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Abstract

The phase behavior and matrix dynamics of amorphous blends of octenyl

succinic anhydride (OSA) modified starch and sucrose was studied as function

of blend composition and water content. Phase separation into two amorphous

phases, one enriched in OSA starch and the other in sucrose, was confirmed

by di↵erential scanning calorimetry (DSC). DSC and 1H solid-state NMR show

that the phase separation is only partial. The glass transition temperature (Tg)

of the OSA starch-rich phase was found to be ⇠ 30-100 K higher than the Tg of

the sucrose-rich phase, depending on blend composition and water content. A

novel type of coupling between changes in physical state of the sucrose-rich phase

and plasticizer redistribution is proposed, leading to an unexpected increase of
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the glass transition temperature of the modified starch-rich phase at higher

matrix water contents. A quantitative model for the phase separation of the

anhydrous blends into two amorphous phases is presented. The model predicts

that, with increasing blend sucrose content, the weight fraction of the sucrose-

rich phase decreases, while the sucrose content of both the OSA starch-rich

phase and the sucrose-rich phase increases. This novel phenomenon is relevant

in the understanding of the stability and performance of multiphase food and

pharmaceutical components.

Keywords: OSA starch, Sucrose, Glass transition, Amorphous phase

separation, Solid-state NMR, Di↵erential scanning calorimetry

1. Introduction1

One of the principal applications of microencapsulation is to protect sensitive2

actives during storage against the detrimental e↵ects of water and atmospheric3

oxygen. In most cases such protective matrices consist of amorphous carbohy-4

drates in the glassy state, so-called glass encapsulation systems (Ubbink, 2016).5

Non-optimal barrier properties of the encapsulation matrix lead to increased6

rates of chemical degradation, mainly by oxidation, of the encapsulated actives7

(Karel, 1990). In addition, the active may prematurely di↵use out of the ma-8

trix into the environment. It is therefore of significant importance to optimize9

the formulation of carbohydrate-based encapsulation matrices in order to max-10

imize the barrier properties and thereby improve the stability and shelf life of11

microencapsulated actives (Ubbink et al., 2008; Reineccius & Yan, 2016).12

At the molecular level, barrier properties are governed by two parameters:13

the solubility and the mobility (di↵usivity) of the permeating compounds in the14

barrier material. The mobility of small molecules, such as water and oxygen,15

in glassy carbohydrates was initially believed to be governed primarily by the16

proximity of the glass transition temperature (Tg) of the matrix to the temper-17

ature of the storage environment (Levine, 2002). It has since been recognized18

that this interpretation of molecular mobility is inadequate (Ubbink & Krüger,19
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2006; Cicerone & Douglas, 2012; Cicerone et al., 2015; Ubbink, 2016). While20

the mobility of the larger carbohydrate molecules that constitute the matrix is21

governed by the ↵-relaxation and therefore e↵ectively cease at temperatures be-22

low Tg, the mobility of smaller molecules in the matrix is thought to be related23

to the �-relaxation and remains appreciable even in the glassy state (Cicerone24

& Douglas, 2012). The �-relaxation, which is in turn hypothesized to be re-25

lated to the molecular packing of the matrix in the glassy state, can be directly26

probed by positron annihilation lifetime spectroscopy (PALS) (Ubbink et al.,27

2008; Ubbink, 2016).28

The principal variables a↵ecting the barrier properties of glassy carbohydrate29

matrices are temperature, water content and matrix formulation. Of particular30

importance is water, first and foremost as it is a strong plasticizer of amorphous31

carbohydrates, reducing the matrix Tg significantly (Roos, 1995). Secondly,32

in the glassy state, water impacts the molecular packing and the dynamics33

of amorphous carbohydrates via a complex mechanism where, depending on34

the concentration present, water may act as an antiplasticizer or plasticizer of35

the carbohydrate matrix (Ubbink, 2016). At low concentrations (. 5 wt.%36

(Roussenova et al., 2010)), water acts as an antiplasticizer, lowering the matrix37

Tg but also reducing the average size of the free volume holes in the glassy state38

(Townrow et al., 2007; Roussenova, 2011). At higher concentrations, water acts39

as a plasticizer, continuing to reduce Tg of the matrix but increasing the average40

size of the free volume holes in the glassy state (Townrow et al., 2007). In this41

regime, water not only enhances its own molecular mobility (Tromp et al., 1997),42

but also of other small molecules (Schoonman et al., 2002; Gunning et al., 2000).43

The water content of carbohydrate-based glass encapsulation systems should44

therefore be as close to the so-called “antiplasticization threshold” as possible45

(Seow, 2010), as this minimizes the local free volume.46

Low molecular weight matrix additives other than water have been shown47

to impact the molecular packing of glassy carbohydrates as well (Ubbink et al.,48

2008; Ubbink, 2016). Specifically, low molecular weight polyols, such as glycerol49

and sorbitol (Roussenova et al., 2010), and mono- and disaccharides such as50
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glucose and maltose (Kilburn et al., 2004, 2005; Townrow et al., 2007, 2010)51

act as antiplasticizers. These molecules reduce the average molecular hole size52

of glassy matrices consisting of intermediate and high molecular weight carbo-53

hydrates, such as starches and maltodextrins. The decrease in molecular hole54

size with increasing additive content corroborates findings from shelf-life testing55

