
1. Historical Relationship between 
Cryotechnology and Collapse 
Phenomena 

Much of our understanding of the thermal 
and thermomechanical properties of concentrated 
aqueous solutions has been derived from exten
sive studies of small glass-forming carbohydrates 
at subzero temperatures. These studies, which 
began over 50 years ago with the seminal work 
of Luyet,302 have established that Tr, the mic
roscopically observed temperature of irruptive ice 
recrystallization in such glass-forming systems 
oflow MW sugars and polyols,4,74,133;240-242,260,261 
coincides with the solute-specific Tg' measured 
by thermal or thermomechanical analy
sis. 6,8,27 ,29,31 ,40-42,50,262 It has also been recognized 

that ice recrystallization is but one of many pos
sible manifestations (referred to as collapse phe
nomena) of the dynamically controlled behavior 
of aqueous glasses and rubbers, which exist at 
subzero temperatures in kinetically constrained, 
metastable states rather than equilibrium 
phases.8,25-34 Generic use of the term "rubber" 
in this context describes all glass-forming liquids 
at Tg < T < Tm, including both molecular rub
bers (viscous liquids) of low MW monomers and 
oligomers and viscoelastic network-forming rub
bers of entangling high polymers. 

As introduced earlier, a unifying concept for 
interpreting collapse phenomena, based on glass 
dynamics, has been described.8,27 Collapse phe
nomena have been defined as macroscopic and 
microscopic relaxation processes. These trans
lational and rotational diffusion-limited, mate
rial-specific, structural and/or mechanical relax
ation processes occur far from equilibrium33 and 
are therefore governed by the critical system 
variables of moisture content, temperature, and 
time. 303 Collapse processes occur at a char
acteristic collapse transition temperature, 
TC,4,64,66,135,136 which can coincide, on a com-
parable time scale (e.g., during storage), with an 
underlying Tg, 8 or can be manifested in real time 
(e. g., during processing) at a temperature about 
20°C above Tg (i.e., at a relaxation rate 105 faster 
than at Tg). 30,33,66 At the relaxation temperature, 
moisture content is the critical determinant of 
collapse and its consequences, 138 through the 
plasticizing effect of water on Tg of the amor-

phous regions in both glassy and partially crys
talline food polymer systems. Because the ki
netics of collapse processes are governed by the 
free volume, local viscosity, and resultant mo
bility of the water-plasticized glass or rubber,3° 
the effect of plasticization (leading to increased 
free volume and mobility in the dynamically con
strained glass) by water on Tg is a key aspect of 
collapse and its mechanism. 8,27,28,66 In the rub
bery liquid, rates of all translational and rota
tional diffusion-limited relaxation processes, in
cluding structural collapse and recrystallization, 
increase according to WLF kinetics with increas
ing aT above Tg.8,30,66 

A generalized physicochemical mechanism 
for collapse, based on occurrence of the material
specific structural transition at Tg, followed by 
viscous flow in the rubbery liquid state,137 has 
been derived from WLF theory and described as 
follows. 8,27 When the ambient temperature (dur
ing processing or storage) becomes greater than 
Tg, the free volume of the system increases, lead
ing to increased cooperative mobility in the en
vironment of polymer chain segments or small 
molecules in the amorphous regions of both glassy 
and partially crystalline systems. Consequently, 
the local viscosity of the dynamically constrained 
solid falls below the characteristic microscopic 
viscosity of about 1012 Pa s at Tg,289 which per
mits viscous liquid flow. 137 In this rubbery state, 
translational diffusion can occur on a practical 
time scale, and diffusion-limited relaxations 
(which also frequently exhibit a prerequisite for 
nucleation) are free to proceed with rates defined 
by the WLF equation (i.e., rates that increase 
logarithmically in a non-linear fashion with in
creasing aT above Tg). The generalization ofthis 
mechanism is made possible by the fact that there 
are two paths by which the ambient temperature 
can become greater than Tg.26 Heating (plasti
cization by heat) elevates the ambient tempera
ture to above Tg for both diluent-free (bone-dry) 
and diluted (water-containing) systems. Increas
ing the moisture content (plasticization by water) 
depresses the Tg to below the ambient temper
ature for diluted systems only. 

A comparison of literature values of subzero 
collapse transition temperatures for an exten
sive list of water-compatible monomers and poly
mers (shown in Table 827

) has established the 
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TABLE 8 
Comparison of Tg' Values and Literature Values for Other 
Subzero Collapse Transition Temperatures27 

Substance Tr,oC· Te,oCb 

Ethylene glycol -70C
,8, -81' 

Propylene glycol -628 

Glycerol -58, -65c
,8 

Ribose -43 
Glucose -41, -38 -40 
Fructose -48 -48 
Sucrose -32, -30.5 -32, -34d 

Maltose -32 
Lactose -32, -30i 

Raffinose -27, -25.4 -26 
Inositol -27 
Sorbitol -45 
Glutamic acid, Na -50 
salt 

Gelatin -11 -8 
Gelatin (300 Bloom) 
Gelatin (250 Bloom) 
Gelatin (175 Bloom) 
Gelatin (50 Bloom) 
Bovine serum -5.3 

albumin 
Dextran -9 
Dextran (MW 9400) 
Soluble starch -5, -6c 

Soluble potato 
starch 

Gelatinized wheat 
starch 

Hydroxyethyl starch -21 -17d 

PVP - 22, - 21, - 14.5 - 23, - 21.6d , 

-25h 

PVP (MW 35000) -179 

PVP (MW 10000) 
PVP (MW 40000) 
PVP (MW 44000) 
PEG -65, -43 -13 
PEG (MW 200) 
PEG (MW 300) 
PEG (MW 400) 

a Recrystallization temperatures4 
b Collapse temperatures during freeze-drying4 
C LuyeF40 
d "Antemelting" temperatures258 

8 "Completion of opacity" temperatures260 

, Recrystallization temperature261 

9 Pikal et al. 304 

h Pikal305 

i Pikal and Shah '90 

Tg',OC 

-85 
-67.5 
-65 
-47 
-43 
-42 
-32 
-29.5 
-28 
-26.5 
-35.5 
-43.5 
-46 

-9.5 
-10.5 
-11.5 
-12.5 
-13 

-13.5 

-3.5 

-5 

-6.5 

-26 
-20.5 
-21.5 

-65.5 
-63.5 
-61 



fundamental identity of Tg' with the minimum 
onset temperatures observed for various struc
tural collapse and recrystallization processes,8,27 
for both model solutions and real systems of 
foods, as well as pharmaceuticals and biologic
als,4,40-42,190,262,304-306 The Tc and Tr values of fro-
zen or vitrified samples, such as those in Table 
8, are typically determined by cryomicros
copy,135,304,305 thermal analysis,307 or electrical 
resistance measurements,258 on an experimental 
time scale similar to that for Tg' by DSC. I90,262 
A comprehensive list of collapse processes (shown 
in Table 98), all of which are governed by Tg' 
of frozen systems (or a higher Tg pertaining to 
low-moisture systems processed or stored at T > 
a°C) and involve potentially detrimental plastic
ization by water, has been identified and eluci
dated.8.15.25-28.31-34 Part B of Table 9 is included 
to emphasize how the Tg values relevant to both 
low- and high-temperature collapse processes are 
systematically related through the corresponding 
water contents, thus illustrating how this inter
pretation of collapse phenomena has been gen
eralized to include both high-temperature/low
moisture and low-temperaturelhigh-moisture food 
products and processes. 8,27 ,28 Table 9 contains 
extensive references from the food science and 
technology literature to specific examples of both 
low-temperature/high-moisture and high-temper
ature/low-moisture collapse processes. In all 
cases, a partially or completely amorphous sys
tem in the mechanical solid state at T < Tg and 
local viscosity >TJg would be stable against col
lapse, within the period of experimental mea
surements of Tg, Tc, and/or Tr. 8,66 Increased 
moisture content (and concomitant plasticization) 
would lead to decreased stability and shelf-life, 
at any particular storage temperature. 126,138 The 
various phenomenonological threshold tempera
tures for the diverse collapse processes listed in 
Table 9 all correspond to the particular Tg' or 
other Tg relevant to the solute(s) system and its 
content of plasticizing water. 8.27 

The examination of the relationship between 
cryostabilization technology and collapse pro
cesses, and the interpretation of the latter within 
a conceptual context of glass dynamics, has re
sulted in a conclusion and explanation of the fun
damental equivalence ofTg, Tc, and Tr, and their 
dependence on solute MW and concentration. 8,15 

This new interpretive approach has provided a 
better qualitative understanding of empirical re
sults previously observed but not explained on a 
basis of polymer structure-property principles. 136 
While the similarity and apparent identity of mea
sured Tc and Tr values for various frozen aqueous 
model systems (as illustrated in Table 8) had 
often been noted,4,6,254 the conclusion regarding 
the fundamental equivalence of Tg, Tc, and Tr 
represented a departure from the previous liter
ature. For example, while To and Flink136 had 
acknowledged that "the relationship between Tc 
and MW is identical to the equation for Tg of 
mixed polymers" and that "collapse and glass 
transition are (clearly) phenomenologically sim
ilar events," they differentiated between Tg and 
Tc by pointing out that "while glass transitions 
in polymeric materials are generally reversible, 
the collapse of freeze-dried matrices is irrever
sible". A molecular-level examination of this ar
gument, which had been based on the observation 
of a macroscopic structural change, has shown 
it to be misleading.27 At the molecular level, the 
glass transition for an amorphous thermoplastic 
aqueous food material is reversible, if the water 
content of the glass is always <Wg'. That is, a 
glass at Tg'-Wg' can be repeatedly warmed and 
recooled (slowly) over a completely reversible 
T -W path between its solid and liquid states. The 
same is true for a completely amorphous (and 
non-crystallizable) freeze-dried material. Obser
vation of irreversible collapse for a porous matrix 
does not negate the underlying reversibility be
tween molecular states. Irreversible loss of po
rosity is simply a macroscopic, morphological 
consequence of viscous flow in the rubbery state 
at T > Tg, whereby a porous glass relaxes ("melts 
back' ') to a lower-viscosity fluid that is incapable 
of supporting its own weight against flow and 
thus becomes non-porous and more dense. As 
shown in Table 9, the same is true for shrinkage 
due to loss of entrapped leavening gases in frozen 
bread dough blanks or loss of overrun in ice cream 
products stored at Tf > Tg'. 25,32 Subsequent re
cooling to T < Tg yields a non-porous glass of 
the original composition, which can then be tem
perature-cycled with even macroscopic reversi
bility. The only irreversible aspect of this type 
of Tg-governed structural collapse is loss of po
rosity. However, as alluded to in Table 9, a dif-
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TABLE 9 
Collapse Processes Governed by Tg and Dependent on 
Plasticization by Water' 

Processing and/or storage at T < O°C 

Ice recrystallization 
("grain growth") ~ Tr 

Lactose crystallization 
("sandiness") in dairy products ~ Tr 

Enzymatic activity ~ Tg' 
Structural collapse, shrinkage, or 

puffing (of amorphous matrix 
surrounding ice crystals) during 
freeze drying (sublimation stage) 
== "melt-back" ~ Tc 

Structural collapse or shrinkage 
due to loss of entrapped gases during 
frozen storage ~ Tg' 

Solute recrystallization during 
freeze drying (sublimation stage) ~ Td 

Loss of encapsulated volatiles during 
freeze drying (sublimation stage) ~ Tc 

Reduced survival of cryopreserved 
embryos, due to cellular damage caused 
by diffusion of ionic components ~ Tg' 

Reduced viability of cryoprotected, 
frozen concentrated cheese-starter 
cultures ~ Tg' 

Reduced viability of cryoprotected, 
vitrified mammalian organs due to lethal 
effects of ice crystallization ~ Td 

Staling due to starch retrogradation via 
recrystallization in breads and other high
moisture, lean baked products during 
freezer storage ~ Tg' 

Processing and/or storage at T > O°C 

Cohesiveness, sticking, agglomeration, 
sintering, lumping, caking, and flow of 
amorphous powders ~ Tc 

Plating, coating, spreading, and 
adsorbing of, for example, coloring agents 
or other fine particles on the amorphous 
surfaces of granular particles ~ Tg 

(Re)crystallization in amorphous 
powders ~ Tc 

Recrystallization due to water vapor 
adsorption during storage of dry-milled 
sugars (Le., grinding ~ amorphous 
particle surfaces) ~ Tg 

Structural collapse in freeze-dried 
products (after sublimation stage) ~ Tc 

Loss of encapsulated volatiles in freeze
dried products (after sublimation stage) 
~ Tc 

Ref. 

