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Abstract

Using synchrotron X-ray scattering analyses and Fourier transform infrared spectroscopy, this work
provides insights into the solvent effects of water:[C,mim][OAc] solutions on the disorganization of
starch semi-crystalline structure. When a certain ratio (10.2:1 mol/mol) of water:[Comim][OAc]
solution is used, the preferential hydrogen bonding between starch hydroxyls and [OAc] anion
results in the breakage of the hydrogen bonding network of starch and thus the disruption of starch
lamellae. This greatly facilitates the disorganization of starch, which happens much easier than in
pure water. In contrast, when 90.8:1 (mol/mol) water:[Co,mim][OAc] solution is used, the
interactions between [OAc] anion and water suppress the solvent effects on starch, making less easy
the disorganization of starch than in pure water. All these differences can be shown by changes in the
lamellar and fractal structures: firstly, a preferable increase in the thickness of the crystalline
lamellae rather than that of the amorphous lamellae causes an overall increase in the thickness of the
semi-crystalline lamellae; then, the amorphous lamellae starts to decrease probably due to the out-
phasing of starch molecules from them; this forms fractal gel on a larger scale (than the lamellae)
which gradually decreases to a stable value as the temperature increases further. It is noteworthy that
these changes happen at temperatures far below the transition temperature that is thermally
detectable as is normally described. This hints to our future work that using certain aqueous ionic
liquids for destructuration of starch semi-crystalline structure is the key to realize green processes to

obtain homogeneous amorphous materials.
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1. Introduction

With the utilization of renewable resources becoming the focus of industry, there has been huge
interest in the design and application of innovative technology for converting these renewable feed-
stocks into desirable forms."? Polymers from renewable resources have attracted great attention due
to their availability, renewability, biocompatibility, and biodegradability.> Among these renewable
polymers which are potential alternatives to traditional petroleum-based polymers, starch, as a
biopolymer from agro-sources, has attracted intense interest especially for developing biodegradable
plastics.* Regarding this, great efforts have been made to improve the processes to obtain starch-
based products with desirable structure and better performance.>”

For utilization of starch, it is significant to understand the unique structure of starch. Naturally in
plants, it exists in the form of granules (<1 um~100 um in size); each granule is composed of
alternating amorphous and semi-crystalline shells (growth rings) (100~400 nm in size); and the semi-
crystalline shell is stacked by crystalline and amorphous lamellae (periodicity, 9~10 nm). Starch
consists of two major biomacromolecules called amylose (mainly linear) and amylopectin (hyper-
branched) (~nm).2*! Native starch has low solubility in conventional solvents despite its highly
hydrophilic nature due to strong hydrogen bonding between the strands of starch; although its 3D
semi-crystalline structure may be slightly disrupted in excess of water at elevated temperatures, a
process known as “gelatinization”. However, while some starch molecules (mainly amylose) can be
dissolved in water during gelatinization, there are always granule remnants present in the gelatinized
products.'?> Therefore, when trying to obtain homogenous amorphous materials from starch, its
insolubility presents an issue.

lonic liquids (ILs), now commonly defined as salts having low melting points (<100 <C),*® have
recently attracted much interest for aiding the processing of polysaccharides like starch. Many ILs,

especially ones based on the basic anions, have been shown to be capable of dissolving biopolymers,
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including starch.** When the effect of IL anions was investigated, the acetate anion, [OAc]™ was

117 \which follows Hofmeister series for anions.® Therefore,

identified as the most effective,
imidazolium acetate ILs can dissolve polysaccharides such as starch and thus can be used as
excellent media for polysaccharide solubilization and modification.®?> Moreover, the use of ILs
could also allow the development of starch-based ionically conducting polymers or solid polymer
electrolytes. 2

It is worth noting that many of the ILs used previously to dissolve starch contained anions with
efficient basicity, but which were corrosive like [CI]” anion (e.g., [Csmim][CI]).?* Besides the
corrosiveness issue, macromolecular degradation of starch can be observed,® 3 due to the acidic
hydrolysis of starch glycosidic bonds. Specifically, the reason for this degradation is the formation of
HCI (as a result of the protonation of [CI] anion in the presence of moisture), which can catalyze the
depolymerization of starch.®! Considering this issue, more recent studies have been focused on ILs
with non-halogenated anions, such as 1-ethyl-3-methylimidazolium acetate ([C,mim][OAc]).**3*
The IL [Comim][OAc] has very low vapor pressure, high thermal stability, and relatively low
viscosity at room temperature,®® and has been found to be much less aggressive for degrading
starch.3* Moreover, it has been found that the transition (gelatinization and/or dissolution)
temperature and enthalpy of starch can be modulated by using [Comim][OAc] mixed with different
amounts of water.** * In particular, when a certain ratio of water:[C,mim][OAc] is used, starch can
be transformed into a homogeneous gel at much reduced temperature close to room temperature
(RT).*** While this provides a promising method for starch processing with much reduced energy
input, the detailed mechanism that regulates starch transitions by water:[C,mim][OAc] solutions has
yet to be understood. Sciarini et al. suggested that the mild starch depolymerization by [Comim][OAc]
may facilitate starch swelling, accounting for the shifting of the gelatinization transition towards

