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Starch is a sustainable polysaccharide with major existing and foreseen applications. Even if a plethora of 
routes have been described to plasticize it, eg. by glycerol, sorbitol, and polyols, there remain major 10 

challenges related to retrodegradation, stability, and plasticizer leaching. Here we describe plasticization 
of starch using star-shaped molecules to combine the seemingly conflicting requirements: efficient 
plasticization typically assigned to low molecular weight hydrogen bonding plasticizers and reduced 
leaching typical for high molecular weight molecules. The efficient plasticization is allowed by the short, 
flexible, and hydrogen bonding dangling side chains, which are connected to the core of the plasticizer, 15 

leaving crystalline starch domains to allow self-reinforcement. The star-shaped plasticizer, a cyclic 
phosphazene having six covalently bound aminoethoxy ethanol side groups was synthesized via 
nucleophilic substitution, and a series of films using rice starch and different weight fractions of 
plasticizer were prepared by drop casting. Incorporating ≥ ca. 10 wt% of plasticizer leads to transparent 
plasticized films. FTIR indicates that the samples having ≤ ca. 60 wt% of plasticizer involve both 20 

plasticized amorphous domains and reinforcing crystalline domains, suggesting self-reinforced 
nanocomposite structures. The composition with 20 wt% of plasticizer shows high tensile modulus of 
1.12 GPa and yield strength of 20.9 MPa, still showing a large strain of 8.8%. No retrodegradation is 
observed after two months and no clear tackiness is observed even during aging of one year, suggesting 
stability and suppressed plasticizer leaching. We suggest that the star-shaped hydrogen bonding 25 

plasticizers allow promising potential to optimize starch-based materials for advanced applications. 

. 

Introduction 

Starch is a widely available natural polysaccharide, which is the 
main component of plant tubers and endosperm seeds.1-5 It has 30 

attracted extensive technological attention because of its 
sustainability, low cost, and renewability, as well as being easy to 
extract, purify, process, and scale-up. Starch has major 
applications in food industry, packaging, adhesives, paper, and 
biocomposites.6-13 Due to its biocompatibility, starch has also 35 

been extensively explored for biomedical purposes such as drug 
delivery, tissue engineering, and wound-dressing.  However, 
starch is brittle, requiring chemical or physical modification for 
mechanically demanding applications, and to allow film 
formation.14-18  40 

Starch is composed mainly of two kinds of polysaccharides, 
namely amylose and amylopectin.2,5 Amylose is essentially a 
linear polymer formed by D-glucose units linked via α-(1�4) 

bonds, with molecular weight in the order of 105 - 106 Da. By 
contrast, amylopectin is a highly branched and high molecular 45 

weight polymer (107 - 109 Da), formed also by D-glucose units 
linked via α-(1�4) bonds, with branching points formed of α-
(1�6) glucosidic links, which are localized ca. every 20 - 70 
glucose units. Starch forms granules, which consist of concentric 
amorphous and crystalline lamellar growth rings. The crystalline 50 

growth rings are composed of amylopectin chains in a double 
helix conformation as laterally tightly packed, forming 
nanoscopic crystalline layers, as separated nanoscopic amorphous 
layers of amylose and the branches of amylopectin. The 
amorphous layers are located around the branching nodes of 55 

amylopectin.2,5,19-21  
The classical processing of starch starts by the destruction of the 
crystalline parts by heat and water treatment, in a phenomenon 
called gelatinization, where the water acts as a plasticizer.  In this 
process, the highly organized granular structure is destroyed, 60 
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most of the intermolecular hydrogen bonds are suppressed, and 
the starch polymer chains swell producing a viscous solution, i.e., 
the thermoplastic starch (TPS) that can be processed using 
traditional plastic processing techniques.6,20-22,23 However, the 
films prepared solely using water gelatinization tend to undergo 5 

retrodegradation, where amylopectin is partly recrystallized and 
material becomes brittle due to insufficient segmental mobility in 
the amorphous domains.  
To plasticize towards temporally stable thermoplastic behavior 
and film formation ability, organic plasticizers such as glycerol, 10 

oligoethyleneglycols, sorbitol, urea, sugars, amides, 
ethanolamine, citric acid, or their combinations are classically 
used.6,22,24-32 Selection of proper plasticizers is critical, relevant, 
and subtle, aiming to promote the polymer chain dynamics under 
mechanical deformations, where molecularly compatible low 15 

molecular weight compounds are usually most effective.33,34 
However, a generic feature of low molecular weight plasticizers 
is that they are prone to migration and leaching from polymers, 
causing surface tackiness and lack of temporal stability.33,35 In 
general, the migration can be reduced by increasing the molecular 20 

weight of the plasticizer and even using polymers, but such 
molecules can be less effective in plasticization. A desirable 
starch plasticizer should show suppressed migration and lead to 
diminished water absorption, as well as being biodegradable to 
keep the end product bio-friendly, and to lead to the increased 25 

