.

Long alkyl chain DStotal DSace DSlac Mw (Da) DP Tg (◦C) Td5 (◦C)

6 Octanoyl 2.68 1.95 0.73 581,600 1767 107.2 337.1
7  Decanoyl 2.73 2.04 0.69 536,900 1550 106.8 337.1
8  Lauroyl 2.70 2.03 0.67 582,900 1616 105.1 339.7
9  Palmitoyl 2.69 2.08 0.61 559,400 1457 101.3 321.3
10  Stearoyl 2.71 2.20 0.51 661,800 1735 106.4 322.2

t
t
g
s
p
t
p

3
f
d

a
m
d
g
u

p
2
v

Fig. 2. TG curves of paramylon acetate myristates (2–5).

han that of 3 although the DSlac of 2 was substantially higher than
hat of 3. This indicates that the introduction of a long-chain alkyl
roup with a high DSlac may  induce an interchain interaction that
uppresses molecular fluctuation. As for the 5% weight loss tem-
erature (Td5), while there was no apparent relationship between
his parameter and DSlac, 2–5 did show a higher Td5 (>330 ◦C) than
aramylon (ca. 300 ◦C).

.4. One-pot syntheses using TFAA of mixed paramylon esters
rom paramylon, acetic acid, and long-chain fatty acid having
ifferent alkyl chain lengths

To examine how the alkyl chain length of the long-chain fatty
cid affects the polymeric structure and thermal properties of the
ixed paramylon esters, we synthesized esters having octanoyl,

ecanoyl, lauroyl, palmitoyl, or stearoyl as the long-chain alkyl
roup using a feed molar ratio of 1:12:4 (paramylon (glucose
nit):acetic acid:long-chain fatty acid) (Scheme 2).
Table 2 summarizes the structural parameters and thermal
roperties of the products (6–10). The DStotal values ranged from
.68 to 2.73. That the DStotal of 4 was 2.69 indicates that the DStotal
alue is nearly constant despite the differences in the alkyl chain

Fig. 3. DSC curves of paramylon acetate myristates (2–5).
Fig. 4. TG curves of mixed paramylon esters (6–10).

length of the long-chain fatty acids if the total feed molar equiv-
alent of the acids is fixed. Table 2 also shows that DSlac tended to
decrease with an increase in the long alkyl chain length although
the DSlac of 4 (myristoyl) was between that of 9 (palmitoyl) and 10
(stearoyl). This indicates that the efficacy of long alkyl chain group
introduction depends on its chain length.

All the molecular weight values for 4 and 6–10 were above
5.3 × 105 Da, and the DP values ranged from 1457 to 1872. If the
paramylon used in this study had Mw and DP values similar to those
previously reported (Mw of 2.959 × 105 Da, DP of 1827) (Shibakami
et al., 2013), it is likely that depolymerization barely occurred with
the current synthetic procedures. A naked-eye observation of the
melting behavior of 6–10 showed that all of them had thermoplas-
ticity as expected. Figs. 4 and 5 show TG and DSC thermograms
indicating that all the Tg and Td5 values were above 100 and 320 ◦C,
respectively. Although these thermal properties plausibly depend
on the long alkyl chain length, comparison of them among 4 and

6–10 is inappropriate because of the different DSlac values.

Fig. 5. DSC curves of mixed paramylon esters (6–10).
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ig. 6. 13CNMR spectrum (quantitative mode) of paramylon acetate myristate (5).

.5. Comparison of paramylon acetate myristate prepared using
ne-pot synthesis and TFAA with that prepared using two-pot
ynthesis in DMAc/LiCl

One additional concern was whether mixed paramylon esters
repared using the one-pot synthesis and TFAA are structurally
nd thermally comparable to those prepared using the two-pot
ynthesis in the DMAc/LiCl solvent system previously reported
Shibakami et al., 2014). To examine this, we prepared paramylon
cetate myristate (11) using the two-pot synthesis. For accurate
omparison, we  used paramylon from the same lot used for syn-
hesizing 1–10. The 1HNMR showed that the DSace and DSlac of
1 were 2.35 and 0.38, respectively. Since 5 had the closest DS
alue to 11,  we compared 5 with 11.  The Mw and DP of 11 were
10,100 Da and 1821, respectively. A hot-plate test confirmed that
1 had thermoplasticity. DSC and TG measurements indicated that
he Tg and Td5 of 11 were 121.4 and 332.6 ◦C, respectively. Com-
arison of these values with those of 5 indicates that the one-pot
ynthesis produces mixed paramylon esters comparable to those
roduced by the two-pot synthesis in terms of polymeric structure
nd thermal properties.

To explore the regioselectivity of acylation using the one-pot
ynthesis, we carried out quantitative 13CNMR measurement on 5.

 sharp and broad signal appeared at 173.4 and 171.8 ppm. The
ormer was due to myristoyl carbonyl carbon attached to posi-
ion C6, and the latter was due to its attachment to positions C2
nd C4 (C2/C4). Their relative integral values are approximately
.00 and 1.84, respectively (Fig. 6). Given that the DSlac value of

 was 0.35, the partial DSlac values of myristoyl at C6 and C2/C4
ere 0.12 and 0.23, respectively. In a previous study (Shibakami

t al., 2014), we examined the regioselectivity of acylation using the
wo-pot synthesis by measuring quantitative 13CNMR on paramy-
on acetate myristate (DSlac 0.48/DSace 2.24) and found that the
artial DSlac values of myristoyl at C6 and C2/C4 were 0.34 and
.14, respectively. Thus, the one-pot synthesis can produce mixed
aramylon esters with DSlac values different from those produced
y the two-pot synthesis. Since regiochemistry has a significant

nfluence on the physical, chemical, and thermal properties of poly-
ers, the one-pot synthesis extends the range of application of

he thermoplastic mixed paramylon esters in the area of material
hemistry.

. Conclusion
We  have demonstrated the feasibility of using one-pot syn-
hesis in the presence of trifluoroacetic anhydride as a promoter
nd solvent as a means of preparing thermoplastic mixed paramy-
on esters. The benefits of this method include simple, quick
e Polymers 119 (2015) 1–7

preparation: mixed paramylon esters were obtained within a
few hours. An additional benefit is structural controllability: the
degree of substitution of acetyl and the long alkyl chain can
be controlled by tuning the feed molar ratios of the acetic acid
and long-chain fatty acid to paramylon. The mixed paramylon
esters produced by the one-pot synthesis were comparable to
those produced by two-pot synthesis in the DMAc/LiCl solvent
system. Whether the slight difference in the regioselectivity of the
long-chain alkylation between the one-pot and two-pot reaction
affects the mechanical strength of Euglena-based thermoplastics
remains to be determined. Studies currently in progress are aimed
at answering this question. The results will be reported in due
course.
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