4, 6, 50, 74, 133, 255, 
304, 308, 309 

4,44,50,137,310 

8,175,311-315 
4, 40, 44, 57, 125, 133, 
136--138,256,258, 
276,303--305,316 

25,32 

193,317 

136--138 

262 

318 

251,298,319,320 

26 

Ref. 

44, 54, 66, 136--138, 
289,303,321-328 

329,330 

44,54,55,66,136--138, 
324 

82 

54,126,136--138,303 

54,136--138,289,331 



TABLE 9 (continued) 
Collapse Processes Governed by Tg and Dependent on 
Plasticization by Waters 

Processing and/or storage at T < QOC 

Oxidation of encapsulated lipids in 
freeze-dried products (after sublimation 
stage) ;;:: Tc 

Enzymatic activity in amorphous solids 
;;:: Tg 

Maillard browning reactions in 
amorphous powders;;:: Tg 

Sucrose inversion in acid-containing 
amorphous powders;;:: Tg 

Stickiness in spray drying and drum 
drying ;;:: T sticky point 

Graining in boiled sweets;;:: Tg 
Sugar bloom in chocolate;;:: Tg 
Color uptake due to dye diffusion 
through wet fibers;;:: Tg 

Gelatinization of native granular starches 
;;:: Tg 

Sugar-snap cookie spreading (so-called 
"setting") during baking;;:: Tg 

Structural collapse during baking of 
high-ratio cake batter formulated with 
unchlorinated wheat flour or with 
reconstituted flour containing waxy corn 
starch in place of wheat starch (due to 
lack of development of leached-amylose 
network Tg) ;;:: Tg' 

Recrystallization of amorphous sugars in 
("dual texture") cookies at the end of 
baking vs. during storage;;:: Tg 

"Melting" (Le., flow) of bakery icings 
(mixed sugar glasses) due to moisture 
uptake during storage;;:: Tg 

Staling due to starch retrogradation via 
recrystallization in breads and other high
moisture, lean baked products during 
storage;;:: Tg' 

Ref. 

54, 55, 136, 137 

86,175,332,333 

321 

28 

54, 136--138, 289, 303, 
317 

44,89,137,334-339 
340,341 
121 

21,207 

25,26 

25,26,47 

26 

26 

26 

ferent scenario, potentially advantageous or di
sadvantageous to the processing and subsequent 
storage stability of particular materials, can per
tain to the freeze-drying of a solute that is crys
tallizable during warming. 193,307 In such a case, 
the glass transition can be followed immediately 
by a second transition, solute devitrification, rep
resenting irreversible solute (re)crystallization and 
concomitant disproportionation in the mobile state 
of the undercooled rubbery fluid at T > Tg' Y 
The important distinction in this scenario is that 
only the solute (e.g., lactose50) crystallizes during 

warming to T 2': Td 2': Tg' of the partially vitrified 
(i.e., ice-containing) solution, for which the op
erative Tc for the onset of collapse would be 
Tg'.34 It is intended to be differentiated from the 
phenomenon of eutectic crystallization on cool
ing, such as for mannitol, in which case Tc = 
Te.304,305 

This interpretation of the physicochemical 
basis of collapse has also provided insights to the 
empirical countermeasures traditionally em
ployed to inhibit collapse processes. 27 In practice, 
collapse in all its different manifestations can be 
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prevented, and food product quality, safety, and 
stability maintained, by the following measures:8 

(1) storage at a temperature below or sufficiently 
near Tg;44 (2) deliberate formulation to increase 
Tc (Le., Tg) to a temperature above or suffi
ciently near the processing or storage tempera
ture, by increasing the composite Mw of the water
compatible solids in a product mixture, often 
accomplished by adding polymeric (cryo)stabil
izers such as high MW SHPs or other polymeric 
carbohydrates, proteins, or cellulose and poly
saccharide gums to formulations dominated by 
low MW solutes such as sugars and/or po
lyols;44,66,136-138.289,303 and (3) in hy.groscopic glassy 
solids and other low-moisture amorphous food 
systems especially prone to the detrimental ef
fects of plasticization by water (including various 
forms of "candy" glasses) ,44 (a) reduction of the 
residual moisture content to ::53% during pro
cessing, (b) packaging in superior moisture-bar
rier film or foil to prevent moisture pickup during 
storage, and (c) avoidance of excessive temper
ature and humidity (~20% RH) conditions dur
ing storage.44,137 The successful practice of the 
principles of cryostabilization technology has 
often been shown to rely on the critical role of 
high-polymeric carbohydrates and proteins in 
preventing collapse (by raising the composite 
Mw and resulting Tg' of a frozen product relative 
to Tf) and to apply equally well to low-moisture 
foods, such as amorphous, freeze-dried pow
ders.8,15,25-28,31-34,40,41,66 

2. Physicochemical Basis 

Collapse processes during freezer storage are 
promoted by the presence of high contents of 
small carbohydrates of characteristically low Tg' 
and high Wg' in the composition of many frozen 
foods (e,g" desserts),8,27,31-34 The fundamental 
physicochemical basis of the cryostabilization of 
such products has been illustrated by the idealized 
state diagram (modeled after the one for fructose
water in Figure 53) shown in Figure 63, which 
has also been used to explain why Tg' is the 
keystone of the conceptual framework of this 
technology.31-34 As shown in Figure 63, the ma
trix surrounding the ice crystals in a maximally 
frozen solution is a supersaturated solution of all 
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the solute in the fraction of water remaining un
frozen. This matrix exists as a glass of constant 
composition at any temperature below Tg', but 
as a rubbery fluid of lower concentration at higher 
temperatures between Tg' and the Tm of ice, If 
this amorphous matrix is maintained as a me
chanical solid, as at Tfl < Tg' and local 'Y] > 
'Y]g, then diffusion-limited processes that typi
cally result in reduced quality and stability can 
be virtually prevented or, at least, greatly inhib
ited, This physical situation has been illustrated 
by scanning electron microscopy photographs32 

of frozen model solutions, which show small, 
discrete ice crystals embedded and immobilized 
in a continuous amorphous matrix of freeze-con
centrated solute-UFW that exists as a glassy solid 
at T < Tg'. The situation has been described by 
analogy to an unyielding block of window glass 
with captured air bubbles. 32 In contrast, storage 
stability is reduced if a natural material is im
properly stored at too high a temperature, or a 
fabricated product is improperly formulated, so 
that the matrix is allowed to exist as a rubbery 
fluid at Tf2 > Tg' (see Figure 63), in and through 
which diffusion is free to occur. Thus, the Tg' 
glass has been recognized as the manifestation 
of a kinetic barrier to any diffusion-limited pro
cess,6,8 including further ice formation (within 
the experimental time frame), despite the contin
ued presence of UFW at all temperatures below 
Tg'. (Analogously, Ellis1II has remarked on the 
ability of a continuous glassy matrix of synthetic 
polyamide to act as a barrier to rapid moisture 
loss during DSC heating of a water-plasticized, 
partially crystalline glassy polyamide sample.) 
The delusive "high activation energy" of this 
kinetic barrier to relaxation processes has been 
identified as the extreme temperature dependence 
that governs changes in local viscosity and free 
volume (and, consequently, heat capacity,I06 as 
illustrated in Figure 33) just above Tg,34 This 
perspective on the glass at Tg' -Cg' as a me
chanical barrier has provided a 10ng-sought256 

theoretical explanation of how undercooled water 
can persist (over a realistic time period) in a so
lution in the presence of ice crystals. 32-34 Recog
nizing these facts, and relating them to the con
ceptual framework described by Figure 63, one 
can appreciate why the temperature of this glass 
transition is so important to aspects of frozen food 



technology involving freezer-storage stability, 
freeze-concentration, and freeze_drying,4,6,4D-42,5D 
which are all subject to various recrystallization 
and collapse phenomena at T > Tg'. 8,27 

The optimum Tf for a natural material or 
optimum formula for a fabricated product is dic
tated by the Tg' characteristic of a particular com
bination of solutes and UFW in the matrix com
poslllon of the glass at Tg' -Cg'. 8,27,31-34 

Tg' is governed in tum by the Mw of this par
ticular matrix combination in a complex food 
system.6 ,8,3D Moreover, the dynamic behavior of 
rubbery frozen food products during storage above 
Tg' is dramatically temperature-dependent, and 
the rates of diffusion-limited deterioration pro
cesses are quantitatively determined by the tem
perature difference dT = Tf - Tg' (in 0C)y,32 
These rates have been shown to increase expo
nentially with increasing d T, in agreement with 
WLF, rather than Arrhenius, kinetics. 32-34 Results 
of a cryomicroscopy experiment (shown in Table 
1032), in which the increase in ice crystal diameter 
was measured as a function of Tg' for a series 
of model sugar/maltodextrin solutions (Tg' range 
- 9.5 to - 31°C) after 4 weeks of storage in a 
- 18°C home freezer, illustrated this dynamic 
behavior and the cryostabilizing (i.e., Tg' -ele
vating) effect of a high MW SHP. 8,27 When Tf 
was below Tg' ( - 18 < - 9. 5°C), the ice crystal 
size remained nearly the same as for the initially 
frozen samples. When Tf was above Tg', the 
increase in ice crystal size (i.e., decreasing sta
bility) demonstrated a striking correlation with 
decreasing Tg' (thus, increasing dT), and the 
temperature dependence was clearly greater than 
that expected for Arrhenius kinetics. 