chain dynamics allowed by the low molecular weight 
plasticizers35-37. 
 In general, as hydrogen bonds are characteristic in starch, it is 
expected that also the plasticizer should be able to form extensive 
hydrogen bonds with starch, similarly as the classical polyols 30 

plasticizers.38  
Here our hypothesis is that the above competing starch plasticizer 
requirements could be approached by using star-shaped 
architecture, having increased molecular weight of the whole 
molecule to suppress the migration and leaching, but 35 

incorporating short mobile and dynamic hydrogen bonding polyol 
dangling side chains for plasticization. In fact, in a different field 
related to ionic conductors, a slightly related plasticization 
concept has turned out to be feasible.39 Cyclophosphazenes are 
inorganic rings containing alternating phosphorus and nitrogen 40 

atoms, and the most common cyclophosphazene is 
hexachlorocyclotriphosphazene (NPCl2)3 , i.e., HCCP. It can be 
synthesized from PCl5 and NH4Cl, and it is also commercially 
available.40 
 It can be easily functionalized by replacing the chlorine atoms by 45 

appropriate organic groups. In principle, any nucleophile can be 
introduced to the phosphazene ring via nucleophilic substitution 
reaction. Some features that are intrinsic to phosphazene rings are 
flame resistance, thermal stability, and degradation into non-
hazardous molecules, i.e., phosphates and ammonia. However, it 50 

is important to notice that the non-hazardousness is also 
dependent on the type of the organic group attached to the 
phosphazene ring.40-44 
 As six chlorine atoms are linked to phosphorus in HCCP, six 
nucleophiles can be introduced in the ring producing a 55 

multifunctional molecule that can hold, for example, six flexible 
polyol chains. 
Motivated by this idea, we synthesized star-shaped 

cyclophosphazene molecules bearing aminoethoxy ethanol side 
groups, and prepared a series of phosphazene/starch mixtures. 60 

Their properties were investigated by spectroscopies, small angle 
X-ray scattering, electron microscopy, and mechanical studies. 
  

Experimental 

General procedures 65 

Hexachlorocyclotriphosphazene (99%, Aldrich) was purified by 
re-crystallization from hexane at 50 oC followed by sublimation 
at 55 oC under low pressure (2.8 x10-3 mbar) using a cold finger 
apparatus. 2-(2-Aminoethoxy) ethanol, i.e. AEE, (98%, Aldrich) 
was treated with CaO and stored under molecular sieves (4 Å). 70 

Tetrahydrofuran was treated with potassium and benzophenone 
over reflux before use. The synthesis was carried out under dry 
nitrogen using standard Schlenk line techniques. Rice starch 
(Aldrich) was used as received; deionized water was used for 
gelatinization of starch and homogenization of the mixtures. 75 

 

Synthesis of aminoethoxy ethanol substituted phosphazene - 
N3P3(C4H10NO2)6 - AEEP 

 1.0 g (2.9 mmol) of hexachlorocyclotriphosphazene was 
dissolved in approximately 500 mL of THF and added dropwise 80 

to a stirring solution containing 3.6 g (35 mmol) of 2-(2-
aminoethoxy) ethanol and 20 mL of triethylamine dissolved in 
300 mL of THF. The reaction was conducted in dilute conditions 
to avoid or minimize cross-linking side reactions between the 
rings. Triethylamine was used as hydrochloric acid scavenger. 85 

The reaction mixture was stirred at room temperature for 12 
hours and at 40 oC for another 12 hours. The reaction was 
finished by cooling down the mixture to room temperature. The 
resulting material, which was precipitated in the reaction flask, 
was separated from the THF solution and washed with a solution 90 

of THF/methanol (5:1). Thereafter, the paste was dissolved in a 
small amount of ethanol and precipitated first against THF and 
then, against hexane several times. The final product, a sticky and 
pale yellow paste, was obtained by evaporating the solvent in a 
rotary evaporator.  NMR 31P (600 MHz, D2O, ppm): 20.8 (d); 95 

23.6 (t) (J = 51 Hz). 1H (600 MHz, DMSO, ppm): 3.01 (m, br, 
NH2-CH2-); 3.12 (t, -NH-CH2-); 3.52 (t, -P-O-CH2-); 3.55 (t, -O-
CH2-CH2-OH); 3.58 (t, -O-CH2-CH2-O-P-); 3.60 (m, -O-CH2-
CH2-NH2); 3.67 (t, -O-CH2-CH2-NH-); 3.70 (t, HO-CH2-CH2-). 
FTIR (cm-1): 3255 (-OHν); 2870 (-CH2 νsym.); 1609 (N-H 100 

δscissor); 1504 (N-H wagging); 1270 (N-P=N); 1226 (O-P=N); 
1112, 1064, 960 (C-Oν  and P-Oν). m/z = 760.36 (MH+). 
 