lower temperatures. However, as starch has a complex supra-molecular semi-crystalline structure, to

fully understand the solvent effects of water:[Comim][OAc] solutions on the starch transition,
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examining how the solutions alter the way the starch semi-crystalline structure changes during the
transition is necessary.
As “green solvents”, ILs or IL-water solutions have been confirmed to be efficient at

%37 willow,® and switchgrass®) for the

destructurizing lignocellulosic biomass® (e.g., pine,
production of renewable fuels, chemicals and materials, which can be well probed using analytical
tools spanning multiple length scales including spectroscopies,”® and small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) techniques.** We have shown earlier that when
the IL ([Comim][OAc]) dissolves the switchgrass, not all of the physical and chemical (covalent
entanglements linkages) interactions between the biomass components get disrupted during the
process.* In order to look whether this is the case in starch, investigate the solvent effects of
water:[C,mim][OAc] solutions on this polymer and rationalize these effects, the current work used
temperature-resolved SAXS and WAXS techniques to monitor starch structural changes in

water:[Comim][OAc] solutions, combined with Fourier-transform infrared spectroscopy (FT-IR) to

understand the related molecular interactions.

2. Experimental

2.1. Materials

Waxy maize starch, with an amylose content of 3.4 wt% (measured by Tan et al.*® using the iodine
colorimetric method) and an initial moisture content of 12.4 wt%, was purchased from New Zealand
Starch Ltd. (Onehunga, Auckland, New Zealand). Milli-Q water was used in all instances. The
[Comim][OAc] IL, of >95% purity (with water content ca. 1200 ppm), produced by loLiTec lonic
Liquids Technologies GmbH (Salzstrapel84, D-74076 Heilbronn, Germany), was supplied by
Chem-Supply Pty Ltd (Gillman, SA, Australia). As [Comim][OAc] is a liquid and is miscible with
water at room temperature,** water:[Comim][OAc] solutions of different ratios (9:1, 7:3 and 1:1

wt/wt) could be easily prepared in vials for subsequent studies (Table S1). These weight ratios
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correspond to mole ratios of 90.8:1, 23.6:1, 10.2:1 mol/mol, also presented in Table S1. The purity
and water content of the chemicals were considered for mole ratio calculations. Anhydrous sodium
acetate (NaOAc), > 99% purity, was supplied by Sigma-Aldrich Pty Ltd (Castle Hill, NSW 1765,
Australia).

Please note that the solutions with more than 50 wt% [C,mim][OAc] have not been used in this
work due to the their ability to rapidly change the starch structure without any thermal treatment,
which made the synchrotron work difficult. However, this phenomenon will be investigated in

follow-up studies.

2.2. Differential scanning calorimetry (DSC)

A TA Q2000 DSC (TA Instruments, Inc., New Castle, DE, USA) was used to investigate the thermal
transition of native starches in water:[Comim][OAc] solutions. The instrument was calibrated using
indium as a standard (melting point of 155.6 <C). Starch in the amount of 1.5-3 mg was weighed into
the 40 pL Tzero aluminium pan (TA Instruments, Inc. New Castle, DE, USA), to which was then
added, by a micro-syringe, the water:[Comim][OAc] solution, in the amount 10 times that of the
starch. Then, a pin was used to gently mix starch with the solution. After sealing, the pan was gently
shaken for a few seconds. The mixing and shaking were to ensure the starch granules were
completely immersed and equally dispersed in the liquid but did not sediment at the bottom of the
pan. The pans thus prepared were transferred into the DSC machine for immediate analysis to avoid
sedimentation of starch granules or time effects of the water:[Comim][OAc] solution on starch. An
empty pan was used as a reference. The pans were heated from 20 <C to 120 <C at a scanning rate of
5 <T/min. At least two runs were carried out for each sample to ensure the consistency of the results.
The Universal Analysis 2000 (TA Instruments—Waters LLC) software was used to analyze the main
gelatinization endotherm of the DSC traces for the onset (T,), peak (Tp), and conclusion (T)

temperatures.