TABLE 10 

3. Food Cryostabilizers and 
Cryoprotectants 

Tg' and Wg' results for a broad range of food 
ingredients have permitted the definition of a 
cryostabilization technology" spectrum" of low
temperature thermal behavior of frozen aqueous 
food systems, which is illustrated schematically 
by the hatched band in Figure 64.32 Insights gained 
from this spectrum have led to the identification 
of' 'polymeric cryostabilizers" as a class of com
mon water-compatible food ingredients, includ
ing low DE SHPs and proteins, with a charac
teristic combination of high Tg' and low W g' 
values. 8,25 DSC investigations of polymeric 
cryostabilizers have provided an understanding 
of their stabilizing function, via their influence 
on the structural state of a complex amorphous 
matrix, as conceptualized in Figure 63. This 
function derives from their high MW, and the 
resulting elevating effect of such materials on the 
composition-dependent Tg' (and corresponding 
depressing effect on Wg') of a complex frozen 
system. Increased Tg' leads to decreased dT (rel
ative to T±), which in tum results in decreased 
rates of change during storage, and so to in
creased stability of hard-frozen products. The ef
ficacy of polymeric cryostabilizers in frozen 
products has also been explained in terms of the 
relative breadth of the temperature range for the 
relevant WLF region, i.e., the magnitude of the 
rubbery domain between Tg' and the Tm of 
ice,15,3D as described earlier with respect to the 
schematic state diagram in Figure 35 and the 
actual state diagram for sucrose in Figure 61, 
with its WLF domain between Te and Tg' of 

Ice Crystal Size vs. Tg' of Aqueous Carbohydrate 
Model Solutions32 

Solution composition 

10 w% 10 DE maltodextrin 
10 w% 10 DE maltodextrin + 
20 w% sucrose 

10 w% 10 DE maltodextrin + 
20 w% fructose 

Tg',OC 

-9.5 
-21.5 

-31 

Ice crystal 
diameter 

C .... m) 

50 
150 

300 
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FIGURE 64. Variation of the glass transition temperature, Tg', for maximally frozen 20 w% solutions 
against Wg', the composition of the glass at Tg', in g unfrozen water/g solute, for a series of water
compatible carbohydrates, including many compounds represented in Figures 41 and 44, illustrating the 
cryostabilization "spectrum" from monomeric cryoprotectants to polymeric cryostabilizers. (Solutes lying 
outside the hatched area of the "spectrum" [toward the upper right corner] exhibit properties of both 
cryoprotectants and cryostabilizers.) (From Levine, H. and Slade, L., Cryo.-Lett., 9,21, 1988. With permission.) 

only 18°C. This dT (= Tm - Tg') decreases 
with increasing solute MW, from> 50°C for very 
low MW polyols and amino acids (with Tg' < 
- 50°C)25.27 to <5°C for very low DE SHPs (with 
Tg' > -5°C).32 Thus, as this dT decreases, the 
magnitude of the corresponding temperature re
gion of freezer-storage instability (between Tf 
and a lower Tg') likewise decreases, so that even 
at higher freezer temperatures, the probability of 
acceptable product stability would be im
proved. 34 It has also been inferred from Figure 
35 that the use of polymeric cryostabilizers pro
vides another potential product benefit, in that it 
would only. be necessary to traverse a much 
smaller temperature range in order to go from 
the hard-frozen (storage-stable) state of a glassy 
product at T < Tg' to the soft texture of a partially 
melted product (of desirable eating quality) at T 
> Tm. 34 Again, the specific case of sucrose in 
Figure 61 illustrates this point explicitly. Over 
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the temperature range of only 18°C from Tg' to 
Te, the microscopic viscosity of the amorphous 
sucrose-water matrix would decrease dramati
cally from 1") ;;::: 1013 Pa s at T < Tg' to 1") ;$ 1 
Pa s at T > Te. 

In contrast to cryostabilizers, low MW sol
utes (e.g., sugars, polyols, glycosides, and amino 
acids)25.27 with a characteristic combination of 
low Tg' and high Wg' values have been predicted 
and subsequently demonstrated to have utility as 
"monomeric cryoprotectants" in freezer-stored 
food products with desirably soft-frozen texture, 
but undesirably poor stability. 8.15.32-34 The poor 
stability results from low Tg' and consequently 
relatively large dT of Tf above Tg'. The soft
frozen texture has a dual origin: high W g', the 
UFW in the reference glass, reflects the relatively 
low ice content of the system and large d T re
flects the relatively large extent of softening of 
the non-ice portion of the system. 32 In contrast 



to the use of cryoprotectants for soft-frozen tex
ture of food products,15 the medical use of cry
oprotectants benefits only from the low ice con
tent of cryopreserved specimens. 34,251,298 

For many of the low MW reducing sugars in 
Table 3, sweetness, hygroscopicity, humectancy, 
and browning reactions are salient functional 
properties.8,264 A more specialized application in
volves the potential for cryoprotection of biolog
ical materials, for which the utility of various 
low MW, glass-forming sugars, polyols, and 
amino acids is well known. 4,5,243,260,261 Such cry-
oprotectants can be produced endogenously in 
complex biological systems or added as exoge
nous agents.5 A recent illustration of the latter 
involved a straightforward example of cryopro
tection by dilute PHCs in ice-containing solu
tions. As alluded to in Table 9, results ofChavarri 
et al. 318 showed that frozen concentrated cheese
starter cultures, stored for 2 months at Tf < Tg' 
of a lactose or sucrose cryoprotectant solution, 
manifested higher viability and acid-produc
ing activity than corresponding samples stored at 
Tf> Tg'. 

In a different vein, complete vitrification has 
been mentioned as another possible approach to 
the prolonged cryopreservation of complex bio
logical systems, 50 such as mammalian or
gans. 251 ,298,319,320 Consistent with this view, a 
comparison of Figure 41 with the functionality 
map of Figure 44 suggested that small sugars and 
glycosides, in sufficiently concentrated solution 
(i.e., C > Cg', as illustrated in Figure 63), can 
be undercooled to a completely vitrified state, so 
that all the water would be immobilized in the 
solute-UFW glass. 27 Such vitrification, which can 
be easily achieved in the laboratory, 241 has been 
suggested as a natural, intracellular, cryoprotec
tive mechanism in winter-hardened poplar 
trees,342,343 and demonstrated as a potential means 
of cryoprotecting whole body organs and em
bryoS.251,298,319,320,344 The essence of this cry-
oprotective activity appears to be the prolonged 
avoidance (via kinetic metastability) of poten
tially lethal ice formation and solute crystalli
zation in concentrated, undercooled solutions of 
PHCs with high Wg' values.50 For several po
lyols typically used as exogenous cryoprotec
tants, a comparison of the concentration of in
fused cryoprotectant required to vitrify rabbit 

kidneys at atmospheric pressure298 with the cor
responding solute concentration, Cg', in the glass 
at Tg' has shown that, in each case, the minimum 
solute concentration required for complete organ 
vitrification was closely related to Cg'. 34 

This functionality of PHCs also appears to 
be related to food applications involving soft-, 
spoonable-, or pourable-from-the-freezer prod
uctsY An example is Rich's patented "Freeze
Flo" beverage concentrate formulated with high
fructose corn syrup.345 Part of the underlying 
physicochemical basis of such products involves 
both colligative and non-equilibrium freezing 
point depression. This is illustrated by the ideal
ized state diagram in Figure 63, which reveals a 
hatched liquid solution zone, bordered by the 
liquidus and glass curves and extending below 
Tf2, for w% solute concentrations between x and 
y, which bracket Cg'. However, contrary to first 
appearances, the functionality of specific PHC 
solutes in practical products depends more on the 
kinetically determined properties ofTg' and Wg' 
than on simple colligative depression of equilib
rium freezing point. 31 This fact has been dem
onstrated by model-system experiments in which 
60 w% solutions of fructose and mannose (3.3 
M), methyl fructoside (3.1 M), ethyl fructoside, 
ethyl mannoside, and ethyl glucoside (2.9 M) 
remained pourable fluids (completely ice- and 
solute crystal-free) during more than 4 years of 
freezer storage at - 18°C (i.e., at a temperature 
substantially below their equilibrium freezing 
points),15 at which point the experimental sam
ples were left behind when the experimenters 
changed companies. 

In the context of the above discussion of the 
aqueous-glass-forming properties of small PHCs, 
and their consequent functionality as endogenous 
or exogenous cryoprotectants in the cryopreser
vation (via complete vitrification) of biological 
systems, the remarkable properties of trehalose 
are worthy of special mention. This non-reducing 
disaccharide has attracted a great deal of recent 
interest (see290 and references therein), due to its 
demonstrated role as the key endogenous bio
preservation agent responsible for producing an 
"astounding propensity for drought survival" in 
certain plant seeds, spores, and lower animals 
capable of "passing, in dry times, into a state of 
suspended animation" (suggested to correspond 
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to a glassy solid state). 290 As reviewed by Green 
and Angell,290 this "dehydroprotectant" effect 
has been shown to be related to the structural
functional stabilization of cell membranes and 
was previously hypothesized to involve the hy
droxyl groups of trehalose. Note that, in contrast 
to the subzero temperature-low moisture (Le., 
W < Wg', but Wg' characteristically high) re
gion of the dynamics map relevant to the func
tional behavior of typical endogenous biological 
cryoprotectants, the map region of ambient tem
perature-much lower moisture (Le., W ~ W g', 
or W < Wg', but Wg' uncharacteristically low 
[as is the case for trehalose, as shown in Table 
3]) is the domain pertinent to the functional be
havior in nature of trehalose as a dehydroprotec
tanto Trehalose has been shown to be significantly 
more effective in protecting cell membranes 
against dehydration and in inhibiting dehydra
tion-induced fusion between liposomal mem
branes than many other "dehydroprotecting" 
small PHCs (all of which have higher W g' values 
than trehalose), including various polyols and di
and monosaccharide sugars. 290 Importantly, 
however, Green and AngelF90 have noted that 
"there is no clear structural explanation for the 
relative efficiency (of trehalose over other small 
PHCs) except that it is not related to the number 
or position of hydroxyl groups available for hy
drogen bonding." 

Based on their analysis of the complete glass 
curves of trehalose, sucrose, maltose, glucose, 
and glycerol, Green and Angell have suggested 
that the superiority of trehalose as a dehydropro
tectant is connected with the exceptional glass
forming characteristics of this dry solute and its 
low-moisture solutions.290 They have reported that 
the dry Tg of trehalose (Le., 79°C, if measured 
at the midpoint of the transition,183 in agreement 
with our measured value shown in Table 3) is 
significantly higher than the corresponding dry 
Tg values of the other two disaccharides (of the 
same MW) and of glucose and glycerol (oflower 
MWs), and that the same order of Tg values 
applies to corresponding solute-water composi
tions over the entire measured glass curves for 
these PHCS.290 While the descending order of Tg 
values for maltose (MW 342), glucose (MW 180), 
and glycerol (MW 92) can be accounted for (at 
least qualitatively) by the expected variation of 

236 

dry Tg with solute MW, 28 the descending order 
of dry Tg values (see Table 3) for trehalose, 
sucrose, and maltose (disaccharides of equal MW) 
cannot be. Green and Angell have noted that' 'the 
order of Tg values is some function of the vis
cosity of an intracellular medium. The viscosity 
plays an important role in cell preservation by 
impeding crystallization during cooling and 
thereby permitting vitrification. It can also inhibit 
water loss by reducing diffusion rates to the free 
surface. ' '290 Green and Angell have remarked that 
"trehalose displays, as does glycerol, many of 
the characteristics of a (biological) cryoprotec
tant' " but they have pointed out the absence of 
previous literature data for trehalose on the con
ditions of temperature and water content (a) "at 
which crystallization of ice or sugar is sup
pressed", and (b) at which "a principal cry
oprotection feature, viz. the transition into the 
glass state, occurs. "290 