Processing of the films 

We prepared 0.5 g starch/AEEP mixtures with the following 105 

AEEP dry mass concentrations: 10, 20, 30, 40, 50, 60, 70, 80, 90 
wt%. The reference sample without AEEP was prepared using 
only starch and water. Starch was added at room temperature into 
a beaker containing a large excess of deionized water, leading to 
the starch concentration < 15 wt%. The mixtures were heated up 110 

to 95 oC under vigorous stirring. After 10 minutes, the mixtures 
became clear, and the phosphazene plasticizer (as dissolved in a  
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Fig. 1 Suggested structure for AEEP as well as the 1H NMR spectra (D2O, 
600 MHz). 5 

minimum amount of water ~5 mL) was added dropwise into the 
starch/water slurry. The mixtures were further stirred at 90 oC 
until the volume decrease to about half of the initial volume.  
After that, the mixtures were cast onto Teflon dishes and taken to 
an oven, where the films were dried at 40 oC, under a constant air 10 

flow. The drying process took about 6 hours.  
 

Fourier transform infrared spectroscopy (FTIR) 

The spectra were recorded using a ThermoNicolet 380 
spectrometer and ATR method (diamond crystal). The spectra 15 

were collected from both fresh dried samples and samples stored 
for 60 days at room temperature and 37-40% relative humidity. 
 

Nuclear magnetic resonance spectroscopy (NMR) 

The 1H and 31P spectra were acquired in an equipment Varian 20 

Inova 600 MHz using Si(CH3)4 as internal reference for 1H 
experiments and H3PO4 in an external capillary reference as for 
the 31P experiments, all recorded at 27 oC. 
 

Differential scanning calorimetry (DSC) 25 

The measurements were carried out on a Mettler Star DSC 821 at 
heating rates of 10 oC·min-1. The samples (~5 mg) were placed in 
an aluminum pan and heated up to 100 oC under N2 atmosphere 
in a first scan, followed by a cooling stage until -20 oC. A second 
scan was carried out by heating up to 250 oC at the same heating 30 

rates. The second scan was used to quote the thermal events. 
 

Mechanical tensile testing 

The tensile tests were carried out on a DEBEN minitester 
(Microtest 200 module) equipped with a 20 N load cell. 35 

Measurements were conducted at room temperature (22 ± 1 oC) 
and 37% relative humidity level. The sample films were kept 
under such conditions for two days before the measurements. The 
films were cut in rectangular shapes of 20 mm x 3.0 mm, and the 
thickness was 60-105 µm, as measured with a Mitutoyo LGF-40 

0110L linear gauge. The average thickness was obtained by 
measuring the thickness from three different points of the 
specimen. 4-5 specimens were analysed for each sample. Pure 
starch/water was too brittle to be measured. 

Thermogravimetric analysis (TGA) 45 

The measurements were carried out on a Mettler M3-TG50, using 
an aluminum pan, under N2 atmosphere, and heating up to 600 oC 
with heating rates of 10 oC·min-1. To verify the water contents, 
the samples were conditioned under 65% relative air humidity for 
one week. The samples were cut in similar shapes and 50 

approximately the same weight (~3 mg) and heated up to 130 oC, 
followed by an isotherm stage of two hours.  
 

Small angle x-ray scattering (SAXS) 

The samples were sealed to a holder between two Kapton films to 55 

yield a sample with a thickness of approximately 60-105 µm. The 
structural periodicities were measured by using a rotating anode 
Bruker Microstar microfocus X-ray source (Cu Ka radiation, λ = 
1.54 Å) with Montel Optics. The beam was further collimated 
with four sets of slits (JJ-X-ray), resulting in a beam size of 60 

approximately 1 × 1 mm at the sample position. The distances 
between the sample and the Bruker AXS 2D area detector were 
1.59 m and 4.5 m.  One-dimensional SAXS data were obtained 
by azimuthally averaging the 2D scattering data. The magnitude 
of the scattering vector is given by q = (4π/λ) sin θ, where 2θ is 65 

the scattering angle. The collected data was corrected for 
background scattering and background noise. 
 

Scanning electron microscopy (SEM) 

 Field-emission scanning electron microscopy (JEOL JSM-70 

7500FA) was performed at 2 keV electron energy. All the 
samples, except 10 wt% AEEP, were submerged in liquid 
nitrogen and broken to analyze the cross-sectional surface. The 
samples were sputtered with a thin layer of gold (Emitech 
K950X/K350, 30 mA, 45 seconds) to promote conductivity.  75 

 
 

Results and Discussion 

The star-shaped phosphazene plasticizer AEEP (Figure 1) is a 
transparent pale yellow and hygroscopic paste. It is soluble e.g. in 80 

water, ethanol, methanol, 1-butanol, but insoluble in THF, diethyl 
ether, ethyl acetate acetone and hydrocarbons. Mass spectroscopy 
renders the molecular weight MH+ 760.36, thus agreeing with the 
expected chemical formula (see Figure S1 and Table S1). Figure 
1 depicts the 1H NMR spectrum, showing that the plasticizer 85 

indeed contains the aminoethoxy ethanol side chains. In the 31P 
NMR spectrum, the absence of signals attributed to -PCl2- or -
PClR- indicates the complete replacement of chlorine atoms in 
the molecular substitution (see Figure S2).45   31P NMR presented 
two groups of signals: the first at 20.8 ppm is attributed to the 90 

phosphorus atoms linked to two nitrogen atoms, and the second at 
23.5 ppm is attributed to the phosphorus atoms linked both to the 
nitrogen and oxygen atoms. We could not find signals indicating 
phosphorus atoms linked only to two oxygen atoms. The analysis  
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Fig. 2  Photographs of starch/AEEP compositions, showing their consistency and transparency. 