(Kasapis et al., 2009; Ubbink, 2016).56

Blends of starches or maltodextrins with low molecular weight polyols or57

mono- and disaccharides usually mix well at the molecular level and therefore58

consist of a single phase. Recently, however, it was observed that blends of flour59

and sucrose may show a limited degree of phase inhomogeneity, as witnessed60

by detailed modeling of the glass transitions as determined by di↵erential scan-61

ning calorimetry (DSC) (Roudaut & Wallecan, 2015). To assume molecular62

miscibility of blend components may thus be incorrect. A more pronounced63

separation into two distinct phases was observed for blends of octenyl succinic64

anhydride-modified (OSA) starch and sucrose (Tedeschi et al., 2016).65

The partial incompatibility of matrix components leads to a number of phe-66

nomena not observed for homogeneous systems. For some applications, such as67

the targeted release of pharmaceuticals, matrix incompatibility may be sought68

in order to produce two distinct phases with specific properties, one acting to69

impart stability during storage and the other to act as the “delivery vessel”70

(Tedeschi et al., 2016). Phase separation of the constituents of encapsulation71

matrices could however also lead to reduced barrier properties of glassy car-72

bohydrate blends and is thus a vital property to consider and control in the73

development of matrix formulations (Tedeschi et al., 2016; Hughes et al., 2016).74

In this study we first present the analysis of the glass transition behavior of75

the blends, as measured by DSC, as a function of composition and water content.76

Then, using 1H low-resolution solid-state NMR, aspects of the matrix dynamics77

that are related to the phase behavior of the matrices. Finally, we introduce a78

model to quantify both the relative abundance of the phases present within the79

anhydrous blends and the composition of these phases. Our overarching aim is80

to provide a quantitative description of the phase behavior, matrix structure and81
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component dynamics in relation to the blend composition and thermodynamic82

parameters.83

2. Experimental84

2.1. Preparation of hydrophobically-modified starch (HMS) - sucrose (S) blends85

HMS-S blends were prepared with well-defined ratios of HMS and S prior to86

water activity equilibration, with mass fractions of sucrose on anhydrous basis87

(Q0
S
) of 0.10, 0.20, 0.40, 0.55 and 0.75 as expressed by:88

Q0
S
=

mS

(mS +mHMS)
, (1)

where mS and mHMS are the mass of sucrose and HMS used in the anhy-89

drous blend formulation, respectively. Structural parameters representative of90

the OSA starch, denoted here as hydrophobically modified starch, used in this91

study are a degree of branching (DOB) of 5.19 %, a degree of substitution92

(DOS) of 2.26 %, a hydrodynamic radius (hRhi) of 4.37 nm and a viscosity of93

61.2 mPa·s. The DOB and DOS were determined by 1H NMR at 298 K and94

hRhi by size exclusion chromatography (SEC) at 298 K (Tizzotti et al., 2011).95

For the viscosity measurement, HMS was mixed with water (40 wt.% HMS)96

and shaken overnight at 348 K. The viscosity of the HMS in water was then97

measured at 348 K using a viscometer (NDJ-5S, Shanghai Changji Geology Co.,98

Ltd, Shanghai). Sucrose (S) (from sugar cane) was purchased from Tate & Lyle99

PLC (London, UK). HMS-S blends were prepared using the following experi-100

mental protocol. Aqueous solutions of HMS and sucrose were prepared at ⇠101

45 - 60 wt.% solids by stirring (at 400 rpm) precisely measured amounts of the102

ingredients in demineralized water for 2 hours at 360 K. The HMS-S solutions103

were then converted to amorphous powders in the glassy state by spray drying104

using a Mobile Minor 2000 spray-dryer (GEA, Denmark). After water activity105

equilibration, the water content on wet basis (Qw) of the HMS-S blends is given106

by:107

Qw =
mw

(mC +mw)
. (2)
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Here, mw and mC are the total masses of water and carbohydrates (mS +108

mHMS) in the blend, respectively.109

2.2. Initial water content determination and water activity equilibration110

Initial water contents of the HMS-S blends were determined by drying in111

a laboratory oven for 27 h at 353 K under a pressure below 25 mbar under a112

slight flow of dry nitrogen. The blends were then equilibrated at a range of113

water activities (aw) at 298 K in desiccators containing saturated salt solutions114

(aw (salt) = 0.11 (LiCl), 0.22 (CH3COOK), 0.33 (MgCl2), 0.43 (K2CO3), 0.54115

(Mg(NO3)2), 0.75 (NaCl). The pure spray-dried HMS (Q0
S

= 0.0) was also116

equilibrated at aw = 0.68 (KI)) (Greenspan, 1977). Water sorption was followed117

gravimetrically for 1200 h. In this time, all samples reached their equilibrium118

water content.119

Anhydrous HMS-S blends were prepared by oven drying at 318 K for 48120

hrs then 72 hrs at 298 K followed by 48 hrs at 318 K, all under a reduced121

pressure of 5 mbar and a slight flow of dry nitrogen gas. Water activities of the122

dried samples were determined using a LabMASTER-aw (Novasina, Lachen,123

Switzerland).124

2.3. Powder X-ray di↵raction (XRD)125

Powder di↵raction patterns were collected using a Phillips X’pert Pro di↵rac-126

tometer (Panalytical) operating at 40 kV and 30 mA utilizing Cu K↵ radiation127

(� = 0.154 nm). Scans were performed at 298 K under local atmospheric hu-128

midity over the 2✓ range 5-35o with a step size of 0.02o and a data acquisition129

time of 2 s at each step.130

2.4. Di↵erential scanning calorimetry (DSC)131

DSC analyses were performed using a Discovery DSC equipped with a Dis-132

covery Liquid Nitrogen Pump Accessory (LN2P) from TA Instruments, Waters133

GmbH (Eschborn, Germany). Approximately 15 mg of water activity equi-134

librated sample was precisely weighted in a Tzero medium-pressure aluminum135
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pan (TA Instruments), which was subsequently hermetically sealed with a Tzero136