It can be deduced from Green and Angell's290 
Tg data for the anhydrous solutes and aqueous 
solutions that the portion of the glass curve for 
trehalose-water critical to dehydroprotection (Le., 
at Tg' < T < dry Tg and W < Wg') is located 
well above the corresponding portions of the 
aqueous glass curves for the other PHCs, in
cluding the two other disaccharides. In support 
of their suggestion that trehalose-protected "an
hydro biotic organisms are actually in the vitreous 
state while in suspended animation", Green and 
Ange1l290 have pointed out that, of the PHCs they 
analyzed, only in "the trehalose system at water 
contents less than approximately two water mol
ecules per glucose ring (Le., W :$ Wg' = 17 
w% water) are solutions in the glassy state at 
ambient conditions." In light of this illuminating 
finding, they have suggested that "formation of 
a glassy state would naturally account for the 
prevention of fusion of vesicles during dehydra
tion as well as stopping solute leakage during 
rehydration, since fusion involves molecular dif
fusion which does not occur in the glassy state. "290 

They have also noted that "the cryoprotectant 
role of trehalose is analogous to that of PVP. 
Trehalose would be a very effective non-pene
trating agent preventing freezing of the extracel
lular fluid.' '290 They have concluded that "it is 
apparent that the trehalose-water system whose 
passage into the glassy state arrests all long-range 



molecular motion, suspending both life and de
cay processes, should be further investigated with 
respect to biopreservation.' '290 

We echo the sentiment of their important 
conclusion, and suggest that it has broader rel
evance to the issue of the potential utility of tre
halose as a preservative in foods. Coupling the 
findings of Green and Ange1l290 with our own 
results, we suggest that the effectiveness of tre
halose as a dehydroprotectant evidently involves 
its exceptional (for its MW) combination of high 
dry Tg and low W g'. As shown by our data in 
Table 3, only one disaccharide (mannobiose) has 
a higher measured dry Tg than trehalose. And 
trehalose has the lowest measured W g' of all the 
PHCs listed in Table 3. Moreover, as pointed out 
earlier in Table 6, because it has the lowest Wg', 
trehalose has the highest Mn for the composition 
of the solute-UFW glass at Tg', reflecting the 
lowest free volume requirement for mobility near 
Tg'. In the context of the spectrum of cryosta
bilizers and cryoprotectants illustrated in Figure 
64, the anomalously low W g' and high dry Tg 
of trehalose correspond more closely (than do the 
Tg' and Wg' values of any other small PHC of 
comparable MW) to the characteristics diagnostic 
of a polymeric cryostabilizer. Thus, the unique 
aqueous-glass-forming characteristics and lipid 
bilayer membrane-protecting effects of trehalose 
strongly suggest its consideration as a stabilizer 
in a broad range of food applications involving 
water- and/or fat-based products (both natural and 
fabricated) that span the entire spectrum of water 
contents and processing/storage temperatures, in
cluding, for example (a) high-moisture, frozen, 
fat-containing (e.g., emulsified) products, and 
(b) intermediate-moisture or low-moisture, shelf
stored, fat-containing (e.g., emulsified) or fat
free products. The potential utility of trehalose 
(exogenous or endogenous) for the structural
functional stabilization of notoriously delicate 
plant cell membranes in certain fruits and veg
etables (in fresh, refrigerated, frozen, freeze-dried 
or otherwise dehydrated forms) should be an ob
vious area of special focus. 

Returning once more to the context of bio
logical cryopreservation via glass formation, a 
final point is worthy of mention. As shown in 

Figure 64, certain solutes are unusual in their 
low-temperature thermal behavior, in that they 
exhibit the combined properties of both poly
meric cryostabilizers (high Tg') and monomeric 
cryoprotectants (high Wg'). For example, as il
lustrated in Figure 62, high-polymeric PVP has 
a typically high Tg' of about - 20°C, coupled 
with an unusually high Wg' of about 0.54 g UFW/ 
g (about the same W g' as sucrose). A recent study 
by Hirsh of the mechanism of biological cry
oprotection of cells by extracellular polymeric 
cryoprotectants "showed that polymers which 
protect cells best have a Tg' value of about - 20°C 
(e.g., PVP); below - 20°C, glass formation pre
vents the injurious osmotic stress that cells face 
during slow freezing by isolating cells from ex
tracellular ice crystals, thus virtually eliminating 
cell water loss at lower temperatures" . 346 Due to 
its high W g', as well as its high Tg' , PVP would 
be effective as an extracellular polymeric cry
oprotectant by limiting the amount of extracel
lular ice formed, and thus reducing the osmotic 
stress on intracellular water, during slow freezing 
to T < Tg'. 

The elucidation of the structure-property re
lationships of food cryostabilizers and cryopro
tectants has revealed the underlying physico
chemical basis of fundamental (and intuitive) 
correlations between the critical functional attri
butes of storage stability and texture of frozen 
foods. 32,34 As an essentially universal rule, for 
both complex products and model systems of sin
gle or multiple solutes, higher Tg' and lower W g' 
values (due to higher Mw) have been shown to 
go hand-in-hand with, and be predictive of, 
harder-frozen texture and increased storage sta
bility at a given Tf, while conversely, lower Tg' 
and higher Wg' values (due to lower Mw) go 
hand-in-hand with, and are predictive of, softer
frozen texture and decreased storage stability. 
These intrinsic correlations, which have been 
found to apply to various types of frozen 
foods,25,37,38 have been recognized as underlying 
precepts of the cryostabilization technology spec
trum, which derive from the effect of solute MW 
on Tg' and Wg' Y A second contribution to tex
tural hardness of products characterized by high 
Tg' values derives from the elevated modulus of 
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the amorphous matrix and is directly related to 
the mechanical stabilization against diffusion
limited processes such as ice crystal growth. 34 

D. Ramifications of WLF Behavior in 
High-Moisture Food Systems at T > Tg' 

In a further effort to clarify an area of possible 
confusion and contention, identified by the ref
eree, we discuss in this section the following two 
interrelated issues: (1) Tg' as the appropriate ref
erence temperature for WLF kinetics in high
moisture food systems at temperature.s above Tg'; 
and (2) Wg' as the maximum practical amount 
of plasticizing water (but not to be defined as the 
mythical "bound water") in such systems with 
water contents >Wg'. 

Let us consider first the case of an ice-con
taining, solute-water system located somewhere 
along the liquidus curve (Le., at some Tm > 
Tg'), having originated at the Tg'-Wg' glass and 
undergone partial melting of ice during warming 
to the instant solute-unfrozen water composition 
(W> Wg') ofthe non-ice portion of the sample. 
For this particular case, with pre-existing ice, 
cooling at practical rates would return the system 
to the Tg'-Wg' glass. Still, one might ask why 
another Tg, lower than Tg' and corresponding to 
the glass with the same instant composition (W 
= Wg > Wg'), is not a more appropriate ref
erence than Tg' for description of the behavior 
of this system according to WLF-type kinetics. 
As mentioned earlier, we consider this lower Tg 
to be an artificial, rather than pertinent, reference 
state for the ice-containing system under discus
sion, because the system would not have come 
from this lower Tg upon heating, nor would it 
return to this lower Tg upon cooling at practical 
rates. 33 

For this reason, we consider the Tg' -W g' 
glass as the "practical reference state" for this 
particular ice-containing system at Tm > Tg' and 
W > Wg'. (An experimental validation of this 
point, with respect to the behavior of rubbery 
frozen food products during storage, is described 
later in Section V.D.3.) But what about a dif
ferent case of (1) a system that is neither nu
cleated nor ice-containing, perhaps situated only 
just above the liquidus curve (Le., at T[c] > 
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Tm[c)), and (2) any desired, hypothetical cooling 
and warming rates, perhaps supplemented by any 
desired manipulation of pressure in the kilobar 
range? Then we may consider a solute-water so
lution instantaneously captured in an unstable, 
ice-free condition at some point along an ima
ginary vertical line between its Tm and Tg. The 
captivation might be accomplished by (a) ex
tremely rapid cooling to T < Tg, followed by 
extremely rapid heating to Tg < T < Tm, or (b) 
cooling to Tm > T > Th > Tg, and prior to 
homogeneous nucleation upon further cooling to 
Tm > Th > T > Tg, or by cooling at 2 kbar 
pressure to Tg < T < Tm. This Tg below Tg' 
would then be a candidate for consideration as a 
WLF reference state, albeit not a practical one. 

As discussed earlier in Section III.A.4, we 
make a critical distinction between water-com
patible and water-sensitive solutes, with respect 
to the temperature-dependence of their practical 
(Le., effective), solute-water glass curves. Be
cause of the much more limited thermodynamic 
compatibility of water-sensitive solutes (e.g., ny
lons, PVAc, lignin) for solvating/plasticizing 
water, their practical glass curves are depressed 
much less by increasing water content and remain 
well above O°C, no matter how much water is 
added to such a solute. The solubility parameter ll3 

of water is too high at room temperature to make 
water an effective plasticizer of nylon;155 it de
creases, and water becomes a more compatible 
plasticizer of nylon as temperature is increased 
above room temperature; it increases further, and 
water becomes incapable of plasticizing nylon as 
temperature is decreased. If water were added to 
nylon at a sufficiently high temperature and then 
quench-cooled at a sufficiently rapid rate, a lower 
Tg than the effective minimum value at about 
6.5 w% waterl55 could be demonstrated. How
ever, the Tg of a water-sensitive solute is never 
capable of being depressed enough, such that, 
upon cooling at practical rates in the presence of 
excess water, it would reach a subzero Tg' (and 
corresponding Wg') that would be characteristic 
of, and specific for, each given solute-water sys
tern. 15 In contrast, the practical glass curve for a 
water-compatible solute can be depressed much 
more by increasing water content. Consequently, 
the Tg of a water-compatible solute is always 
capable of being depressed enough, such that, 



upon cooling at practical rates in the presence of 
excess water, it reaches a subzero Tg' (and cor
responding Wg') that is characteristic of, and 
specific for, each given solute-water system. 15 
An important, related symptom of this greater 
extent of solute-water compatibility is that the 
solute-specific Tg' is, by definition, equal to the 
corresponding solute-water Tm at Wg', such that 
only the amount of water in excess of this Wg' 
amount will be freezable (in a practical time 
frame) upon cooling at practical rates.8 Thus, 
Wg' represents the maximum practical amount 
of plasticizing water (= "unfreezable" water) 
for a given solute, and amounts of water in 
excess of Wg' would not be additionally plasti
cizing under practical conditions.8,15,30 (Note 
that we also distinguish, for this reason and based 
on grounds of what is practical [as already de
fined] and relevant to ice-containing, frozen 
aqueous systems, between the practical glass 
curve [which levels off at Tg' for water contents 
~Wg'] and the complete glass curve [which de
creases smoothly and continuously from the sol
ute's dry Tg to the Tg of pure amorphous water 
at - - 135°C] for a water-compatible solute, as 
illustrated in Figure 27.) Wg' represents the max
imum amount of water that can exist with all of 
the solute, under practical conditions at any tem
perature from T < Tvap to T = OOK, in a ho
mogeneous, single phase (liquid or metastable 
amorphous solid) capable of cooperative, molec
ular mobility (at T > Tg').30 In contrast, amounts 
of water in excess of W g' would exist in a sep
arate, water-rich phase, as pure ice at T < Tm 
or as dilute solution at Tm < T < Tvap.30 Thus, 
in the first case described above, the amount of 
water in the system that had arisen from the par
tial melting of ice would not be solute-plasticiz
ing water (even though it would obviously be 
solute-diluting and viscosity-lowering water), and 
so would not alter the appropriateness of Tg' as 
the Tg reference state for WLF-type kinetics. 