 

Table 1 Appearance of the cast starch/AEEP composition after water 
evaporation. 5 

 

Contents of AEEP             

(wt%) 

Film characteristics 

0 Very brittle 
10 Transparent film, with some flexibility 
20 Transparent film, foldable 
30 Transparent film, flexible, plastic-like 
40 Transparent film, flexible, soft 
50 Transparent film, flexible, soft, 

 slightly adhesive 
60 Transparent, rubber-like, adhesive,  

difficult to peel off 
70 Transparent, very soft film, adhesive 
80 Transparent paste, adhesive, 

 does not form self-standing film 
90 Transparent paste, adhesive,  

does not form self-standing film 

 

 

 
of 31P NMR peak heights suggested that, in the average, one 
phosphorus at the ring underwent a substitution having nitrogen 10 

and oxygen linked, whereas the other two phosphorus atoms 
where substituted only via amines. This may not become as a 
surprise as also other works show a regioselectivity in the 
macromolecular substitution of bifunctional nucleophilies, with 
preferred substitution via amine rather than alcoholic hydroxyl.46-

15 
49  

In fact, the above suggested statistical mixture of both reaction 
topographies may even be favorable to promote plasticization, as 
suppression of regularity is attractive for suppressed 
crystallization and efficient plasticization. Also, whether the 20 

aminoethoxy ethanol NH2-(CH2)2-O-(CH2)2-OH reacts onto 
phosphazene ring from its amine or hydroxyl group, the opposite 
peripheral hydroxyl or amine end groups can still allow hydrogen 
bonding to starch. Figure 1 shows a suggested statistically 
averaged structure for AEEP.  25 

The bifunctionality of aminoethoxy ethanol could, in principle, 
also lead to a cross-linking of the phosphazenes to form an 
insoluble cyclomatrix, if the same aminoethoxy ethanol molecule 
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Fig. 3 FTIR-ATR spectra of selected starch/AEEP films (see all spectra in Figure S3). (a) Freshly dried sample and (b) sample after aging of 60 days 

under 37 - 40% humidity. The shaded region shows the bands attributed the crystalline and amorphous domains of starch. The labels indicate fraction of 
AEEP. 

 5 

reacts with two neighbouring rings through its two reactive sites. 
However, no evidence for the cyclomatrix formation was 
observed by mass spectroscopy, which does not come as a 
surprise as the reaction was carried out in very dilute conditions. 
Moreover, the material remained soluble after long periods of 10 

time, even when exposed to atmosphere. The fact that the 
substitution reaction can be carried out without the help of 
protection/deprotection techniques is relevant, because it 
simplifies the reaction procedures, reducing the formation of the 
residues and the costs. 15 

 

Structural and morphological characterizations of the 
starch/AEEP films 

The cast films are shown in Figure 2 and their properties are 
summarized in Table 1. All the films are visually transparent and 20 

macroscopically homogeneous. At small plasticizer weight 
fractions up to ca. 50 wt% the films were robust and could be 
peeled away from Teflon dishes. At higher concentrations the 
films became gradually softer and eventually paste-like and too 
adhesive, preventing their removal. Upon aging of ca. one year, 25 

the films kept their initial transparency and flexibility, thus 
suggesting stability. The transparency of the cast films gave us a 
first sign that starch and AEEP are intimately mixed producing a 
homogeneous material, at least in macroscopic scale. This is 
untrivial, as attempts to plasticize starch films e.g. using 30 

poly(ethylene glycol) - PEG 200 (Mw 210 - 320 Da) - by drop 
casting lead to opaque and brittle films.25,50 Taken our star-shaped 
hydrogen bonded plasticizer of relative high molecular weight, 
these observations indirectly indicate, that it is not only the 

chemical composition and molecular weight that play an 35 

important role in the effectiveness of the plasticizer, but its 
geometrical structure is also a key factor. 
 