Page 7 of 30 Physical Chemistry Chemical Physics

2.3. Synchrotron small/wide angle X-ray scattering (SAXS/WAXS) analyses
Temperature-resolved SAXS and WAXS analyses were carried out on the SAXS/WAXS beamline
(flux, 10" photons/s) at the Australian Synchrotron (Clayton, Vic, Australia), at a wavelength A =
1.47 A. The 2D scattering patterns were collected using a Pilatus 1M camera (active area 169 x
179 mm; and pixel size 172>% 172 pm) and a Pilatus 200K camera (active area 169 > 33 mm; and
pixel size 172 <172 um). The scatterBrain software was used to acquire the one-dimensional (1D)
data from the 2D scattering pattern, and the data in the angular ranges of 0.015 < q < 0.15 A™ and
0.095 < g < 2 A" were used as the SAXS and WAXS patterns, respectively, in which q = 4nsind/A
(where 26 is the scattering angle and 4 is the wavelength of the X-ray source). All the data were
background subtracted and normalized.

Starch suspensions with a starch concentration of 10 wt% were prepared by adding a desired
amount of the water:[C,mim][OAc] solution to the starch (the mole ratios of components are shown
in Table S1). The starch suspensions were injected into quartz capillaries of 1 mm diameter
(Hilgenberg Gmbh, Germany), which were then placed on a multi-capillary hot-stage provided by
the Australian Synchrotron. After equilibration at 28 <C, the starch suspensions were heated from
28 T to 66 <T (slightly higher than the onset gelatinization temperature (T,) of the starch in pure
water) at a rate of ca. 1 T/min, and the SAXS/WAXS data were recorded every 2 <C for an
acquisition time of 1 s. Furthermore, the SAXS/WAXS patterns were also recorded for all the three
samples at 74 <C and 76 <C, when the starch in 10.2:1 mol/mol solution was fully destructured.

SAXS data recorded from 28 to 66 T were fitted using a power-law (Gaussian) function, as

shown in Eq. (1) below.

AVIna < (_21n4(q—q0)2)

— —-a
I1(q) =B +Pq +W\/n_/2e e

1)
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where the first term B is the background; the second term is the power-law function where P is the
power-law pre-factor and « is the power-law exponent; the third term is a Gaussian function where A
is the peak area, W (A™) the full width at half maximum (FWHM, a reciprocal space parameter
indicating the polydispersity of the semi-crystalline lamellae) in reciprocal space, and qo (A™) the
peak center position.*> %

Data fitting was performed using least-square refinement in the NCNR analysis macros.*® The

fitting curve for the starch in pure water at 28 <C, by way of an example, is shown in Fig. S1. The

FWHM in reciprocal space was converted to that in real space using Eq. (2):

FWHM (real) =

A4
q 2

)

The linear correction function L(r), as given in Eq. (3) (below) and Fig. S2, was used to study the

parameters of the starch lamellar structure.

Js” 1(@)q*cos(qr)dq
Js 1(9)q%dq

L(r) = 3

In Eq. (3), r (nm) is the distance in real space; and in Fig. S2, d is the second maximum of L(r) (the
repeating distance, i.e., the thickness of semi-crystalline lamellae). Fig. S2 also shows a parameter d,,
representing the average thickness of amorphous lamellae within the semicrystalline lamellae, which
can be acquired by the solution of the linear region and the flat L(r) minimum. Thus, d, the average
thickness of crystalline lamellae can be calculated by d. = d — d,.

For the SAXS patterns recorded at 62 <C, 64 <C, 66 C, 74 <C and 76 <C for the partially melted
starch in pure water and 90.8:1 mol/mol solutions, and the fully melted starch in the 10.2:1 mol/mol

solution, the data in the range of 0.045 < q < 0.15 A™* were also fitted using Eq. (1) to obtain the
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power-law exponent o (re-represented as 1), and the data in the range of q < 0.045 A™* were fitted

using an unified model (Eqg. (4)) to the power-law exponent ¢:

RZq?

3
1(q) = Gexp (— T) + C(M

)° (4)

Here, G is the pre-factor of the Guinier function corresponding to a radius Ry, and C and ¢ are the

pre-factor and the exponent of the power-law function, respectively.

2.4. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy

Infrared spectra were collected for the water:[C,mim][OAc] solutions without starch and for these
solutions with 10 wt% starch heated at 76 <C for 30 min. The ATR-FTIR spectra were recorded
using a Nicolet 5700 FTIR spectrometer (Thermo Electron Corp, Madison, W1, USA) equipped with
a Nicolet Smart Orbit ATR accessory incorporating a diamond internal reflection element. Spectra
were collected at a resolution of 4 cm™* in the range of 4000-400 cm™* for a total of 64 scans for all

the samples. ATR-FTIR spectra were baseline corrected and normalized before further analysis.