Hermetic Lid (TA Instruments). An empty pan with sealed lid was used as a137

reference. The instrument was calibrated with an indium standard and dry N2138

was passed through the DSC cell at a flow rate of 50 ml·min�1 during measure-139

ments. The samples were heated at a rate of 5 K·min�1 to 400 K (first heating140

run) and held at that temperature for 1 min. The samples were then cooled to141

180 K at a rate of 20 K·min�1, stabilized for 3 minutes at 180 K and reheated142

to 400 K at a rate of 5 K·min�1(second heating run). All analyses of the sample143

glass transitions were performed using the thermograms obtained during the144

second heating ramp and converted to specific heat capacity (Cp).145

Multiple glass transitions are resolved by modeling the DSC thermograms146

across a wide temperature range following a further development of the method147

by Roudaut et al. (Roudaut & Wallecan, 2015). This allows for the consistent148

treatment of data and provides confidence in the results obtained from the149

analysis. In our implementation, the first derivative of the specific heat capacity150

(dCp/dT ) across a single glass transition is modeled by a Gaussian line shape151

(G)(Song et al., 1997; Hourston et al., 1997, 1999). It then follows for n glass152

transitions, dCp/dT may be expressed as:153

dCp

dT
=

nX

i=1

Gi +B, (3)

where B approximates the contribution of the instrument baseline to the mea-154

sured dCp/dT and:155

Gi =
�Cp,i

�i

p
2⇡

exp


� (T � Tg,i)2

2�2
i

�
, (4)

where Tg is the centre of the Gaussian (the transition mid-point), �i is standard156

deviation of the Gaussian, which is used to calculate the full width at half157

maximum of the transition (�Tg,i = FWHMi = 2
p
2 ln 2 �i), and �Cp,i is the158

change in specific heat capacity of the sample across the glass transition. The159

Tg obtained in this way may thus be identified as the Tg,midpoint.160

An example of the analysis of the DSC data is presented in Figure 1, demon-161

strating that two overlapping glass transitions in the Q0
S

= 0.2 blend equili-162
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Figure 1: Example of the determination of overlapping glass transitions from (a) the DSC

heat capacity (Cp) curve using (b) the first derivative (dCp/dT ) by the of fitting equation 4

(model fit indicated by solid red line) using two Gaussian curves (solid and dashed lines) upon

a sigmoidal baseline (dash-dot-dash line). The lack of structure in the residuals (c) indicates

the model describes the DSC data well. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

brated at aw = 0.33 can be accurately resolved by two Gaussians upon a sig-163

moidal baseline (B = erf(T )) in dCp/dT , as indicated by structureless residuals.164

The number of Gaussians (corresponding to the number of glass transitions) was165

chosen to achieve both a satisfactory fit (structureless residuals as a function of166

temperature) and reproducible results when di↵erent initial parameter values167

were chosen. Either a constant or an error function was used to approximate B,168

the latter of which was utilized only when significant structure in the residuals169

existed before or after the completion of the glass transitions, which was found170
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to be the case in the low Q0
S
( 0.2) blends.171

2.5. Solid-state NMR172

Low-resolution 1H solid-state NMR measurements were carried out on a173

spectrometer constituted of a Stelar PC-NMR system and a permanent magnet174

working at the 1H Larmor frequency of 20.8 MHz, equipped with a Stelar 5 mm175

static probe and a Stelar VT system. 1H Free Induction Decays (FIDs) were176

recorded in the temperature range 293-373 K on heating under on-resonance177

conditions by means of a solid echo pulse sequence. At least 256 transients were178

accumulated for each FID using an echo delay time of 12 µs and a relaxation179

delay of 2 s. The 90o pulse duration was 3 µs. Temperature was controlled180

within ± 0.1 K.181

In order to reproduce the experimental FIDs, nonlinear least-squares fittings182

were carried out using a linear combination of analytical functions commonly183

employed for this scope, chosen among exponential, Gaussian, Weibullian, Pake184

and Abragamian functions (Hansen et al., 1998). The linear combination of185

functions best reproducing the experimental FID was chosen on the basis of the186

Occam’s Razor principle and of the minimization of the �2 of the fitting. The187

best results were obtained using a sum of one or two exponentials and a Pake188

function. The generic analytical function used in all cases can be written as:189

S(t) = IE1 · E1(t) + IE2 · E2(t) + IP · P (t), (5)

where S(t) is normalized so to give S(0) = 100, Ii is the weight percentage of190

the i-type function (expressed in %), E1, E2 and P indicate the two exponential191

functions and the Pake function, respectively. The exponential functions:192

E(t) = exp(�t/T2), (6)

are characterized by the spin-spin relaxation time T2, while the Pake function,193

derived as the inverse Fourier transform of the original expression in the fre-194

quency domain (Pake, 1948), can be written as (Look et al., 1966):195

P (t) =

r
⇡

6
exp

✓
��2t2

2

◆"
cos↵tp

↵t
C

r
6↵t

⇡
+

sin↵tp
↵t

S

r
6↵t

⇡

#
, (7)
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where C and S are approximated Fresnel functions (Abramowitz & Stegun,196

1970), ↵ = 3�2~/4R3
HH

, and � is the proton gyromagnetic ratio. The Pake197

function is therefore characterized by the parameters RHH and �, which re-198

spectively represent the distance between two nearest neighbor protons and the199

width of the Gaussian line due to the dipolar interactions between non-nearest200

neighbor protons. After having verified that the parameter � did not vary sig-201

nificantly from sample to sample and at di↵erent temperatures, it was kept fixed202

to a value of 50 kHz in the final fittings in order to reduce the correlation among203

the fitting parameters. All HMS-S blends studied with solid-state NMR were204

equilibrated at aw = 0.22 at 298 K.205

3. Results and Discussion206

3.1. X-ray di↵raction207

Following spray drying and subsequent water activity equilibration, all blends208

were confirmed to be completely amorphous by X-ray scattering (Ubbink et al.,209

2018). Even at high water activities and sucrose contents, there is no evidence of210

sucrose crystallinity. Considering that amorphous sucrose in the rubbery state211

has been shown to crystallize on the timescale of a few days or less (Makower &212