In many critical aspects, the behavior of a 
water-compatible solute at a water content> W g' 
would be analogous to that of a synthetic high 
polymer in the presence of an excess amount 
(say, >30 w%, where Og' = 30 w%) of an 
organic plasticizing diluent (0) that can crystal
lize (as exemplified in Figure 29). For example, 
if one cooled the latter system at a sufficient rate, 

one could capture a metastable, homogeneous 
glass with a diluent content> 30 w% and main
tain this glassy state at temperatures below the 
Tg of the 70 - w% polymer/30 + w% diluent 
mixture. However, if one then raised the tem
perature to T > Tg, under conditions such that 
some of the diluent could and would crystallize 
after devitrification, then Tg' of the remaining 
70 w% polymer/30 w% diluent mixture would 
become the appropriate reference Tg. If the ex
cess amount of diluent (Le., 30 + w% - Og'), 
which had crystallized on warming, were per
mitted to melt on further warming to T > Tg', 
this excess diluent would exist as a separate, di
luent-rich phase, perturbed by the solute, but not 
plasticizing the solute. 

We have suggested that, for water-compat
ible solutes at low moisture contents (0 < W < 
Wg'), the portion of the practical glass curve 
between Tg of the dry solute and Tg' serves to 
define a continuum of real reference states (cor
responding to a continuum of practical solute
water compositions) for WLF-type kinetics. 15 ,30 
This suggestion has been recently validated by 
the results of an experimental study of the crys
tallization kinetics of amorphous sugars at low 
moisture contents by Roos and Karel. 66 In the 
region of the state diagram surrounding this por
tion of the glass curve, Tg is both defined and 
accessible on a 200-s time scale,174 because no 
phase separation of water can occur, so the sol
ute-water composition of the system remains con
stant and homogeneous. 3o In contrast, in the re
gion of the state diagram (lower left quadrant) 
surrounding the portion of the glass curve be
tween Tg' and the Tg of water, Tg is still defined 
on a 200-s time scale, but is only accessible on 
a time scale many orders of magnitude smaller;4 
otherwise, water phase-separates as ice and the 
remainder of the system arrives at Tg'_Wg'.33 
Thus, in practice, Tg values in this region are 
neither real nor relevant to questions about the 
kinetics of diffusion-limited processes. 33,39 Un
fortunately, it is in this same region of the state 
diagram, for higher-moisture situations (W ~ 
W g') for the diluted solute, that our interpretation 
of the applicable form of the WLF equation and 
the appropriate reference state for its use has been 
questioned.98 Based on (1) the explicit descrip
tion, in Chapter 17 of Ferry's book,107 of the 
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variation of the WLF coefficients (C1 and C2) 
with increasing diluent concentration, for plas
ticizers that are both (a) non-crystallizing, and 
(b) thermodynamically compatible over the entire 
temperature range of dilution, and (2) our 
analysis30 of (a) the effect of temperature-depen
dent thermodynamic compatibility of the plasti
cizer, and (b) the effect of the variation of the 
magnitude of the WLF region (Tm - Tg) for 
crystallizing plasticizers on the WLF coeffi
cients, we have suggested that the proper coef
ficients of the WLF equation must change with 
changing diluent concentration. 30 When the plas
ticizer is non-crystallizing and thermodynami
cally compatible over the entire temperature 
range, (1) the change in coefficients is continuous 
from 0 to 100% plasticizer, (2) the total diluent 
concentration defines the concentration of the 
plasticizer in the glassy solute-diluent blend, and 
(3) the Tg of the glassy solute-diluent blend is 
the reference temperature for the WLF equation 
with appropriate coefficients for that extent of 
dilution. 107 Most of the literature on the free vol
ume description ofWLF kinetics deals with either 
undiluted synthetic polymers or dilution by such 
well-behaved, non-crystallizing, thermodynam
ically compatible plasticizers. 107 In contrast, when 
the plasticizer becomes ever-less thermodynam
ically compatible with decreasing temperature, 
such as tricresyl phosphate with poly(vinyl chlo
ride), 109 or in the extreme case, when the diluent, 
such as water, is capable of complete phase sep
aration via crystallization, (1) the change in coef
ficients is only continuous from 0% diluent to 
the region of diluent concentration-temperature 
where incompatibility or phase separation is ex
hibited (namely, Wg' -Tg' for water), (2) the total 
diluent concentration does not define the con
centration of plasticizer in the glassy, plasticizer
plasticized solute blend, and (3) the minimum 
reference Tg is that of the glass with maximum 
effective plasticizer content. This complicated be
havior, which is the rule for aqueous systems, 
has not been extensively described in the litera
ture. In Chapters 11, 12, and 17 of his book,I07 
Ferry provides the bare minimum of information 
that is required to deal with systems of small 
molecular weight, plasticizers of marginal com
patibility, and crystallizing diluents. We have ex
panded his analysis by demonstrating that the 
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TmlTg ratio or Tm - Tg for the diluent-free 
solute can be used to provide normalizing guide
lines for the identification of appropriate WLF 
coefficients.30 

Another salient feature of the behavior of 
water-compatible solutes, at water contents both 
above and below Wg', which we believe em
phasizes the singularity of the Tg'-Wg' reference 
state/point, involves sorption isotherm data that 
we have treated in terms of iso-RVP contours for 
glassy, rubbery, and supra-glassy substrates (see 
Figure 65, described in detail later in Section 
V.A.2). RVP goes from zero for a glassy sub
strate at temperatures and moisture contents be
low its effective Tg to 1 for the corresponding 
liquid substrate at temperatures higher than those 
corresponding to its rubbery state (i.e., temper
atures corresponding to its supra-glassy state). 
However, while at temperatures (T > Tg) and 
moisture contents (W > W g) corresponding to 
the rubbery region, RVP increases significantly 
with increasing water content, and the iso-RVP 
contours (like iso-viscosity contours) essentially 
parallel the shape of the solute-water glass curve; 
at temperatures >Tg' and water contents >Wg', 
RVP approaches 1, and the iso-RVP contours 
become vertical, i.e., lose their temperature
dependence. We interpret this as evidence for 
the fact that the substrate would exist under these 
T -W conditions in a supra-glassy, liquid state 
well above the relevant reference state, Tg' -Wg'. 
Importantly, if sorption were to continue and, 
thus, the water content of the substrate were to 
continue to increase to higher and higher levels 
above Wg' (a situation analogous in certain vital 
respects to that of the partially melted, frozen 
aqueous system described earlier), the resultant 
changes in R VP, caused by this additional amount 
of sorbed water, would become insignificant. 

The focal point of our interpretations regard
ing Tg' as the appropriate reference state for WLF
type kinetics in high-moisture systems of water
compatible solutes32 concerns the singularity of 
the Tg'-Wg' point for a given solute. 27 For ex
ample, were it not for this singularity, how else 
could one explain the frequently anomalous shape 
of the non-equilibrium extension of the equilib
rium liquidus curve? We have suggested that the 
Tg'-Wg' point is not one of accidental intersec
tion of the liquidus and glass curves, but rather 
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FIGURE 65. Ad/absorption isotherm data for apple pectin from Figure 
14A transformed into a two-dimensional water/glass dynamics map of 
temperature vs. weight percent solids, on which are compared the relative 
locations of a series of iso-RVP contours and a schematic, "practical" 
glass curve for pectin-water, based on data for hemicellulose (from Ref
erence 129). 

the critical point to which the non-equilibrium 
portion of the liquidus curve must fall. 3D We have 
also noted that the shape of the liquidus curve is 
also detennined indirectly and in part by the shape 
of the underlying homogeneous nucleation 
curve. 3D In the region around the Th curve, ice 
crystal fonnation (Le., nucleation) in a dilute 
solution (W > Wg') at a given T is influenced, 
in part, by the portion of the glass curve below 
the Th curve (Le., by Tg values <Tg'). How
ever, ice crystal growth (Le., propagation) in that 

solution at a given T (and the kinetics thereof) 
is controlled by Tg'. 32 Once the homogeneous 
Tg' -W g' glass has been fonned as a consequence 
offreezing, one would not expect that subsequent 
dilution of this glass (via partial ice melting at 
Tm > T > Tg') would occur uniformly to pro
duce a new supra-glassy, cooperative system. 

Infonnation in Chapters 11, 12, and 17 of 
Ferry's book, 107 on the effects offree volume and 
local viscosity in concentrated, plasticized poly
mers, has helped to provide a basis for under-
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standing what determines the location ofTg' (and 
corresponding Wg') for a given solute. For syn
thetic high polymer-organic diluent systems, Ferry 
teaches that different factors/mechanisms are op
erative/predominant for different portions of the 
solute-diluent glass curve, i.e., free volume at 
low extents of solute dilution vs. local viscosity 
at lower solute concentrations (e.g., near Dg'). 
The simple WLF free volume theoretical ap
proach based on the dT above Tg (described in 
Ferry's Chapter 11) is only applicable to the for
mer case, i.e., low extents of solute dilution. 
However, our experimental results for frozen 
aqueous solutions of monodisperse ,PHCs have 
suggested that, in the maximally freeze-concen
trated solute-UFW glass, Tg' is not dependent 
on/determined by free volume, as evidenced by 
the lack of correlation between Tg' and liMn (of 
the solute-UFW glass), but rather is dependent 
on/determined by local viscosity, as evidenced 
by the excellent linear correlation between Tg' 
and lIMw (Figure 47).30 Thus, the simple WLF 
free volume treatment is evidently not applicable 
in a straightforward way to frozen food systems, 
and one must instead consider the solute-specific, 
maximum water content of the glass (W g' at Tg') 
and base the treatment of kinetics on this singular 
Tg'-Wg' reference state. 

For the reasons described above, we have 
concluded that, for water-compatible solutes 
(monomeric, oligomeric, and polymeric, alike), 
at water contents 2:Wg', Tg' is the appropriate 
Tg corresponding to the reference state for WLF
type kinetics in the rubbery liquid region at T > 
Tg' ,32 and to the temperature boundary for Ar
rhenius kinetics in the glassy solid region at T < 
Tg' .15 In contrast to some imaginary, artificial, 
or purely theoretical reference state, Tg' is the 
real, practical reference state (and Tg'-Wg' is 
the reference point on the state diagram) to which 
such a solute-water system goes upon cooling at 
rates such that ice formation occurs at some T < 
Tm but> Tg', and from which it subsequently 
comes upon heating at rates such that the melting 
of pre-existing ice occurs in the temperature range 
between Tg' and Tm. 33,39 This is what we mean 
by real and practical - cooling rates that permit 
ice formation, and warming rates that permit ice 
melting, in the rubbery region between Tg' and 
Tm - and why our interpretations have been 
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focused on this Tg' reference state. It should be 
recognized that this interpretation goes beyond 
the WLF theory for diluent-free, synthetic high 
polymers described in Chapter 11 of Ferry's 
book, 107 and relies more on the material in Ferry's 
Chapter 17 on concentrated, plasticized polymers. 