FTIR  

The films were analyzed by FTIR-ATR first soon after drying 40 

and additionally after 60 days of storage at room temperature at 
37-40% relative humidity, in order to observe whether structural 
changes took place upon aging. Representative spectra are 
displayed in Figure 3, and the spectra of the whole series together 
with a summary of the band shifts are included in Supporting 45 

Information (see Figure S3 and Table S2).  
The emphasis is here in the fingerprint spectral region of 
polysaccharides in the bands from 1300 to 800 cm-1. Three bands 
are investigated in detail: the band close to 1000 cm-1, which is 
assigned to the hydrated crystalline structure of amylopectin, and 50 

is related to the hydrogen bonding of the hydroxyl group at C-6.51 
The band at 1047 cm-1, which consists of overlapping bands of 
1040 and 1053 cm-1, is related to the aligned double helices (see 
later Figure 6), and the band at 1022 cm-1, is attributed to the 
amorphous parts of starch.52 55 

A major absorption band is observed at ca. 996 cm-1 for AEEP 
concentrations up to ca. 60 wt%, which is related to the 
crystalline starch domains. For higher AEEP concentration only a 
shoulder is observed, whereas in pure AEEP this band is not 
observed. Similarly, a clear shoulder at 1048 cm-1 is observed for 60 

AEEP concentrations below ca. 60 wt% and hardly resolved for 
higher concentrations. These two bands are attributed to the 
hydrated crystals and aligned double helices of starch. The band 
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1022 cm-1, related to the amorphous domains, is not resolvable in 
lower concentrations of AEEP, becoming distinct at 70 wt% 
AEEP. Note that 50 and 60 wt% as well as pure AEEP have a 
small absorption near this same band, but in the sample 
containing 70 wt% the absorption at 1022 cm-1 was particularly 5 

more intense. One can conclude that in starch/AEEP mixtures 

there are coexistent crystalline and amorphous starch domains up 
to ca. 60 wt% AEEP plasticizer. Clear indications of rupture of 
the crystalline structure were only detected at 70 wt% or higher 
plasticizer concentrations. 10 

Figure 3b depicts selected FTIR spectra upon aging for 60 days.  

 
 

Fig. 4 (a) DSC curves of selected samples in the region of Tm at the heating rates 10 oC.min-1, (b) TGA curves of selected samples. The labels indicate 
fraction of AEEP. 15 

The bands close to 996 cm-1 and 1048 cm-1, related to the 
crystalline domains, are observed even at the high 70 wt% 
concentration of the plasticizer, even though a small shift of the 
first band to higher wavenumbers may be observable. 
Simultaneously, the band related to amorphous structure is also 20 

observable close to 1022 cm-1. As the FTIR spectra were 
essentially similar for the fresh and aged samples, no observable 
retrodegradation had taken place within these compositions 
during the 60 days and under 37-40 % relative humidity, which 
indicates sample stability. 25 

The FTIR results suggest that there are both crystalline and 
amorphous domains within the starch/AEEP composition for any 
practically relevant compositions, i.e. where the weight fraction 
of AEEP is not excessive. 
 30 

Thermal characterization 

The DSC experiments (Figure 4a, Table 1 and Figure S4) showed 
a single endothermic peak for the compositions up to 70 wt% of 
AEEP, which was attributed to the melting of starch crystals. The 
Tm varied from 158 to 178 oC, and for the concentration of 70 35 

wt% AEEP, Tm shifted to a higher temperature. The samples 
containing 80 and 90 wt% also showed endothermic peaks, but 
they are not shown in Figure 4 due to the proximity of their 
degradation process, which started at 219 and 220 oC, 
respectively. Thus, the data of those samples were not reliable 40 

enough to be used in the quantitative analysis. The Tm values 
found for these films are consistent with the melting temperature 
calculated for a perfect starch crystal, which varies from 160 to 
200 oC, depending on the starch source.56 However, the present 
temperatures are slightly higher than the ones reported for films 45 

composed of starch and its most common plasticizers.25 Pure 
starch films prepared from water did not present endothermic 
peaks in the range of analysed temperatures. The high enthalpy 
value indicates that the addition of 10 wt% AEEP probably 
induces a particularly stable crystalline structure, which requires 50 

higher energy for melting.  
The glass transition temperature (Tg) found for the pure AEEP 
was -39.9 oC. The starch/AEEP samples presented a single Tg up 
to 60 wt% of AEEP. The values of the Tg decrease until reaching 
a minimum of -24.3 oC for the sample containing 50 wt% AEEP. 55 

However, at high concentrations of AEEP, such as at 70 wt% or 
beyond, the observations become less clear, even pointing 
towards phase separation. In any case, such AEEP concentrations 
are not practical. 
TGA for the studied starch/AEEP mixtures showed only one 60 

major degradation step near 230 oC within the interval of 
temperatures analysed, see Figure 4b and Figure S5. Films 
containing 10, 80 and 90 wt% AEEP, and the pure starch/water 
sample presented an additional degradation step. In all cases, the 
values of the decomposition temperatures of the first step (Td,1) 65 

were lower than Td,1 of pure components. As a general feature, 
we observed that Td,1 slightly decreased with the increase of the 
amount of AEEP. This was especially true for the samples with 
20-90 wt% AEEP. The presence of a single degradation step 
suggested strong interactions between starch and plasticizer, 70 

which was very likely entrapped within the starch structure. The 
behavior of the film containing 10 wt% AEEP was markedly 
different from the other samples, being more similar to 
starch/water sample with respect to the number of decomposition  
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Table 2 TGA and DSC data for dried AEEP/starch mixtures. 
 