Dye, 1956), which is far shorter than the aw equilibration timescales used here,213

the absence of crystalline peaks in the di↵raction patterns implies that the pres-214

ence of the HMS is inhibiting the crystallization of the sucrose. In agreement215

with findings on related systems (Saleki-Gerhardt & Zografi, 1994; Chirife &216

Inglesias, 1978; te Booy et al., 1992).217

3.2. Di↵erential Scanning Calorimetry (DSC)218

Second heating DSC thermograms for the HMS-S blends equilibrated at219

aw = 0.33 and Q0
S
= 0.4 blends equilibrated at all aw are shown in Figures 2(a)220

and 2(b), respectively. For the Q0
S
= 0.4 blends, at aw = 0.11 there appears221

to be a single, wide transition. This single “step” representing the change in222

the specific heat capacity (�Cp) of the system that occurs as Tg is crossed. At223
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higher values of aw (0.22 and 0.33) this step appears with a “tail” extending to224

higher temperatures, suggesting a transition width of ⇠ 80 K. This may be taken225

as an indication of an underlying second transition, as the width of the glass226

transition is commonly significantly narrower (⇠ 10 - 30 K) in carbohydrate227

polymers (Roos, 1995). At the highest water activities (aw = 0.43, 0.54 and228

0.75), two separate glass transitions become clearly visible.229

It was found that for all HMS-S blends dCp/dT could be accurately modeled230

assuming two transitions (n = 2 in Eq. 3) with the exception of the Q0
S
= 0.2231

blend equilibrated at aw = 0.75, for which an intermediate third transition was232

resolved. Fitted transition parameters for the hydrated an oven-dried blends233

are presented in Ubbink et al. (2018). The presence of two resolvable glass234

transitions in all HMS-S blends indicates the presence of two distinct amorphous235

phases. The dependence of the upper (Tg,upper, higher temperature) and lower236

(Tg,lower, lower temperature) Tg values on the total water content (Qw) of the237

blends are presented in Figures 3(a) and 3(b), respectively.238

In order to discuss the behavior of the blend Tg values, it is necessary to first239

discuss the Qw dependence of the Tg values of the blend components, namely240

the HMS (Tg,HMS) and sucrose (Tg,S).241
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Figure 2: DSC second heating scans for HMS-S blends (a) equilibrated at aw = 0.33

with sucrose weight fraction on anhydrous blend basis Q0
S = 0.00 (blue), 0.10 (green),

0.20 (red), 0.40 (cyan), 0.55 (magenta) and 0.75 (yellow), and (b) for Q0
S = 0.2 blends

equilibrated at aw ⇠ 0.0 (blue), 0.11 (green), 0.22 (red), 0.33 (cyan), 0.43 (magenta),

0.54 (yellow) and 0.75 (black). The arrows indicate the positions of the resolved values

of Tg, determined as outlined in Section 2.4. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Figure 3: (a) Lower (Tg,lower) and (b) upper (Tg,upper) glass transition temperatures

for the HMS-S blends with Q0
S = 0.00 (blue crosses), 0.1 (green squares), 0.2 (red

inverted triangles), 0.4 (cyan circles), 0.55 (magenta diamonds) and 0.75 (yellow tri-

angles) as a function of water content of the blends, Qw. The red star indicates the

intermediate glass transition resolved for the Q0
S = 0.2 blend equilibrated at aw =

0.75. The oven-dried blends are plotted at Qw = 0.005. The solid black lines repre-

sent the GT fits for pure HMS (Tg(Qw)HMS) and sucrose (Tg(Qw)S). The horizontal

dashed line indicates T = 298 K. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
13



A number of models have been developed to analyze the plasticization of242

amorphous polymers by water and other low molecular weight compounds (Fox,243

1956; Kwei, 1984; Couchman & Karasz, 1978; Gordon & Taylor, 1952). All of244

these models were derived based on the assumptions that the matrix compo-245

nents are miscible at the molecular level and that the properties of the matrix246

components are additive in terms of the volume fractions they occupy of the247

overall matrix. In particular the latter assumption is likely to be invalid for248

carbohydrate-water systems (Ubbink et al., 2007). Notwithstanding, most mod-249

els fit the plasticization of carbohydrates by water fairly well. Here, we use the250

Gordon-Taylor (GT) equation for a binary blend of a carbohydrate and water251

to model the dependence of Tg on Qw in HMS and sucrose. The GT equation252

may be expressed in the form (Gordon & Taylor, 1952):253

Tg =
QCTg,C + kGTQwTg,w

QC + kGTQw

, (8)

where Tg,w is the glass transition temperature of super-cooled water, commonly254

taken as Tg,w = 136 K (Roos, 1995). Tg,C and kGT , are the glass transition255

temperature of the anhydrous carbohydrate matrix and the GT coe�cient, re-256

spectively. Both Tg,C and kGT are considered as fitting parameters in the least-257

squares fitting of the GT equation to experimentally determined values of Tg.258

The solid black lines in Figure 3 indicate the GT fits to the water content259

series of pure HMS (upper line) and sucrose (lower line). The GT values for260

sucrose were taken from previous studies: Tg,S = 343 K and kGT = 5.1 (Blond261

et al., 1997; Frank, 2007). The higher value of kGT for the sucrose compared to262