3. Results and Discussion

3.1. Differential scanning calorimetry (DSC)

For understanding the thermally induced transitions of a polymer, differential scanning calorimetry
(DSC) is the most suitable technique. Thus, the DSC thermograms for waxy maize starch (10 wt%
concentration) suspended in pure water and 90.8:1 and 10.2:1 mol/mol solutions were studied (see
Fig. 1). While heated in pure water, the starch displayed a prominent endothermic transition
indicating gelatinization (To: 65 C; Tp: 72 T, Te: 84 <T). When the 90.8:1 mol/mol solution was
used instead as the solvent, the transition peak shifted upwards (To: 74 C; T,: 80 T; Te: 91 T); in

contrast, when much less water was used, e.g., in the 10.2:1 mol/mol solution, the endothermic
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transition of starch occurred at a much lower temperature (To: 57 C; Tp: 63 T; Te: 72 <C), even
lower than in pure water. These results clearly indicate that water:[Comim][OAc] solutions were
capable of regulating the transition temperature of starch. Based on these results, the solvent effects
of water:[Comim][OAc] solutions on starch polymers were then explored from a semi-crystalline
structural perspective, which would promote the rational application of water/IL solutions in using

starch polymers with controllable transition behavior and resulting material structure and properties.
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Fig.1  DSC thermograms for the starch in pure water (pink) and 90.8:1 (green) and 10.2:1 mol/mol (blue)

water:[C,mim][OAc] solutions.

3.2. Temperature-resolved wide-angle X-ray scattering (WAXS) analysis

Different types of starch show different WAXS patterns determined by their crystalline regions.*’ Fig.
2 shows the influence of water:[C,mim][OAc] solutions on the crystalline structure during thermal
treatment using temperature-resolved WAXS. The starch exhibited the A-type polymorph,
characterized by main peaks at 10.64 A, 12.03 A, 12.75 A™ and 16.25 A (Cu K, 20: 15< 17<
18<and 239.% % With the temperature increased to 66 <C, an apparent gradual reduction in WAXS
peak intensities could be observed for the starch in pure water. The 10.2:1 mol/mol solution resulted

in more prominently reduced peaks, whereas the least significant weakening of the peaks was seen

10
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for the 90.8:1 mol/mol solution. As the sharp WAXS peaks are related to starch crystallites and the
dispersive patterns correspond to the amorphous starch,® the results were in agreement with the
previous DSC results and affirmed the ability of water:[C,mim][OAc] solutions to adjust the melting
temperature of starch crystallites. Specifically, when the temperature was over 64 <C, all the
crystallites were melted by the 10.2:1 mol/mol solution (no peaks presented). When pure water and
the 90.8:1 mol/mol solution were used, residual crystallites could still be detected, with slightly more
crystallites remaining for the starch in the 90.8:1 mol/mol solution than in pure water. Starch
crystallites at the long-range scale mainly consist of monoclinic and/or hexagonal crystal units,
containing short-range double-helices and inter-helical water molecules which are organized together
through a large amount of inter- and intra-molecular hydrogen bonding.>* Thus, it is proposed that
the changes of starch crystallites during thermal treatment resulted from the breakage of the

hydrogen bonding network at a molecular level by the water:[C,mim][OAc] solutions.
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Fig. 2  Temperature-resolved WAXS patterns for the starch in pure water (A) and 90.8:1 (B) and 10.2:1 (C)

mol/mol water:[C,mim][OAc] solutions.
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3.3. Temperature-resolved small-angle X-ray scattering (SAXS) analysis

The temperature resolved SAXS patterns (contour maps) and their surface patterns for the starch in
pure water and 90.8:1 and 10.2:1 mol/mol solutions are shown in Fig. 3. A typical SAXS peak could
be observed at q of 0.06 to 0.07 A™, corresponding to the semi-crystalline lamellar structure of
starch. The change of this scattering peak can indicate the disruption of semi-crystalline lamellae
during thermal treatment.”® °* *3 Fig. 3A and 3B show that, for the starch in pure water, heating
resulted in reduction in peak region intensity, especially steep decreases at about 47 <C and 61 <C, in
the sub-melting temperature range (< T,). In contrast, for the starch in the 90.8:1 mol/mol solution,
the peak region intensity decreased more gradually from 45 <C, before T, (Fig. 3C and 3D). When
the concentration of [Comim][OAc] was increased to 50 wt% (10.2:1 mol/mol), the transition in the
sub-melting temperature range (< T,) occurred at largely reduced temperature (from 39 <C), as

compared to those with pure water, with the peak becoming negligible at 66 <C (Fig. 3E and 3F).

12
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Fig. 3  Temperature-resolved SAXS patterns (contour maps) (A, C, and E) and their surfaces (B, D, and F)
for the starch in pure water (A and B) and 90.8:1 (C and D) and 10.2:1 mol/mol (E and F)

water:[Comim][OAc] solutions . The brighter color indicates stronger SAXS intensity.