                                              TGA  DSC 
Contents of AEEP             

(wt%) 

Td,1 

(oC) 

Td,2 

(oC) 

Char 

(%) 

Water absorbed (%)* Tm 

(oC) 

Enthalpy 

 (J.g-1) 

Tg 

(oC) 

0 297 457 0 11.0 - - - 
10 238 504 8.5 9.2 173 59.2 -13.6 
20 231 - 16.4 10.1 171 41.0 -17.2 
30 226 - 20.5 10.4 174 46.8 -20.3 
40 226 - 23.7 11.9 158 50.8 -22.4 
50 224 - 30.9 12.6 174 40.6 -24.3 
60 223 - 26.4 13.8 178 29.8 -18.3 
70 225 - 24.6 14.8 187 20.5 -8.7 / -45.8 
80 219 249 17.4 18.3 - - - 
90 220 239 14.6 22.8 - - - 
100 255 - 10.3 - - - -39.9 

a Samples conditioned in a chamber at humidity level of 57-63%. 

 
 

 5 

Fig. 5  SAXS intensity patterns of starch/AEEP films. The weight 
fractions indicate the increasing fraction of AEEP in the samples. The 

amount of water varied from 9.2 - 12.6 wt% according to TGA 
measurements (Table 2). 

steps and Td,2. An interesting feature is the difference of Td,2 10 

between the sample without plasticizer and the sample with 10 
wt% of AEEP, the values being 457 oC and 504 oC, respectively. 
According to the literature, plasticized starch presents two steps 
of decomposition, the first relating to the amorphous parts of the 
starch ring, and the second to the well packed crystalline part.16 15 

These values indicate that the crystals indeed prevailed after 
addition of 10 wt% of AEEP to the starch/water system because 
the sample required more energy to be decomposed, due to a 
more regular organization. 
  As the properties of starch-derived materials strongly depend 20 

on the humidity level, and in addition, as AEEP is a very 
hygroscopic material, we evaluated the water intake of the 

samples using TGA. The results showed an increase in the water 
intake with the amount of AEEP in the samples. The samples 
containing 10 - 30 wt% AEEP absorbed slightly less water than 25 

the control sample (starch/water). This behavior suggests strong 
interactions between starch and the plasticizer. If the hydrogen 
bond sites in starch are occupied by the presence of AEEP, the 
water intake would decrease because there would not be available 
sites for hydrogen bonds between water and starch or water and 30 

plasticizer. Besides, the absorption of water by the compact 
crystalline structure, which is already been shown to exist in our 
system, is relatively more difficult than the absorption by the 
amorphous part. 
The TGA results showed, interestingly, a maximum amount of 35 

char, 30.9%, for the composition having 50 wt% of AEEP (Table 
2). This behavior indicates a matching with the FTIR results 
because the FTIR spectra showed a change of pattern also at 50-
60 wt% of AEEP in sample. Phosphazenes are well known for 
their thermal stability and formation of chars that involve cross-40 

linking reactions and formation of stable phosphates. Starch, on 
the other hand, is completely decomposed at 600 oC producing no  
char as observed in Figure 4b. In spite of that, starch/AEEP films, 
excluding 10 wt% AEEP, produced more char than pure AEEP, 
which confirms the interactions between starch and AEEP. A 45 

plausible explanation for the maximum amount of char in the 
sample containing e.g. 50 wt% AEEP is that, according to FTIR, 
the starch crystals were still present at that concentration and the 
presence of packed crystals is a factor that contributes to the 
amount of char formation. According to TGA results, the sample 50 

with 50 wt% of AEEP gathered the highest possible amount of 
phosphazene that could be introduced in the system without 
completely disrupting the crystalline structure, and producing the 
most thermally stable product of the series. For the sample with 
70 wt% of AEEP, with no influence of the crystalline structure, 55 

the amount of char decreased and the same was observed for the 
samples with the highest AEEP concentrations. 
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Fig. 6 Schemes for the suggested structures. (a) The native starch consisting of glassy polymer backbone and spacers and nematic array of double helices 

involving corrugated domain boundaries, as reported previously.17,18,51 (b) Heating in the hydrated state is known to lead to smectic arrangements with 
more smooth domain boundaries allowed by plasticized backbones and spacers, 17,18,51 which is expected to take place also in the case of added plasticizer 5 

AEEP. (c) The suggested structure upon drying, involving crystalline domains (based on FTIR) forming smectic arrangements and their typical periodicity 
(based on SAXS) allowed by plasticized spacers. The possible hydrogen bonding end group sites of the AEEP have been indicated by red dots. Note that 
the depicted shapes of the semicrystalline reinforcing domains could not be assigned from the SAXS or electron microscopy, and must be interpreted only 

schematically.  