As described earlier in Section Ill.A.4, there 
is a growing appreciation of the fact that the 
existence of "bound water" is a myth. However, 
the preceding explanation of why Tg' is a pivotal 
reference temperature for descriptions of WLF 
behavior depends on a supplementary apprecia
tion of four underlying precepts: (1) rationale for 
selection of the particular state diagram used as 
a dynamics map; (2) definition of plasticizing 
water, in the context of the two primary require
ments for an effective plasticizer; (3) identifi
cation of W g' as the maximum amount of plas
ticizing water in a practical operational time scale;. 
and (4) reference to melt-dilution as the effect, 
at temperatures above Tg', of amounts of water 
in excess of Wg'. As a result of an incomplete 
discussion of these points, possible philosophical 
riddles might appear to arise. 374 

If there is plasticizing water, and non-plasticizing, melt
diluting water, could not one equate plasticizing water with 
"bound water"? In what ways would plasticizing water be 
different from the mythical "bound water"? On the other 
hand, if all of the water is considered a uniform species, 
with no distinction between plasticizing water and melt
diluting water above Tg', then the riddle reverts to the 
original question - is Tg' the correct temperature to use 
as a reference for WLF kinetics above Tg'? 

For considering the effects of changes in tem
perature or water content in the region of water 
content less than W g', there is, as alluded to 
earlier, a general consensus that the appropriate 
reference locations are the continuous set of pairs 
of solute-specific Tg-Wg values (such that Tg > 
Tg', but Wg < Wg') on a particular state dia
gram. This state diagram is a particular two-di
mensional (temperature vs. water content, ex
pressed as weight fraction or %) "snapshot" in 
time, which contains both equilibrium and non
equilibrium states and serves as a dynamics or 
mobility map.30 The unique selection of this 
"snapshot", with its relevant set of Tg-Wg val
ues, reflects the choice of 200 s by polymer sci
entists as the time scale for the conventional def-



inition of the glass transition. 174 In tenns of a 
DSC experiment, the glass transition temperature 
is defined by convention as the midpoint of the 
temperature range (corresponding to a time in
terval of 200 s) from the onset to the completion 
of the relaxation that accounts for the increase in 
free volume that is manifested as a step-increase 
(discontinuity) in heat capacity (with a concom
itant increase in expansion coefficient).l06 For 
example, at a heating rate of 10 Kimin, the glass
to-rubberrelaxation is observed as a step-increase 
in heat capacity over a temperature range of about 
33 K; at a heating rate of 1 Kimin, the midpoint 
of the transition is expected to occur about 3 K 
lower, with the temperature range decreased to 
about 3 K.15 The curved line segment, containing 
the reference set of Tg-Wg values on the two
dimensional map, represents a single contour line 
from a three-dimensional surface, at a value of 
200 s for the third (time) dimension. This 200-s 
time scale refers only to the convention used to 
specify a reference value of Tg; it should not be 
confused with the operational time scale that is 
relevant to the use of the dynamics map for the 
diagnosis of mobility. For practical application, 
the third dimension of the mobility map is ex
pressed as a temporal ratio, rather than time it
self.30 This operational time scale is defined as 
the ratio of experimental time duration (or inverse 
experimental frequency) to the relaxation time of 
the relevant underlying process, at specified con
ditions of temperature and moisture content. A 
"practical operational time scale" is any time 
scale for which the quotient "experimental time 
scale/relaxation time of the relevant process in 
the glassy state" approaches a value sufficiently 
near zero as to be "practicably" zero. 

As noted earlier in Section III. A. 2, in all such 
discussions of the dynamics map, "mobility" 
refers specifically to cooperative segmental (or 
unit) motions, which are the underlying basis of 
all Tg-dependent relaxation behavior (also re
ferred to as alpha relaxations),I5 with respect to 
the ratios of allowed (by the local environment, 
where "local" refers to dimensions greater than 
about 10 nm, \06 but smaller than bulk sample 
dimensions )/required (by the size and shape of 
the mobile unit) free volume, local viscosity, and 
time. 30 Thus, (1) inherent requirements of free 
volume, local viscosity, and time for cooperative 

rotational or translational motions and (2) method
related requirements of sufficient mobility for de
tection detennine the observed relationship and 
location of the operational values of measured 
transition temperatures of polymer-plasticizer 
blends. In contrast, small-scale motions (also re
ferred to as beta and gamma relaxations, such as 
non-cooperative vibrations and rotations15) are 
not kinetically constrained with the same non
Arrhenius temperature dependence as Tg-depen
dent relaxations15 and, thus, are not diagnosed 
by the dynamics map. From a recent study of 
tracer diffusion at the glass transition, Ehlich and 
Sillescu347 have suggested that the coupling of 
the diffusional motion of a tracer and the glass
to-rubber relaxation of a polymeric matrix' 'will 
increase with the size of the diffusant, which 
finally becomes a probe for monitoring the glass 
transition process. " 

The philosophical question relates to the re
gion of water content greater than or equivalent 
to W g' and the designation of Tg' -W g' as the 
appropriate reference location on the dynamics 
map. As already noted, we have suggested that 
water contents greater than W g' are not effective 
to provide further plasticization at temperatures 
below Tg', due to phase separation of ice, so that 
Tg'-Wg' is the glass with the maximum content 
of plasticizing water in a practical time scale,8,30 
and water contents greater than Wg' lead to melt
dilution at temperatures above Tg' Y Pure water, 
per se, exists in only two relevant circumstances: 
complete absence of solute, or occurrence of phase 
separation of ice in the presence of solute. Clearly, 
"plasticizing water" refers to the aqueous com
ponent of a water-solute blend in the non-ice 
portion of a sample and should not be confused 
with pure water as a separate entity. 

Since there is a practical limit to the amount 
of plasticizing water, such that water content up 
to Wg' is plasticizing, but water content greater 
than Wg' is melt-diluting and non-plasticizing, 
the question might be raised as to how this newer 
description differs from the older and unaccept
able description in tenns of "bound" and "free" 
water. The question would require an answer to 
prevent the equivalence of "bound water" to 
plasticizing water and "free water" to melt-di
luting water. The primary distinction between the 
two descriptions is that the use of "bound" and 
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"free" implies that there are two types of water, 
suggesting that they could be distinguished either 
chemically or energetically, a conclusion that is 
clearly contradicted by experimental observa
tions. 149,150 In contrast, plasticizing and non-plas
ticizing refer to the temperature- and time-de
pendent operational conditions that result from 
different amounts of water, not different types of 
water. In short, "free" and "bound" unaccept
ably suggest two types of water that differ en
ergetically, in contradiction to experimental ob
servation. Plasticizing and non-plasticizing 
describe two regimes of operational conditions 
that have been observed experimentally, as dis
cussed further later in Section V.A.2, in the con
text of Figure 65. 

Moreover, the newer description is in accord 
with the fact that water, outside of an ice or other 
crystalline lattice, is considered a uniform spe
cies, with no existence of distinguishable types.4 

Then the question might arise as to why some 
amounts of water could be plasticizing, and other 
amounts (greater than Wg') be non-plasticizing, 
if water is a uniform species. The answer here 
is based on an understanding that there are two 
necessary conditions for a diluent to act as an 
effective plasticizer: (1) thermodynamic com
patibility over the entire temperature range be
tween Tg of the pure solute and Tg of the pure 
diluent; and (2) the ability of the diluent to in
crease the free volume and decrease the local 
effective viscosity of the blend, compared to that 
of the solute alone at the same temperature. The 
fIrst condition is typically determined as a sol
ubility parameter (a measure of thermodynamic 
compatibility) for polymers. l13 Thermodynamic 
compatibility refers to both equilibrium ther
modynamic compatibility (temperature-depen
dent, but time-independent) and non-equilibrium 
thermodynamic compatibility (time- and temper
ature-dependent). The most effective plasticizer 
would not require kinetic constraint to maintain 
a spatially homogeneous distribution of solute 
and diluent. The second condition requires that, 
in the context of translational mobility, the Tg 
of the diluent be less than the Tg of the solute, 
which is usually equivalent to the linear DP of 
the diluent being less than the linear DP of the 
solute. As a consequence, the free volume (re
quired for translational motion) of the diluent 
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alone > that of the compatible blend > that of 
the solute alone at the same experimental tem
perature. This understanding of the necessary 
conditions for effective plasticization also sup
ports the nomination of Tg' -W g' as the practical 
reference state for systems with T > Tg' and W 
> Wg'. For practical time scales, the time- and 
temperature-dependence of the thermodynamic 
compatibility of water with common food ma
terials, such as PHCs, precludes its use as an 
effective plasticizer at T < Tg'. Only in shorter 
time scales compared to the effective relaxation 
time of the system (i.e., at small temperature 
intervals above Tg) would the family of Tg-Wg 
values at Wg > Wg' and Tg < Tg' be appropriate 
reference locations. Such an appropriate use of 
this part of the complete glass curve as a reference 
contour would be the explanation of the control 
of ice nucleation and initial growth of critical 
nuclei as a function of solute concentration or 
pressure, before maximum freeze concentration 
occurs.30 In contrast, the sorption behavior men
tioned earlier (to be described in the context of 
Figure 65) demands the use of Tg' -W g' as the 
primary reference location. In a typical experi
mental time scale, a dramatic dependence of the 
apparent RVP on the underlying glass curve is 
already observed as a strong temperature-depen
dence at constant moisture content for values of 
apparent RVP < 0.9. This condition exists at 
T> Tg', when Wg' > W > Wg. When W falls 
below Wg, the apparent RVP approaches zero, 
and the strong temperature-dependence at con
stant W is no longer observed. When W rises 
above W g', the apparent RVP approaches 1, and 
again the strong temperature-dependence at con
stant W is no longer observed. 

E. Polysaccharides 

The functionality of high MW polysaccha
ride gums as polymeric cryostabilizers in three
component model systems (polysaccharide:small 
sugar:water) has been demonstrated. 33 The Tg' 
values shown in Table 11 (updated from Refer
ence 33) illustrate the cryostabilizing contribu
tion of several widely used saccharide high poly
mers (e.g., alginate, pectin, carageenan, xanthan, 
CMC, methocel) at the low concentrations rel-



TABLE 11 
The Cryostabilizing Contribution of Polysaccharides to Tg' of Three-Component Model Systems33 

Polysaccharide Concentration Water 

None 
Na alginate 2% 

(Kelcosol) 3% ? 
(Manugel) 3% 
(Kelgin HV) 3% 

Ca Alginate 3% ? 
Pentosans 10% 

(Wheat) 20% ? 
CMC (9H4XF) 2% 

3% 
Methocel 1% ? 

(A4M) 2% ? 
(K100) 1% 
(K100) 2% ? 
(K100) 3% 

Pectin 3% ? 
(Iow-methoxyl) 

i-Carageenan 1% 
2% ? 
3% 

Xanthan gum 
(Keltrol F) 0.5% 

1% ? 
2% 
3% ? 