Fig. 4 further illustrates the changes in SAXS peak area with increase in temperature. The peak

area indicates the degree of lamellae ordering.>* For the starch in pure water or the 90.8:1 mol/mol

13



Physical Chemistry Chemical Physics Page 14 of 30

solution, the peak area formed a plateau region before decreasing, whereas it gradually decreased
from the start (28 <C) for the starch in the 10.2:1 mol/mol solution. Moreover, the peak area was
even higher in the 90.8:1 mol/mol solution than in pure water, whereas it was significantly weakened
by the 10.2:1 mol/mol solution. All these results clearly demonstrate that, even in the sub-melting
temperature range (< T,), adding a small amount (e.g., 10 wt%) of [Comim][OAc] to water could
make the structural disorganization of starch more difficult (apparently by perfecting the structural
definition), whereas the disordering of starch lamellae could be greatly facilitated by the 10.2:1

mol/mol solution.
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Fig. 4  Changes in SAXS peak area as a function of temperature for starch in pure water (pink circles) and

90.8:1 (green crosses) and 10.2:1 mol/mol (blue squares) water:[C,mim][OAc] solutions.

The changes in a (the power-law exponent in Eqg. (1)) for the starch in different solutions are
shown in Fig. 5A. a ranged from 1 to 3 for the starch in three solutions at 28 <C. « values in this
range are normally associated with a mass fractal (self-similar) structure and/or a lamellar structure.*
Before T,, the lamellar structure should be mostly retained and thus its contribution to « should be

the same.® Therefore, a was mainly associated with the formation of fractal structure here.

14
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Fig.5  Changes in the power law exponent («) and peak width at half-maximum in the real space (FWHM)
as a function of temperature for the starch in pure water (pink circles) and 90.8:1 (green crosses) and

10.2:1 mol/mol (blue squares) water:[C,mim][OAc] solutions.

With increased temperature, the starch in pure water displayed an unchanged « value until 52 <C;
then increased, presumably due to the appearance of a mass fractal structure. This is also supported
by the observation in Fig. 3B: when the temperature was higher than 52 <C, the scattering at g values
lower than the peak position showed gradual increase with increased temperature, indicating the
formation of a larger-scale structure (than the lamellae). Meanwhile, the scattering peak showed
reduced intensity, suggesting the disordering of the semi-crystalline lamellae. Thus, it is reasonable
to suppose, even in the sub-melting temperature range (< T,), water could partially disorder the semi-
crystalline lamellae, phasing out starch molecules to form a fractal gel on a larger scale.

Compared with pure water, 10 wt% of [Comim][OAc] in water postponed the changes in a,
whereas a higher [Comim][OAc] concentration reduced the onset temperature for the increase in a,
and generated more significant increases in o. Specifically a started to increase when the
temperatures were 60 <C and 48 <C for the 90.8:1 and 10.2:1 mol/mol solutions, respectively. The
difference in the onset temperature for a for the different solutions is consistent with the results

discussed previously — that is, compared with pure water, the 90.8:1 mol/mol solution could make

15
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the structure more resistant to change but the 10.2:1 mol/mol solution could greatly expedite the
structural change.

Fig. 5B shows the plots of FWHM against temperature for different samples. The FWHM
represents the lamellar thickness distribution.”® Whilst both pure water and the 90.8:1 mol/mol
solution moderately widened the FWHM of starch with the temperature increased up to 52 <C and
60 <C, respectively, the 10.2:1 mol/mol solution slightly reduced the value at temperatures up to
48 <C. The relatively stable FWHM values below the FWHM onset temperatures probably indicate
an overall thickness increase of the semi-crystalline lamellae for the starch in all three solutions.
Once the temperature exceeded the FWHM onset point, the decrease in FWHM should be due to
further increase in thickness of mostly the relatively smaller lamellae. This phenomenon was more
intensive for the starch in the 10.2:1 mol/mol solution.