HMS suggests that water has a somewhat greater plasticizing e↵ect for sucrose263

than HMS.264

There is significant variation in experimental values for Tg,S reported in var-265

ious sources (reviewed by Frank (2007)). We have used a value for Tg,S , which266

was determined using a similar DSC protocol as in the present investigation.267

For the HMS, the GT fitting returned Tg,HMS = 477 K and kGT = 4.2. The Tg268

for the oven-dried HMS was omitted in this fitting as from Ubbink et al. (2018)269

it is seen that the sample contains some residual water. Our experimental value270
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for Tg,HMS is ⇠ 20 K lower than the Tg reported for anhydrous amylopectin271

(Kalichevsky et al., 1993; Kalichevsky & Blanshard, 1993; Kalichevsky et al.,272

1992). This is due to both the average number of hydroxyl groups per glucose273

ring that may participate in hydrogen bonding (as some are replaced by OSA)274

being lower, and a reduction in the e�ciency of hydrogen bonding as the rather275

bulky OSA groups decrease the density of molecular packing (Silaket et al.,276

2014). The combined e↵ects hinder the formation of the strong hydrogen bond-277

ing interactions that give rise to the high Tg value of starches (Ubbink et al.,278

2008; van der Sman, 2013).279

Tg,lower decreases with water content for all blend compositions (Figure280

3(b)), as expected for materials that are plasticized by water. As the su-281

crose content of the blends increases, the lower glass transition temperature282

approaches and then surpasses the Tg line of pure sucrose (Figure 3(b)). In par-283

ticular for the blends with the highest sucrose contents (Q0
S
= 0.55 and 0.75),284

the Tg,lower values of the blends appear to fall below those of pure sucrose.285

There are two main considerations to be made to rationalize and understand286

this behavior, both of which are outlined below.287

It is important to point out that the values of Qw against which Tg,lower and288

Tg,upper are plotted represent the water content of the entire HMS-S matrix.289

Whilst the water activity of the blends is constant, the water content of the290

individual phases may vary considerably.291

Figure 4(a) shows Tg,upper and Tg,lower of the Q0
S
= 0.4 blend, highlighting292

the change in the behavior of the Tg,upper with Qw as Tg,lower passes through293

298 K (shown as the horizontal dashed line, corresponding to Qw ⇠ 0.05).294

At the same point there is also a change in the behavior of �Cp as shown in295

Figure 4(b), the �Cp associated with Tg,lower showing a large increase while296

that associated with Tg,lower decreases. As these changes directly mirror the297

�Cp across the glass transition, one may infer compositional changes of the two298

phases from �Cp by considering �Cp for the raw components. For sucrose and299

water, �Cp may be taken as 0.76 and 1.94 Jg�1K�1 respectively (Kalichevsky300

et al., 1992). For pure anhydrous HMS �Cp is assumed the same as for starch301
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Figure 4: Parameters for the upper (green circles) and lower (blue circles) glass transi-

tion resolved for the Q0
S = 0.4 HMS-S blends. (a) The transition mid-point, Tg. (b)

The change in specific heat capacity across the transition, �Cp. (c) The full width at

half maximum of the transition, �Tg in dCp/dT . As the Qw of the dried blends has

not been determined, results at low Qw are only indicative. The horizontal dashed

line in (a) indicates T = 298K and the vertical dashed line indicates the value of Qw

at which Tg,lower appears to fall below 298 K. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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(0.47 Jg�1K�1 (Orford et al., 1989; Kalichevsky et al., 1992)), giving �Cp,w >302

�Cp,S >�Cp,HMS . At a fixedQ0
S
one may expect a simple linear increase in the303

fitted �Cp values for increasing Qw (approximating linear additivity of the �Cp304

values for the components within each phase). For the Q0
S
= 0.4 blends there is305

a slight increase in �Cp for both transitions up to Qw ⇠ 0.05, where there is a306

sudden increase in �Cp,lower and a decrease in �Cp,upper which we interpret as307

a sudden change in phase composition between samples. We suggest that when308

the sucrose-rich phase is in the rubbery state at 298 K post aw equilibration,309

there is a migration of water and/or sucrose from the HMS-rich phase to the310

sucrose-rich phase resulting in Tg,upper apparently lying above that expected311

for the pure HMS at the same value of Qw, due to the loss of plasticizer from312

the phase (i.e. the plotted value of Qw does not represent the true Qw of the313

phase). This is confirmed by the sudden increase in �Tg,upper.314

Similar trends are seen for all transition parameters associated with both315

Tg,upper and Tg,lower in the aw series at Q0
S

= 0.4 (see Figure 5), indicating316

that changes in phase composition take place as Tg,lower passes below 298 K.317

An additional feature to notice is the dependence of �Tg,lower on Q0
S
. For318

low values of Q0
S
, �Tg,lower is very wide, narrowing as Q0

S
increases indicating319

that the sucrose-rich phase is becoming increasingly well defined with increasing320

sucrose content.321

We infer that the water content of the sucrose-rich phase in the two-phase322

blends may become higher upon heating than the equivalent single-phase sucrose323

system. During initial heating, for example in the DSC, the sucrose-rich phase324

becomes rubbery. Then, at a temperature slightly above Tg,lower, this phase325

becomes ergodic, dramatically impacting the thermodynamics of water in the326

system. While in the glassy matrix, water binds to the quenched carbohydrate327

molecules via a mechanism involving both hydrogen bonding and matrix free328

volume, in the rubbery state, the thermodynamic state of water is determined329

by the entropy of mixing of the carbohydrate and water molecules (Ubbink330

et al., 2007). As a result, the chemical potential of water in the sucrose-rich331

phase suddenly drops when upon heating the phase becomes rubbery. From332
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Figure 5: Parameters for the upper (green circles) and lower (blue circles) glass transi-

tion resolved for the aw = 0.33 HMS-S blends and the pure HMS. (a) The transition

mid-point, Tg. (b) The change in specific heat capacity across the transition, �Cp.