Inulin 1.65% -7.5 
2% 

Gum arabic 5% 
10% -13.5 

Dextran 5% -13.5 
(MW 9400) 

Pullulan 20% -10 
Arabino- 20% -17.5 

galactan 
Levan 20% -19 
Polydextrose 

(A) 10% -24.5 
20% -24 
25% -23.5 
30% -24 
40% -24 

evant to practical usage levels in fabricated frozen 
products typically dominated by higher concen
trations of low MW sugars. The three-component 
model system was developed as a diagnostic as
say, because, as indicated by the question marks 
in the column headed "water" in Table 11, Tg' 

Tg' eC) 

Fructose 
Sucrose concentration concentration 

5w% 10w% 20w% 20w% 

-31.5 -31.5 -32 -42 
-24.5 

-23.5 
-23 
-23.5 

-30.5 

-29 -38 
-25 

-28.5 -41 
-27.5 -39.5 
-31 -40.5 
-28 -40 

-25 
-25 -25 -33.5 

-31 -39 
-27.5 -34 

-28.5 

-30.5 -39.5 

-24.5 -34 
-25 

-30.5 -40.5 
-22.5 

-22.5 

-29.5 -37.5 
-29 -35 
-28 -33.5 

values for many of the saccharide high polymers 
in water alone could not be determined directly 
by DSC. (An analogous three-component assay 
system had been developed to elucidate the cryos
tabilizing effect of wheat gluten proteins in a 
model system for frozen bread dough. 25 ,34) By 

245 



extrapolation from measured Tg' values for the 
highest MW SHPs (of <1 DE, Tg' = -4°C)8 
and soluble potato starch (Tg' = - 3.5°C),27 it 
was reasoned that, due to the very high MW of 
such water-soluble polysaccharides, the Tg' tran
sition would occur so close to O°C that it would 
be buried under the predominating ice-melting 
endotherm and therefore not detectable. How
ever, in the presence of a higher concentration 
(5 to 20 w%) of a small sugar (fructose or su
crose), the significant Tg' -elevating effect of a 
low concentration of polysaccharide, relative to 
the much lower Tg' value of the corresponding 
sugar solution without added polysaccharide (the 
first line in Table 11), was clearly revealed. For 
many of the polysaccharides in Table 11, the 
diagnostic assay demonstrated that Tg' increases 
significantly with increasing concentration of high 
polymer, relative to a constant concentration of 
small sugar. In other words, as previously 
reported32 for three-component model systems 
containing polymeric SHPs and low MW sugars 
(reviewed below), Tg' increases in a completely 
predictable way with increasing composite M w 
of a mixture of compatible solutes. It has been 
pointed out that the Tg' -elevating effect of pectin 
on sugar solutions is noteworthy in the context 
of its possible relevance to fruit-based food prod
ucts, as inferred from measured Tg' values for 
various fruit juices. 33 

It should be noted that, for some of the poly
saccharides listed in Table 11, it was not nec
essary to infer their cryostabilizing functionality 
from Tg' results for the diagnostic three-com
ponent assay system. In contrast to the gums 
already mentioned, polysaccharides such as gum 
arabic, dextran, pullulan, arabinogalactan, and 
levan, of higher water solubility and/or lower 
MW, showed Tg' values (for solutions in water 
alone) in the range -10 to -19"C, comparable 
to Tg' values for oligomeric and low-polymeric 
SHP cryostabilizers with DE values in the range 
10 to 25. The samples of gum arabic and dextran 
illustrated very clearly the dependence of Tg' on 
the weight-average composition of a compatible, 
multi-solute mixture. 8 In each case, the compos
ite Tg' of -22.5°C for a 1:1 w:w mixture of 
sucrose and polysaccharide was exactly midway 
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between the Tg' values for the individual solutes. 
In the context of the cryostabilizing function 

of high MW polysaccharides in three-component 
aqueous solutions as model systems for frozen 
foods, an interesting illustration of what has been 
gleaned from an analysis of glass curves for such 
complex aqueous mixtures is shown in Figure 
66. 15 In this artist's rendering of a three-dimen
sional state diagram for a hypothetical three-com
ponent system, both solutes (e.g., a polymer, 2, 
and its monomer, 1) are non-crystallizing, inter
acting (Le., compatible), and plasticized by water, 
which is the crystallizing solvent, 3. The diagram 
revealed the postulated origin of a sigmoidal 
Tg'(c) curve, i.e., the Tg' glass curve ABCDEF. 15 

In fact, similar sigmoidal curves of Tc vs. w% 
concentration, for collapse during freeze-drying 
of analogous three-component aqueous systems, 
had previously been reported (Figure 5 in 
MacKenzie 135) , but "the basis for their non-lin
earity had not been determined". 135 Four series 
of model solutions at 1 0 w% total solids com
posed of mixtures with varying ratios of malto
dextrins (0.5 to 15 DE) to fructose demonstrated 
an experimental verification of the postulated sig
moidal shape of Tg'(c) curves, as shown by the 
plots of Tg' vs. w% maltodextrin in Figure 67. 32 

It has been found that such sigmoidal glass curves 
represent the general behavior of compatible mix
tures of both homologous and non-homologous 
polymeric (including Na caseinate protein) and 
low MW (including various sugars and acids) 
solutesY In all such curves, the low- and high
Tg' tie points were determined by the Tg' values 
of the individual low and high MW solutes, re
spectively. Figure 67 illustrated (as did the results 
in Table 11 for gum arabic-sucrose and dextran
sucrose mixtures) that the composite Tg' value 
characteristic of a given amorphous solute(s)
UFW composition is governed by the Mw of the 
particular combination of compatible water-sol
uble solids in a complex frozen system. It has 
also been used to illustrate the principle of po
lymeric crystabilization: the stabilizing influence 
on the structural state of a complex amorphous 
matrix derives from the high MW of polymeric 
cryostabilizers and the resulting elevating effect 
on Tg' of a food product. 8,32 
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FIGURE 66. A schematic three-dimensional state diagram for a hy
pothetical 3-component aqueous system. The two solutes (e.g., pol
ymer + monomer) are both non-crystallizing, interacting, and plasti
cized by water, which is the crystallizing solvent. The diagram illustrates 
the postulated origin of a sigmOidal curve of Tg' vs. w% solute com
position. (From Levine, H. and Slade, L., Water Science Reviews, Vol. 
3, Franks, F., Ed., Cambridge University Press, Cambridge, 1988,79. 
With permission.) 

F. Proteins and Amino Acids 

Dse results for Tg' and W g' values of many 
proteins and amino acids are shown in Tables 12 
and 13, respectively. 25 As noted earlier for many 
food carbohydrates, the Tg' values for several of 
the gelatin samples in Table 12 are quite similar 
to values reported for Tr and Tc, as shown in 
Table 8. The Table 12 values of Tg' of about 
-12°e and corresponding Wg' of about 35 w% 
water for typical high-Bloom gelatin are also sim
ilar to values of Tg' = -lOoe and Wg' = 30 

w% water that have been extracted25 from a state 
diagram for an industrially produced gelatin re
ported by Reutner et al. 360 The gelatins in Table 
12 comprise a series of typical commercial prod
ucts representing a homologous family of amor
phous polymers, and, as such, demonstrated the 
expected behavior of increasing Tg' (measured 
for 20 w% solutions) with increasing MW.15 The 
fair linear correlation between increasing Tg' and 
increasing "Bloom" value (i.e., gel strength), 
for a series from a non-gelling hydrolyzed gelatin 
to a 300 Bloom sample, has been noted previ-
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FIGURE 67. Variation of the glass transition temperature, Tg', for maximally frozen 
solutions against weight percent maltodextrin in 10 w% total solids solutions of malto
dextrin + fructose, for four different low DE maltodextrins. (From Levine, H. and Slade, 
L., Cryo.-Lett., 9, 21, 1988. With permission.) 

ously, although it was recognized that Bloom 
value is not solely dependent on Mw. 24 

The proteins in Table 12 represent a collec
tion of relatively high MW, water-compatible 
polymers. Their commensurately high Tg' values 
range from - 5°C for wheat gluten to -16.5°C 
for hydrolyzed gelatin (MW = 20,000) and ly
sozyme (MW = 14,400), with most typically in 
the range from -10 to -15°C. This Tg' range 
corresponds to carbohydrate PRCs (e.g., malto
oligosaccharides) of DP ~ 6 and SRPs (e.g., 
maltodextrins) of DE 5 to 20. The correspond
ingly low Wg' values for the proteins generally 
fall in the range from 0.2 to 0.7 g UFW/g, with 
most typically in the range 0.3 to 0.5 gig, in 
good agreement with previous DSC results. 357 

This Wg' range is comparable to that for the 
linear malto-oligomers listed in Table 3. As il
lustrated in Table 12, this Wg' range also agrees 
well with the literature range of so-called' 'water
binding capacity" values (determined by various 
methods other than DSC) for many food proteins, 
even though the spread of reported values for 
individual proteins has often been 
considerable. 25.57 

Importantly, in the context of food product! 
process functionality, the proteins in Table 12 
exhibit the low-temperature thermal properties 
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characteristic of high-polymeric stabilizers against 
both low- and high-temperature collapse pro
cesses, referred to as food cryostabilizers. As 
shown in Table 12, the best protein cryostabil
izers (with Tg' ~ -10°C) are water-soluble, bigh
Bloom gelatin and water-compatible wheat glu
ten. 25 For the latter, the DSC results for Tg' and 
Wg' of a dozen different glutens have been re
ported to reflect the compositional variability of 
these commercial samples,25 but most of the val
ues fell in the ranges of - 6.5 to - 8.5°C and 
0.3 to 0.4 g UFW/g typical of other high-poly
meric protein and carbohydrate cryostabilizers. 
These physicochemical properties have been 
shown to underlie, in large part, the excellent 
functionality of vital wheat gluten (both endog
enous and exogenous) as a stabilizer for frozen 
bread dough. 25 

In contrast to the protein polymers in Table 
12, the water-soluble, non-crystallizing, mono
meric amino acids in Table 13 exemplify the very 
low Tg' values (in the range from - 40 to - 60°C) 
and extremely high Wg' values (in the range from 
1.0 to 2.0 g UFW/g) commensurate with their 
low MWS.25 These Tg' and Wg' values are com
parable to those of some of the lowest MW car
bohydrates, such as polyols, monosaccharides 
smaller than hexoses, and glycosides. As dis-



TABLE 12 
Tg', Wg', and/or "Water Binding Capacity (WBC)" Values for Proteins25 

Wg' "wec" 
Solute Tg'OC (g UFW/g) (g water/g) Ref. 

Lysozyme (Sigma hen egg-white) -16.5 25 
Lysozyme 0.31 348 
Lysozyme 0.33 349 
Lysozyme 0.25-0.29 350 
Lysozyme 0.20 351 
Lysozyme 0.175 352 
Lysozyme 0.13 86 
Lysozyme 0.34 167 
Ribonuclease 0.36--0.43 350 
Cytochrome c 0.39 350 
Chymotrypsinogen A 0.29 350 
Chymotrypsinogen 0.34 167 
Chymotrypsin 0.33 167 
Elastin 0.3 168 
Elastin 0.35 353, 354 
Gelatin (hydrolyzed, MW = 20K) -16.5 0.37 25 
Gelatin (liquid, MW = 60K) -13.5 25 
Gelatin (50 Bloom) -12.5 25 
Gelatin (60 Bloom, calfskin) -11 0.36 25 
Gelatin (175 Bloom, pigskin) -11.5 0.52 25 
Gelatin (225 Bloom, calfskin) -13.5 0.46 25 
Gelatin (250 Bloom) -10.5 25 
Gelatin (300 Bloom, pigskin) -9.5 0.66 25 
Gelatin 0.36--0.58 355 
Gelatin 0.29-0.35 350 
Collagen (soluble) -15 0.71 25 
Collagen (native) 0.5 168 
Collagen (native) 0.38 356 
Collagen (native) 0.55 167 
Tropocollagen 0.30 357 
a-lactalbumin (Sigma) -10.5 0.28 25 
a-lactalbumin (Calbiochem) -15.5 25 
Bovine serum albumin -13 0.44 25 
Bovine serum albumin 0.33 348 
Bovine serum albumin 0.49 358 
Bovine serum albumin 0.32 350 
Bovine serum albumin 0.40 167 
Albumin (egg) 0.26--0.37 355 
Albumin (egg) 0.30 350 
Albumin (egg) 0.33 167 
13-lactoglobulin 0.55 358 
13-lactoglobulin 0.25-0.32 350 
Globulins (egg) -10.5 0.42 25 
Hemoglobin 0.25-0.37 350 
Hemoglobin (denatured) 0.42 167 
Myoglobin 0.42 350 
Myoglobin 0.42 167 
Insulin 0.24 350 
a-casein -12.5 0.61 25 
K-casein 0.44 286 
Casein 0.55 358 
Casein 0.24-0.30 355 
Sodium caseinate -10 0.64 25 
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TABLE 12 (continued) 
Tg', Wg', and/or "Water Binding Capacity (WBC)" Values for Proteins25 

Wg' "WBC" 
Solute Tg'OC (g UFW/g) (g water/g) Ref. 