 10 

SAXS  

Figure 5 shows the SAXS curves for starch/AEEP mixtures from 
dried films.  For starch with no AEEP, essentially no organization 
is observed for the values of the scattering vector q in the range 
0.02-0.1 Å-1, corresponding to nanometer length scale. By 15 

contrast, for samples with 10 - 30 wt% AEEP concentrations, 
there is a broad intensity maximum observable at q = 0.065 Å-1, 
which indicates structure of 9-10 nm periodicity. This periodicity 
has also been observed in hydrated starches, and it has been 
assigned to the so-called smectic starch structure (see later Figure 20 

5 for the scheme), consisting of alternating layers of crystalline 
lamellae of laterally packed double helices and mobile plasticized 
polymer backbones and spacers.20,21,53,54 The small intensity of 

the present reflection indicates poor overall order, which does not 
come as a surprise, as rice starch generally displays especially 25 

broad scattering peaks, revealing lower degree of crystallinity  
than maize starch, for example.19 At higher AEEP concentration 
beyond ca. 30 wt%, the SAXS peak becomes unobservable. At 
low magnitudes of scattering vector, the scattering shows a 
characteristic upturn. Figure 5 shows a scaling relation I ∝ q-α, 30 

where α ≈ 3.5, indicating interfacial scattering.20    Combining the 
above findings with previous knowledge on starch behavior 
allows us to suggest potential structures.  Starch can be regarded 
as a side-chain liquid crystalline polymer having helical side 
chains connected to the polymer backbone via short spacers.54 In 35 

the native form, the material is frozen to involve glassy 

Page 8 of 13Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

backbones and spacers, and the amylopectin double helices pack 
in a corrugated manner, denoted as nematic phase of starch, see 
Figure 6a.54 The plasticization, either due to presence of 
solvent/plasticizer or thermal energy input will increase the 
segmental mobility and promotes an assembly of the double helix 5 

clusters towards a smectic-like order, see Figure 6b.19,38,54-57 The 
assembly obtained after hydration shows classically 9 nm 
periodicity in SAXS.20 Adding AEEP is not expected to change 
this overall picture. The 9 nm periodicity, shown in Figure 5 for 
the dried starch/AEEP mixtures, suggests that the smectic-like 10 

structure with crystalline and amorphous layers remains, see 
Figure 6c. This is supported also by FTIR results, which suggest 
the coexistence of the crystalline double helix packing and 
amorphous starch. In this model, the AEEP molecules are located 
within the amorphous domains, promoting their segmental 15 

mobility. Taken its relatively high molecular weight, the AEEP 
molecules cannot easily migrate and leach, thus explaining the 
observed temporal stability. Still, the hydrogen bonding dangling 
side chains have high dynamics like small molecular plasticizers, 
and provide efficient plasticization.50,51     20 

 

 
 

Fig. 7 Representative starch/AEEP stress-strain curves and inset showing 
containing 40 wt% AEEP. For the complete set, see Figure S6  25 

 

Tensile tests 

Mechanical properties of the samples involving 10-40 wt% AEEP 
were recorded using a micro-tensile tester. The samples involving 
50 - 90 wt% of AEEP were too soft and adhesive to allow peeling 30 

off robust films from the Petri dish. Starch gelatinized only with 
water was also not proper for tensile tests because of the 
brittleness.  The mechanical tests were conducted approximately 
one week after the sample preparation. Figure 7 shows typical 
stress-strain curves, and the mechanical properties are collected in 35 

Table 3. We comment that mechanical properties are very 
dependent on the preparation method, composition or processing 
of the films, and therefore any quantitative comparison between 
different films should be made with great care. 
The mechanical properties changed markedly with the amount of 40 

AEEP. As a general feature, both the tensile strength and tensile 
modulus decreased with the amount of AEEP in the films. The 
sample containing 10 wt% of AEEP was brittle. On the other 
hand, elongation at break increased almost 50 times from the 
composition involving 10 wt% of AEEP to the sample with 40 45 

wt% of AEEP. 

Table 3  Mechanical properties measured for the plasticized rice starch at 
room temperature and 37% relative humidity.  

 

* The micro tensile tester machine reached its maximum run with no 50 

sample breakage. 

 
 
 
The work to fracture, based on the area below stress-strain 55 

curves, presented a maximum with the sample containing 20 wt% 
of AEEP, indicating the toughest film in this series. The distinct 
change in the mechanical properties as the AEEP content is 
increased from 20 to 30 wt% is notorious for the films becoming 
much more ductile and soft. 60 

 The stress-strain curve of the sample having 20 wt% AEEP 
(Figure 7) shows regions of elastic deformation, and a 
pronounced plastic yield deformation. Stress strain-curve of 
sample with 40 wt% of AEEP also presents elastic and plastic 
deformation, but no yield maximum.  Interestingly, the previous 65 

works report that the presence of crystalline domains arising from 
the incomplete gelatinization of starch does not necessarily 
improve the mechanical properties of starch-derived materials.53 
By contrast, the present crystalline starch domains in the AEEP 
compositions improved the mechanical properties, suggesting 70 

self-reinforced nanocomposites.58,59  
 The present starch/AEEP films display a significant 
improvement in comparison to the previously reported values 
dealing plasticized starch. Previously measured rice starch films 
show mechanical performance of E = 530 MPa, σ = 11 MPa, ε = 75 