(c) The full width at half maximum of the transition, �Tg in dCp/dT . The horizontal

dashed line in (a) indicates T = 298 K. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

a situation of dynamic water equilibrium between the two phases, we are now333

confronted by a significant di↵erence in chemical potential of water between334
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the two phases, resulting in the net migration of water from the HMS-rich335

phase to the sucrose-rich phase. This is supported by previous observations336

on the temperature dependence of water sorption by starch, where increased337

water activity equilibration temperatures result in lower water contents for high338

amylopectin starch (Al-Muhtaseb et al., 2004).339

3.3. 1H Free Induction Decay (FID) Analysis340

For the pure HMS and HMS-S blends containing up to Q0
S

= 0.4 the 1H341

on-resonance FIDs recorded at all temperatures could be accurately described342

as a sum of a single Pake function (with intensity IPake) and a single decaying343

exponential (E1, with intensity IE1 and decay constant T2,E1 ⇠ 30-150 µs),344

analogous to an approach previously reported by G. Roudaut et al. (Roudaut345

et al., 2009) where the empirical Abragamian function was used in the place of346

the Pake function to model the 1H FID of amorphous freeze-dried starch-sucrose347

blends. The P and E1 functions can be associated to protons in rigid/restricted348

mobility and mobile environments, respectively. Indeed, in the solid state, 1H349

spin-spin relaxation is mainly determined by the strong dipolar couplings among350

the protons; molecular motions with frequencies higher than tens of kHz are351

e↵ective in reducing such dipolar couplings, with a progressive increase of 1H352

T2 by increasing the degree of mobility. For the Q0
S
= 0.55 and 0.75 blends, a353

second decaying exponential (E2, with intensity IE2 and decay constant T2,E2 ⇠354

150-2000 µs) had to be added to the fitting function, indicating the presence355

of an additional distinguishable region of the sample, characterized by a larger356

degree of molecular mobility.357

Firstly, by considering the temperature dependence of the intensities of the358

Pake and exponential functions shown in Figure 6, it is possible to comment359

upon the relative abundance of the phases with significantly di↵erent mobilities.360

The temperature dependence of IPake shown in Figure 6(a) shows little variation361

in the temperature range studied for the low Q0
S
(< 0.4) HMS-S blends. For362

the pure HMS, the Tg lies above the temperature range studied, and therefore363

it is unexpected that any significant changes to the dynamics of the sample364
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Figure 6: Intensities of the (a) Pake, (b) 1st exponential (E1) and (c) 2nd exponential

(E2) functions used to model the FID spectra of the HMS-S blends equilibrated at aw =

0.22 with Q0
S = 0.00 (blue crosses), 0.1 (green squares), 0.2 (red inverted triangles),

0.4 (cyan circles), 0.55 (magenta diamonds) and 0.75 (yellow triangles). The solid

vertical lines indicate Tg,upper and the dashed vertical lines Tg,lower as determined by

DSC. Note that the Tg,lower of samples with Q0
S = 0.55 and 0.75 falls at temperatures

lower than the investigated range. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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will occur. Even with this consideration, there is a small contribution to the365

FID from protons in slightly more mobile environments, which may arise from a366

local plasticization induced by water molecules. As the temperature is increased,367

IPake shows an unexpected slight increase and IE1 a corresponding decrease,368

which should be due to the loss of water from the sample by evaporation within369

the NMR tube. The behavior of the Q0
S

= 0.1 and 0.2 blends show little370

di↵erence from the pure HMS, indicating that the small sucrose-rich fractions,371

embedded in the HMS matrix, are still quite rigid.372

The Q0
S

= 0.4 blend shows the first sign of deviation from this behavior,373

exhibiting a steady decrease in IPake by increasing the temperature, with a374

corresponding increase of the mobile fraction of the blend (IE1). This onset375

of mobility occurs between Tg,lower and Tg,upper of the blend, indicated by the376

dashed and solid cyan lines in Figure 6, respectively, and should be therefore377

be related to the glass-rubbery transition of sucrose-rich domains. It is worth378

noting that the increase in T2 (and therefore, in this case, the passage from379

the Pake to the E1 behavior) is expected to occur a few tens of degrees above380

the calorimetric Tg, when the molecular motions reach a correlation time of381

the order of some tens of ms, corresponding to the inverse of the dipolar field382

strength (a few tens of kHz).383

The fraction of protons passing from the P to the E1 fractions between384

Tg,lower and Tg,upper is ⇠ 13 %. Consequently, most of the sucrose is in a rigid385

environment even ⇠ 20 K above Tg,lower.1 By far the largest changes in the386

intensities of the Pake and exponentials are present in the high sucrose samples387

with Q0
S
= 0.55 and 0.75. For these two samples IPake decreases by ⇠ 50 and388

70 %, respectively, when the temperature of the samples is increased from the389

lower to the upper Tg as measured by DSC. There is a close correspondence390

1It must be noticed that Q0
S
is the weight fraction of sucrose, while the weights determined

by 1H FID analysis must be compared with the fraction of sucrose 1H nuclei. However, the

two quantities almost coincide, due to the very similar percentage of hydrogen in sucrose and