It is noteworthy that for the starch in different solutions, the onset temperature for the FWHM to
decrease was the same as that for « to increase (see Fig. 5A), indicating the co-occurrence of the
change in lamellar size distribution and the formation of mass fractal gel after the onset temperature.
In addition, both « and FWHM showed a large shift from 60 <C to 62 <TC (see Fig. 5), especially for
the starch in pure water and the 10.2:1 mol/mol solution, suggesting dramatic changes in the lamellar
size distribution and the formation of mass fractal gel structure at a specific temperature. This could
be verified by a sharp decrease in the peak intensity and area and a steep increase in the scattering at
q values lower than the peak position at ca. 60 <C (see Fig. 3 and Fig. 4). For further understanding
the solvent effects of water:[Comim][OAc] solutions on the starch, the statistically average
parameters of the semi-crystalline lamellae were also computed (see Fig. 6), including the average
thicknesses of the semi-crystalline (d), crystalline (d;) and amorphous (d,) lamellae. Fig. 6A and B
shows that, both d and d. kept constant initially and then simultaneously started to increase at 48 <C,
54 C, and 42 <C for the starch in pure water and the 90.8:1 and 10.2:1 mol/mol solutions,

respectively. All these temperatures were lower than the corresponding onset temperatures for « or

16
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FWHM (see Fig. 5A and 5B). Additionally, Fig. 6C shows that for the starch in the 10.2:1 mol/mol
solution, d, remained almost unchanged until 48 <C, which was the same as the «/FWHM onset
temperature; but with pure water and the 90.8:1 mol/mol solution, the onset temperatures for d, to
decrease were 60 T and 66 <T respectively, which were higher than the «/FWHM onset

temperatures (52 <C and 60 <T respectively).
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Aol |19 B o Bl [§Eor o
o ' o
9.28 1 67
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< ooooo ocoo . 567 8000
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Fig. 6  Changes in lamellar parameters as a function of temperature for starch in pure water (pink circles)
and in 90.8:1 (green crosses) and 10.2:1 mol/mol (blue squares) water:[C,mim][OAc] solutions.
Values d, d,, and d. are the average thicknesses of the semi-crystalline, crystalline and amorphous

lamellae, respectively.
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These results of average thicknesses, along with the previous discussion on o/FWHM, can further
clarify the changes of starch lamellar structure (see Fig. 7): a) initially, all three solutions tended to
increase the thickness of the semi-crystalline lamellae by increasing the thickness of the crystalline
lamellae rather than that of the amorphous lamellae; and until the o/FWHM onset temperature, this
increase was an overall thickness increase of all the semi-crystalline lamellae (as seen by the
increased d and d. but stable d,, and the relatively stable FWHM) (from I to Il in Fig. 7); b) from the
a/FWHM onset temperature to the d, onset temperature, there was a further increase in the thickness
of especially the relatively smaller lamellae (as seen by the decrease in FWHM) (from 11 to Il in Fig.
7); c) after the d, onset temperature, the amorphous lamellae started to decrease probably due to the
out-phasing of starch molecules from them (from 11l to IV in Fig. 7). In particular, for the starch in
the 10.2:1 mol/mol solution, the a/FWHM onset temperature was the same as the d, onset
temperature, indicating that the corrosion of the amorphous lamellae immediately causes a decrease
in the amorphous lamellar thickness. This, again, demonstrates that the 10.2:1 mol/mol solution

could cause more drastic changes to the starch.
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B [ i v

Lamellar thickness

Fig. 7 Schematic representations of the changes in lamellar thickness (A) and its distribution (B).

3.4. Wide- and small-angle X-ray scattering (WAXS/SAXS) analysis for gel features

To further investigate the solvent effects of different water:[Comim][OAc] solutions on the
destructuration of starch, the WAXS and SAXS patterns of the starch in these solutions were
recorded at 76 <C (Fig. 8A), higher than the T, values. As shown in the WAXS results in Fig. 8A
(compared with Fig. 2), the starch should predominantly display a gel feature at 76 <C. While both
pure water and the 10.2:1 mol/mol solution made the starch crystallites undetectable, the starch in the
90.8:1 mol/mol solution still displayed weak residual peaks (indicated by the arrows in Fig. 8A). In
addition, for the starch in both pure water and the 90.8:1 mol/mol solution, a peak could be seen on
the SAXS patterns (Fig. 8B and 8C), suggesting that 76 <C was not high enough to destroy the starch
lamellae in the pure water and the 90.8:1 mol/mol solution. Nevertheless, the 10.2:1 mol/mol

solution could fully melt the semi-crystalline lamellae at 76 <C (Fig. 8D).
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Fig.8  WAXS patters (A) and SAXS patterns (B, C, and D, respectively) with their fit curves for starch at
76 <C in pure water (pink) and in 90.8:1 (green) and 10.2:1 mol/mol (blue) water:[C,mim][OACc]

solutions.