3%, using 20 wt% of glycerol as a plasticizer, and E = 1050 MPa, 
σ = 22 MPa, ε = 3% for 20 wt% sorbitol as a plasticizer. 11,60 In 
another study, rice starch films show values of σ = 3.2 MPa, ε = 
0.5% for 20 wt% glycerol as a plasticizer.61  For comparison, we 
measured E = 1120 MPa, σ = 20.9 MPa, ε = 8.8% using 20 wt% 80 

of AEEP, and even for 10 wt% AEEP E = 1060 MPa, σ = 21.4 
MPa, ε = 2.2%, demonstrating its plasticizing efficiency. In fact, 
the values obtained for starch/AEEP films are in the same range, 
or even better, than the values found for starch-based polymer 
blends, such as starch/PLA and starch/PVA, and even starch-85 

based composites containing clay or carbon nanotubes.67-70  
A comparison between the mechanical properties of starch films 
plasticized with its most common plasticizers is presented in 
Table 4. It is important to mention that, besides mechanical 
properties and a peculiar reinforcing mechanism, AEEP did not 90 

present leaching,which is the main problem regarding the use of 
common plasticizers, especially glycerol. 
 
 

 95 

 

Weight 

fraction 
of AEEP 

(wt%) 

Yield 

Strength 
 (MPa) 

Tensile 

Strength 
(MPa) 

Strain at 

break 
 ( %) 

E (MPa) Work to 

fracture 
 (J.m-2) 

10 21.4±1.3 20.6±0.8 2.2±0.3 1060±70 0.49 
20 20.9±0.1 15.9±0.3 8.8±0.3 1120±80 1.51 
30 4.6±0.6 5.3±0.8 47.9±8.8 270±20 0.32 
40 1.5±0.2 2.32±0.14 * 20±1 0.16 
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Table 4 Mechanical properties of starch films plasticized with its most 
common plasticizers compared with starch/AEEP film (20 wt%). Note 

that different types of starch were used for this comparison. 

 

 Tensile 
Strength 

(MPa) 

E (MPa) Strain 
at 

break 
(%) 

Plast. 
contents(%) 

Ref. 

starch/AEEP 20.9 1120 8.8 20 - 

starcha/glycerol 11 530 3 20 60 

starcha/glycerol 3.2 - 0.5 20 61 

starchb/glycerol 5.8 97.5 36.4 40 62 

starchc/glycerol 3.6 87 124 24 63 

starcha/sorbitol 3.5 - 16 35 61 

starcha/sorbitol 22 1050 2.8 20 60 

starchb/sorbitol 5.7 106 61.2 40 62 

starcha/sorbitol 10 - 5 26 64 

starch/uread 12 - 7 20 65 

starch/formamide+uread 4.6 26.8 159 30 66 

 
5 

a rice starch; b pea starch; c wheat starch; d corn starch;  

 

Fracture behavior 

In order to study the fracture behavior, the fractured surfaces of 
the different samples were investigated using SEM. The images 10 

acquired from the cross-sectional area are shown in Figure 8. 
. The fractured surfaces for the compositions involving 20 - 30 
wt% of AEEP are uneven, indirectly suggesting energy 
dissipation upon fracturing. 
 15 

 
 
 

Conclusion 

 20 

Starch gelatinized by water was here plasticized using a star-
shaped plasticizer based on phosphazene rings bearing flexible 
hydrogen bonding aminoethoxy ethanol side chains. The 
compositions showed coexistent crystalline reinforcing and 
plasticized amorphous lamellae up to 60 wt% AEEP. We suggest 25 

that the star-shaped plasticizers facilitate combination of efficient 
plasticization, usually assigned to low molecular weight 
molecules, and reduced migration and leaching classically 
assigned to larger molecules which usually have poor 
plasticization efficiency. No clear retrodegradation was observed 30 

by FTIR after 60 days. SAXS scattering patterns showed a broad 
peak indicating a periodic structure of 9-10 nm matching with the 
values normally found for the periodic lamellar smectic-like 
structure of hydrated starch systems. Stress-strain curves indicate 
a change from brittle to soft materials with the increasing 35 

plasticizer content, showing toughest behavior at 20 wt% AEEP. 
The results suggest a formation of a nanocomposite, where 
amorphous starch/AEEP is the matrix, and amylopectine chains, 
mostly in their smectic conformation, as the reinforcing filler. 
The obtained films displayed flexibility, strength, transparency 40 

and good thermal resistance. Also taken the biocompatibility of 
phosphazenes, these properties indicate that this new material 
warrants to be optimized for a new biodegradable plastic. 
 
 45 

 
 
 
 
 50 

 

 
Fig. 8 The fracture surfaces for starch/AEEP for different AEEP-compositions imaged by scanning electron microscope 

 55 
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The combination of starch and a star-shaped non-hazardous plasticizer based on phosphazene produces 

self-reinforced composite films with temporal stability, no leaching and no retrodegradation. 

Page 13 of 13 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t