HMS.
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between the fractional decrease in IPake and the sucrose content of the two391

blends (Q0
S
= 0.55 and 0.75), which could be interpreted as all of the sucrose392

becoming mobile in this temperature interval. This is unlikely however, as the393

sucrose is distributed over the two phases, as is the modified starch. We rather394

interpret the decrease in IPake as related to the total fraction of mobile protons395

of both the sucrose and the starch.396

A salient feature of the two highest sucrose content samples is the occurrence397

of a third, highly mobile phase, represented by E2. This phase becomes resolv-398

able about 20-30 K below Tg,upper for the two high sucrose blends (Q0
S
= 0.55399

and 0.75). The fraction of these highly mobile protons increases with increasing400

sucrose content, suggesting that these highly mobile protons are related to the401

sucrose rich phase. This is in agreement with the DSC results.402

It is worth stressing that the distinction into these three dynamically distin-403

guishable phases is not “static”, nor simply associated to the glass transition404

temperatures of the matrices, but strictly dependent on the available thermal en-405

ergy and thus to a specific relaxation time. P , E1 and E2 domains can therefore406

not be assigned to specific, fixed domains within the samples. The interpreta-407

tion is rather that these di↵erent dynamic phases progressively transform from408

one into another as a function of temperature. While the fractions of the P and409

E2 dynamic phases monotonically decrease and increase, respectively, with in-410

creasing temperature, the E1 dynamic phase exhibits a more complex behavior.411

For all samples, the fraction of the E1 phase increases as the fraction of the P412

dynamic phase decreases. For the two samples highest in sucrose part of the E1413

fraction transforms into the even more mobile E2 fraction. Moreover, as shown414

in Figure 7, the spin-lattice relaxation time T2 continuously increases with tem-415

perature for E2 fraction, with the slope becoming steeper above Tg,upper of the416

samples. This increase in T2 signifies a progressive increase of the mobility of417

the E2 fraction.418

The temperature dependence of T2 of the E1 fraction is more complex and419

di�cult to be rationalized: its behavior can be possibly justified in the context420

of the above mentioned dynamic transformation among the di↵erent fractions,421
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Figure 7: Characteristic relaxation times of (a) the 1st exponential (E1) and (b) 2nd

exponential (E2) functions used to model the FID spectra of the HMS-S blends equi-

librated at aw = 0.22 with Q0
S = 0.00 (blue crosses), 0.1 (green squares), 0.2 (red

inverted triangles), 0.4 (cyan circles), 0.55 (magenta diamonds) and 0.75 (yellow tri-

angles). The solid vertical lines indicate Tg,upper and the dashed vertical lines Tg,lower

as determined by DSC. Note that the Tg,lower of samples with Q0
S = 0.55 and 0.75

lies at temperatures lower than the investigated range. (For interpretation of the ref-

erences to color in this figure legend, the reader is referred to the web version of this

article.)

as observed previously by Roudaut et al.(Roudaut et al., 2009).422

3.4. Phase composition modeling423

The experimental Tg,i (where i = upper or lower for the HMS-rich and424

sucrose-rich phases, respectively) values obtained by DSC are here used to esti-425

mate the HMS and sucrose contents of the two phases present in selected blends.426

By fitting the GT model (Equation 8) to both Tg,upper and Tg,lower values of427
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Table 1: Parameters obtained for the fitting of Tg,upper (u) and Tg,lower (l) to the Gordon-

Taylor equation (Equation 8) for the hydrated HMS-S blends. The aw range indicates the

equilibration water activities for which the samples are entirely in the glassy state at 298 K

(i.e. Tg,lower > 298K). Q0
S

is the sucrose mass fraction for the entire anhydrous blend.

Q0
S
(u/l) aw range Tg,C kGT

(K)

0.0 0.11-0.75 477±4 4.2±0.1

0.1 (u) 0.11-0.54 435±2 4.6±0.1

0.1 (l) 0.11-0.54 422±7 6.6±0.5

0.2 (u) 0.11-0.43 409±7 5.4±0.6

0.2 (l) 0.11-0.43 396±16 9.0±1.7

0.4 (u) 0.11-0.33 371±4 4.4±0.4

0.4 (l) 0.11-0.33 349±1 6.4±0.2

1.0a n/a 343 5.1

aValues for pure amorphous sucrose taken from Frank (2007).

each blend over a sample-specific Qw range, the anhydrous Tg,C for each phase428

may be estimated. The sample-specific Qw range over which Tg fitting is per-429

formed is chosen under the assumption that the composition of the phases in430

terms of HMS and sucrose is constant (i.e. a change in Qw does not alter the431

ratio of HMS:S in each phase). Due to the apparent redistribution of phase432

components for matrices existing in the partially rubbery state at or below the433

aw equilibration temperature of 298 K (see Section 3.2), only Tg,i values are434

used in the fitting if they lie above 298 K, or in other words, for blends that are435

entirely glassy at 298 K. The HMS-S blends for which this condition is satisfied436

are presented in Table 1, along with the resulting parameters obtained from437

the GT fit. We utilize the values of Tg,C from the GT fitting rather than the438

experimentally determined Tg,i values for the oven-dried HMS-S blends as some439

residual moisture remains (see Ubbink et al. (2018)).440

With the values of Tg,C of the anhydrous binary HMS-S blend phases es-441

timated, it is possible to construct a “master” GT curve for sucrose in HMS,442
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which is written:443