A more apparent inflection of the SAXS pattern at low g values was observed for the starch in
the 10.2:1 mol/mol solution than those for the other two samples (pure water and the 90.8:1 mol/mol
solution) (Fig. 8). This inflection correlates to the Guinier scattering behavior (i.e., a structure with a
certain radius of gyration (Ry)).”® Ry actually corresponds to the size of fractal aggregates (gel).”’
Table 1 summarizes the fitted Ry and other SAXS parameters for the starch in all three solutions at
76 <C. The starch showed power-law exponents (¢, calculated from Eq. (4) based on the range of g <

0.045 A" and a4, from Eq. (1) based on the range of 0.045 < q < 0.15 A™) values between 1.6 and
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2.3, indicating the mass fractal structure of starch gel.”® The fractal gel in the solutions had Ry values
in the order of 10.2:1 mol/mol solution < pure water < 90.8:1 mol/mol solution at 76 <C. This
indicates that the 10.2:1 mol/mol solution could more effectively transform the starch into fractal gel
with smaller Ry, than either pure water or the 90.8:1 mol/mol solution. This also corresponds to the

effectiveness of the solutions to destructure the starch, as discussed before.

Tablel SAXS parameters of the starch samples in pure water and 90.8:1 and 10.2:1 (mol/mol)
water:[C,mim][OAc] solutions at different temperatures. (¢ is calculated from Eq. (4) based on the

range of q < 0.045 A™"; and «, from Eq. (1) based on the range of 0.045 < q < 0.15 A™)

Pure Water 90.8:1 10.2:1

62T Ry(A) - - 250.90 +1.85°

0 - - 1.96 +0.03

01 — - 2.14+0.05
64C Ry(A) - - 214.74 +7.39

5 _ - 1.86 +£0.24

01 - - 2.12+0.03
66T Ry(A) - - 184.00 +5.52

0 — - 1.72 £0.03

01 - - 2.09+0.02

74T Ry(A) 21285+6.96 252.89+6.96 140.83 +6.96
) 1.59 0.02 1.81 %0.03 1.62 0.01
o 2.14%0.03 2.1120.09 2.02+0.03

76 T Ry(A) 177.33+354 198.47 +4.78 140.59 +1.84
) 1.79 0.03 1.85 +0.02 1.64 +0.04

oy 2.22 +0.02 2.24 +0.03 2.05 +0.02

4 Standard error
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Table 1 also shows the changes in Ry for the starch in the different solutions with the increased
temperature. The selected temperatures were those when evident changes can be observed from the
temperature-resolved WAXS results. For the starch in pure water or the 90.8:1 mol/mol solution, Ry
was reduced with the temperature increased from 74 <C to 76 <C. This suggests that the mass fractal
gel firstly formed on a large scale and then the gel size could be reduced at a higher temperature.
This was more evident for the starch in the 10.2:1 mol/mol solution, as Ry was gradually reduced
when the temperature increased from 62 <C to 74 <C, indicating increased homogeneity of the
starch—water—IL system. However, further increase in temperature to 76 <C did not change the gel
size further. This means there was a stable size of fractal gel that could be maintained with increased

temperature.

3.5. Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) spectroscopy for
molecular interactions
The potential of ILs as solvents for naturally-derived polymers such as cellulose has been widely
reported.>®®? It has been suggested that basic IL anions (chloride,*® % hydroxide,®* formate®), acting
as proton acceptors, would efficiently promote cellulose dissolution by forming hydrogen bonds (H-
bonds or H-bonding) with cellulose hydroxyl groups. Both starch and cellulose are polysaccharides
consisting of D-glucose units, referred to as homoglucan or glucopyranose. The main difference
between the two is that the units of starch are mostly linked by a-1,4-glycosidic bonds, while those
of cellulose are connected by $-1,4 glycosidic bonds while the number of hydroxyls is the same in
both polymers suggesting that the solvent effects of water—IL solutions on starch are also governed
by the H-bonding interactions between water and acetate anion. Water has been shown to affect the
dissolution behavior of [Comim][OAc], even at low concentrations. When IL is mixed with water,
different types of interactions between water and the IL ions arise that have been studied via
theoretical calculations® and experimentally with physical property measurements®’ and

spectroscopic studies®®.
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It was found that in water:[Comim][OAc] solutions, there are three main types of interactions.
First, there is a reaction of water with the [OAc] anion (although the equilibrium is greatly shifted to
the acetate because of the pKa difference between water and HOAc, 10.22) and water—IL solutions
are basic, with pH values of 12.5 in 10 wt% water solutions (ca. 1:1 mol/mol) to 10.9 at 25 wt%
water (ca. 3:1 mol/mol water:[Comim][OAc]).*® Second, there is a strong hydrogen-bond network
between water and [OAc] anions, predominating over the water—water and IL—IL interactions at
most water concentrations.®® At low water concentrations (water:[Comim][OAc] ca. 1:8 mol/mol),
calculations suggested that each water molecule is coordinated by two [OAc] anions and each
[OAc] anion is solvated by 0.25 water molecules, whereas at high water concentration
(water:[Comim][OAc] 1:1 mol/mol), water and the [OAc] anion form an “extended hydrogen-
bonding network’ with each water molecule still coordinated by two [OAc] anions but each [OAc]
anion coordinated by two water molecules.®® At yet higher water concentrations, the IL as a whole
still behaves as a continuous phase and water molecules fill in the empty space between the IL ions.
Recent NMR spin relaxation and exchange spectroscopy studies suggested a third type of interaction,
a proton exchange between H-2 of the imidazolium cation and water molecules, through the initial
formation of carbene in the basic environment.®® While there is a complex dependence on the
concentration of the solution, at 1:1 mol/mol concentration there is fast proton exchange of H-2 and
water, as well as an extended water:[C,mim][OAc] hydrogen bonded network.