Tg,C =
QHMSTg,HMS + kGTQSTg,S

QHMS + kGTQS

, (9)

where QHMS and QS are the mass fractions of HMS and sucrose in the binary444

phase with glass transition temperature Tg,C . As values of Tg,C have been445

estimated and anhydrous values of Tg,HMS and Tg,S are known (see Table 1),446

it is possible to determine QHMS , QS and kGT by least squares minimization447

between the model curve (Equation 9) and the Tg’s while conserving the total448

mass of both sucrose and HMS available to the phases. In other words, the mass449

of HMS and sucrose in each phase is allowed to fluctuate during the optimization,450

but is constrained by the total mass of sucrose and HMS in each blend and451

all Tg values being fixed. This method therefore allows one to estimate the452

composition of each anhydrous phase in the blends to be extracted along with453

the mass of each phase, mlower and mupper for the sucrose and HMS-rich phases454

respectively (presented as per 100 g of sample).455

Our model, the results for which are presented in part (a) of Table 2 and456

shown graphically in Figure 8, shows that as the total sucrose content of the457

blend increases, both the mass fraction and sucrose content of the HMS-rich458

phase increase, whereas the mass fraction of the sucrose-rich phase decreases459

with increasing sucrose content. At the same time, the composition of the460

sucrose-rich phase steadily converges towards a pure sucrose phase. The mass461

fraction the sucrose-rich phase (mlower) might seem low (see results (a) in Table462

2). However, it is observed that the mass balance between the phases is sensi-463

tively dependent on the model parameters, especially for the Q0
S
= 0.4 blend.464

Taking for instance an alternative value of 338 K for Tg,S , results in an increase465

of mlower from 3 wt.% to 15 wt.% for the blend with Q0
S

= 0.4 (see results466

(b) in Table 2). This latter value matches well with the results from the vari-467

able temperature 1H FID solid-state NMR experiments presented in Section 3.3,468

which showed that the vicinity of Tg,lower in the Q0
S
= 0.4 blend, a population469

of protons with distinctly increased mobility existed with a relative abundance470
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Figure 8: Optimized (“Master”) GT model fit (solid black curve) for anhydrous HMS-S blends

with Q0
S
(of the entire anhydrous matrix) = 0.1 (green), 0.2 (red), 0.4 (cyan) giving kGT ⇡ 5.5.

Blue stars indicate the Tg values of anhydrous HMS and sucrose. The curve is constructed

using parameters in Table 1. The vertical colored lines indicate the values of Q0
S

that would

represent ideal molecular mixing of HMS and sucrose (i.e. the composition expected for a

homogeneous single-phase blend) and the horizontal colored lines highlight the deviation from

this behavior. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

of ⇠ 15-20 %.471

4. Conclusions472

A detailed analysis of the di↵erential specific heat capacity curves from dif-473

ferential scanning calorimetry demonstrates that a significant degree of phase474

separation occurs in amorphous blends of HMS and sucrose, as indicated by the475

presence of multiple distinct glass transitions. It turns out that one of the phases476

is enriched in HMS and the other is enriched in sucrose, with the composition of477

the phases depending on the blend ratio between HMS and sucrose. The phase478

separation is confirmed by solid state NMR, which furthermore shows that the479

dynamics in the HMS-S blends with up to 40 wt.% sucrose are characterized480
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Table 2: Sucrose content (Q0
S,lower/upper

) and mass per 100g of HMS-S blend (mlower/upper)

of the sucrose-rich (lower) and the HMS-rich (upper) phases for the anhydrous HMS-S blends

returned in the construction of the anhydrous GT master curve using (a) Tg,HMS = 477 K,

Tg,S = 343 K (optimal value of kGT ⇡ 5.5) and (b) Tg,HMS = 477 K, Tg,S = 338 K (optimal

value of kGT ⇡ 5.9).

Q0
S

Tg,lower Q0
S,lower

mlower Tg,upper Q0
S,upper

mupper

(sample) (K) ⇥10�2 (g / 100 g) (K) ⇥10�2 (g / 100 g)

(a)

0.1 422 ± 7 11.4 61.7 435 ± 2 7.7 38.3

0.2 396 ± 16 21.8 69.8 409 ± 7 15.8 30.2

0.4 349 ± 1 79.6 2.9 371 ± 4 38.8 97.1

(b)

0.1 422 ± 7 10.2 95.3 435 ± 2 6.9 4.7

0.2 396 ± 16 22.3 70.4 409 ± 7 14.5 29.6

0.4 349 ± 1 66.5 15.0 371 ± 4 35.3 85.0

by a rigid phase and a mobile phase; the fraction of the mobile phase becom-481

ing significant when the sucrose-rich phase passes through the glass transition.482

The two blends highest in sucrose (55 wt.% and 75 wt.%) in addition show a483

third, highly mobile phase, which may be transient in nature. The presence of484

two phases leads to a dynamic compositional behavior with respect to water485

transfer and plasticization, the sucrose-rich phase becoming ergodic at a tem-486

perature slightly above the glass transition temperature and the water content487

of the phase being governed by the mixing entropy of the phase. It is suggested488

that this leads to a transfer of water from the HMS-rich phase to the sucrose-rich489

phase, resulting in a significant increase of the Tg of the HMS-rich phase and a490

decrease of the Tg of the sucrose-rich phase. The timescale at which this process491

occurs is currently unknown and requires further investigation. We have intro-492

duced a quantitative model allowing the prediction of the phase compositions493

based on the assumption that the dependence of the Tg on the composition is494
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the same for both the HMS-rich phase and the sucrose-rich phase. The model495

predicts that, with increasing sucrose content, the weight fraction of the sucrose-496

rich phase decreases, while the sucrose content in both the HMS-rich phase and497

the sucrose-rich phase increases. Furthermore, the relative abundance of the498

sucrose-rich phase decreases as the matrix sucrose content increases, a result499

mirrored by the relative population of highly mobile protons detected by 1H500

FID solid-state NMR experiments. Our results indicate that many matrices of501

relevance to food, pharmaceutics and encapsulation show significant degrees of502

matrix heterogeneity, most likely originating in phase separation. This may give503

rise to a range of static and dynamic properties of such matrices that are hitherto504

unexplored but that may have a major impact on stability and performance.505
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