In our investigation of starch dissolution in water:[C,mim][OAc] solutions, we conducted FTIR
studies to probe the effects of these possible interactions on the [OAc] anion. As seen in Fig. 9A,
the [OAc] ™ anion in the pure IL had two apparent IR absorption peaks at 1380 cm* and at 1580 cm™*
ascribed to the symmetric and asymmetric O—C—O stretches, respectively.”® With addition of water,
the peak at 1380 cm * shifted to higher frequency of 1413 cm ™, while the peak 1580 cm * shifted to
lower frequency of 1567 cm *. The magnitude of these shifts increased with increasing amounts of

water demonstrating the interaction between the IL and water. The same direction and magnitude of
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shifts for these O—C-O stretching bands was observed for the [OAc] anion in [Na][OAc] when
dissolved in water (Fig. 9B). Additionally, when [Comim][OAc] was added to water, the IR
absorption band of pure water at ca. 3400 cm™* (the hydroxyl stretch band) showed an apparent
reduction in intensity, the more so the more [Comim][OAc] was present in a solution (Fig. 9E),
possibly due to lower water content. When the solution had a relatively large amount of
[Comim][OAc] added (23.6:1 or 10.2:1 water:IL mol/mol), a second peak at ca. 3160 cm * appeared
and there were clearly two types of —OH stretches present.

The addition of starch to pure water decreased water hydroxyl stretch (Fig. 9E) indicating
solvation of starch with abundant water molecules. The addition of starch to the water:[C,mim][OAc]
solutions when the amount of water was high (the 90.8:1 or 24.3:1 mol/mol water:[C,mim][OAc]
solutions) did not have a noticeable effect on the number, position, or intensity of the acetate or
hydroxyl stretches (Fig. 9C, D and E); we believe there was enough water to both solvate starch and
interact with [OAc] anion; consequently, [OAc] anion had little chance to effectively interact with
the starch molecules. Contrarily, when the amount of water is low (the 10.2:1 mol/mol
water:[C,mim][OAc] solution), slight reduction in intensity and small shift of acetate stretches was
observed with addition of starch (Fig. 9C, D) indicating decrease of [C.mim][[OAc]-water
interaction and the ability of the acetate to still interact with the starch. This is in accordance with a
previous study revealing that the kosmotropic effect of [OAc] for interaction with a polyol

hydrogen-bond network could be decreased when the anion is hydrated.'®
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4. Conclusions

Water—IL solutions have been demonstrated to be effective at increasing the destructuration of native
starch. This provides a way to process starch with reduced energy consumption, and also a simple
method to tailor the starch products with controlled structures. For these purposes, this study
explored the solvent effects of water:[C,mim][OAc] solutions and the related mechanism.

In water:[C,mim][OAc] solutions, thermal treatment would destructurize starch by increasing the
thickness of crystalline lamellae, but reducing that of amorphous lamellae leading to out-phasing of
starch molecules to form a mass fractal at a larger scale (than the scale of lamellae). As temperature
further increased, the radius of gyration for fractal aggregates (gel) was reduced to a stable value,
allowing an increase in homogeneity of the starch-water—IL system. Nevertheless, the solutions
containing different amounts of [Comim][OAc] showed different solvent effects on the structural
disorganization of starch, due to changes in the H-bonding interactions between water and acetate
anion.

The ionic liquid solutions only showed differences in the FTIR when starch was added when the
concentration of water was very low which we attribute to the ability of the acetate to still interact
with the starch because there was not enough water to solvate both the starch and the acetate; this
solution was slightly more effective in changing the starch structure. In the high water concentration
we had no differences in the IR before or after starch was added because there was enough water to
completely solvate both the starch and the acetate, preventing any interaction between them. This in
turn made the solution less effective in changing the starch structure and the starch transition
temperature higher.

The results from present work should be of value in rational development of new green methods
based on water—IL solution to process semi-crystalline natural polymers (e.g., dextrin, cellulose, and
xylan), other than starch, containing hydroxyls (involving strong inter- and intra-molecular hydrogen

bonding) for industrial applications.
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