Keratin 0.44 25 
Zein 0.45 25 
Whey 0.5 359 
Whey 0.20--0.25 355 
Gluten (Sigma - wheat) -6.5 0.39 25 
Gluten ("vital wheat gluten" -5 to 0.07-0.41 25 

commercial samples) -10 

TABLE 13 
Tg' and Wg' Values for Amino Acids25 

pH (20 Wg' (g 
Solute MW w"lo) Tg'OC UFW/g) Remarks 

Glycine 75.1 6.5 b,f 
Glycine 75.1 9.1 -58 1.72 c 
DL-Alanine 89.1 6.2 -50.5 b,f 
DL-Alanine 89.1 2.0 -55.5 a,d 
DL-Serine 105.1 10.1 -51.5 1.88 c 
DL-Proline 115.1 7.2 a,b 
DL-Valine 117.2 10.7 -50 a,c 
DL-Norvaline 117.2 10.1 -54.5 a,c 
DL-Threonine 119.1 6.0 -40.5 1.04 b 
HydroxY-L -proline 131.0 6.1 -53.5 b,f 
DL-Leucine 131.2 e 
DL -Norleucine 131.2 12.3 -54 a,c 
DL-Isoleucine 131.2 0.5 -59.5 a,d,f 
DL -Aspartic acid 133.1 9.9 -49.5 1.98 c 
DL-Glutamic acid· H2O 147.1 8.4 -48 1.59 c 
DL -Methionine 149.2 0.8 -52 1.25 d 
DL -Asparagine 150.1 10.1 -49.5 1.48 c 
DL -Ethionine 163.2 1.1 -50.5 1.11 d 
DL -Phenylalanine 165.2 e 
DL-Citrulline 175.2 10.6 -50 1.98 c 
DL-Tyrosine 181.2 e 
DL-Lysine HCI 182.7 5.5 -47.5 1.21 b 
DL-DOPA 197.2 0.6 -47 1.58 d 
DL -Tryptophan 204.2 e 
DL-Histidine HCI . H2O 209.6 4.0 -44 b,f 
DL-Histidine HCI . H2O 209.6 1.3 -52 1.04 d 
DL-Arginine HCI 210.7 6.1 -43.5 0.74 b 
DL-Cystine 240.3 e 

a Undergoes eutectic melting 
b "As is" pH in water 
c Solubilized with 1 N NaOH 
d Solubilized with 1 N HCI 
a Insoluble at 20 w% 
f Undergoes solute crystallization 
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cussed earlier, these properties of amino acids, 
which characterize food cryoprotectants, trans
late to potential functionality in protein-based and 
other freezer-stored (but "soft-from-the-freezer") 
fabricated foods and as "moisture management" 
agents in "intermediate moisture" shelf-stable 
products. 16,25 As indicated by the remarks in Ta
ble 13 pertaining to aqueous solubility and pH 
sensitivity, the potential utility of amino acids in 
food systems would depend on usage levels and 
compatibility with product pH, in addition to di
etary considerations. 25 

G. Tg' Doublet Phenomena 

As mentioned earlier, in order to refine the 
discriminative capability of DSC analysis to eval
uate high-polymeric wheat gluten proteins for their 
cryostabilizing potential in frozen bread dough 
applications, a low-temperature DSC assay based 
on a three-component model system was devel
oped. 25 The assay measured Tg' of a hand-mixed 
sample of gluten/sucrose/water (100/1 0/1 00 parts 
by weight, prepared by addition of sucrose in 
solution to gluten powder), to examine the extent 
of depression by sucrose of Tg' in the ternary 
glass, compared to the Tg' of hydrated gluten in 
the simple binary glass. As described for the 
polysaccharide gums in Table 11, such a diag
nostic assay, using sucrose or fructose to provide 
a ternary glass with a lower value of Mw, is 
useful in the characterization of high polymers 
with values of Tg' near 0°C.34 The Tg' results 
shown in Table 1425 for the gluten assay system 
have also been used to illustrate the non-trivial 
phenomenon of Tg' doublets,3D which has been 
observed in various model aqueous solutions and 
real frozen products composed of partially or 
completely incompatible blends of two or more 
water-compatible solids.33 ,34 This phenomenon 
of two different Tg' values detectable in the ther
mogram of a maximally frozen solution of two 
or more incompletely compatible solutes is dis
tinguishable from the more trivial phenomenon, 
described earlier with respect to Figure 39, of a 
pair of glass transitions, Tg and Tg', arising from 
the possible coexistence of two distinct glasses 
formed due to incomplete phase separation in an 
incompletely frozen solution of a single solute. 3D 

As indicated by the results in Table 14, Tg' 
for the freeze-concentrated, entangled-polymer 
glass occurred as a superimposed shoulder on the 
low-temperature side of the ice-melting endoth
erm. In the simplest case, when all of the added 
sucrose contributed to the ternary glass, depres
sion of Mw and Tg' was dramatic and quanti
tative, allowing deconvolution of Tg' from the 
Tm of ice, which was only colligatively de
pressed by more dilute sucrose upon melting. In 
the most complex cases for multicomponent sys
tems, when only part of the added sucrose con
tributed to the major ternary glass, deconvolution 
was still possible, but the depression of Tg' was 
only qualitative. Table 14 illustrates the effect of 
sucrose in ternary glasses of aqueous gluten sam
ples. It is important to note that all of the test 
compositions in Table 14 contained excess water 
(Le., water in excess ofWg'), which froze read
ily. Variation of the test system composition could 
have led to constraints in solubility and solute 
compatibility for different solute ratios and con
centrations. The simplest case was exemplified 
by Henkel Pro-Vim. The ternary glass exhibited 
a single value of Tg', depressed compared to the 
binary glass. For the same assay test system com
position, gluten isolated from a high-protein var
ietal wheat flour (5409) exhibited the same, sin
gle value of Tg'. In contrast, a more complex 
case was exemplified by the same sample of iso
lated gluten when a higher concentration of su
crose was used in the assay, in that two values 
of Tg' were observed. The expected further 
depression of Tg' for the ternary glass was ob
served as a smaller transition, but the major tran
sition occurred near Tg' of sucrose itself (- 32°C). 
For this same higher-sucrose composition in the 
test system, additional complexity was observed 
when another commercial gluten (lGP SG-80) 
was assayed. Again two values of Tg' were ob
served, but the minor transition occurred near Tg' 
of sucrose itself. 

Based on other studies3D of complex aqueous 
model systems, including mixtures of various 
proteins-sugars, polysaccharides-sugars, and 
many different multicomponent food ingredients 
and products, multiple Tg' values have been at
tributed to the coexistence of two distinct aqueous 
glasses. 25,32-34 In a maximally frozen matrix, the 
presence of multiple aqueous glasses, having dif-
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TABLE 14 
Low Temperature Differential Scanning Calorimetry of Wheat Glutens -
Tg' Values for Gluten/Sucrose/Water Assay Test System Samples25 

Assay composition 

Malto-
Gluten sample Gluten dextrin Sucrose Water Tg' ee)-

Henkel Pro-Vim 100 0 0 100 -5 
Henkel Pro-Vim 100 0 10 100 -9 
Gluten-5409 (1979)b 100 0 10 100 -9 
Gluten-5409 (1979)b 100 0 100 133 -32.5 and -14 
IGP SG-80 (lot 11/81) 100 0 0 100 -8.5 
IG P SG-80 (lot 12/81) 100 0 0 100 -7.5 
IGP SG-80 (lot 5/81) 100 0 100 133 -16.5 and -33 

0 100 100 133 -18 
IG P SG-80 (lot 5/81) 100 100 50 133 -16.5 and - 29.5 
IGP SG-80 (lot 5/81) 100 33 0 89 -17.5 and -8 
IGP SG-80 (lot 5/81) 100 100 0 100 -19.5 and -9 
IGP SG-80 (lot 5/81) 100 300 0 267 -9 
10 DE Maltodextrinc -9.5 
Solubles-5409 (1981)C -22.5 
Solubles-IGP SG-80 

(lot 5/81)c - 29.5 and - 37.5 

a Tg' of assay test system samples (gluten/water, gluten/sucrose/water, or gluten/10 DE 
maltodextrin/sucrose/water), with compositions as noted for individual samples. In each 
case, gluten ("as is" basis) was hand-mixed with the indicated total weight of water, 
sucrose syrup, or carbohydrate syrup. 

b Hand-washed gluten from 1979 crop year of 5409 varietal flour. 
c Tg' of 20% aqueous solution. 

ferent composition and heterogeneous spatial dis
tribution (on a size scale of ;;::: 100 A), 106 results 
from partial disproportionation (Le., partition
ing) of non-homologous, molecularly incompat
ible solutes during freeze-concentration. 25 By 
convention, multiple values of Tg' are listed in 
order of decreasing intensity of the transition (i.e., 
magnitude of the step-change in heat flow), such 
that the first Tg' represents the major, and the 
second Tg' the minor, glass. 25 Experience has 
shown that the Tg' value of the predominant glassy 
phase largely determines the overall freezer-stor
age stability of a multicomponent food mate
rial. 32-34 In frozen bread dough, as in other com
plex, water-compatible food systems composed 
of mixtures of large and small proteins and car
bohydrates (e.g., many dairy ingredients and 
products, typically dominated by large proteins 
and small sugars, as described elsewhere33

), the 
higher-temperature Tg' of a doublet corresponds 
to a glass with higher protein and polysaccharide 
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concentration, while the lower Tg' glass has a 
higher concentration of soluble sugars and amino 
acids. 25 (Hirsh et al. 343 have recently reported 
evidence [from DSC analysis] of similar, distinct 
protein- and sugar-enriched glassy domains re
sulting from liquid-liquid phase separations in 
frozen, multicomponent, aqueous model solu
tions containing proteins and sugars.) Saccharide 
or peptide oligomers of intermediate linear DP 
are critical to the specific partitioning behavior 
of lower oligomers and monomers. In model as
say systems and in real food systems, these in
termediate oligomers can be used to increase the 
compatibility of solutes in mixtures with an oth
erwise bimodal MW distribution. 25 Then the 
tendency to form two separate ternary glasses is 
diminished or prevented, and a single quaternary 
glass of intermediate Tg' is observed. This in
crease in the underlying structural homogeneity 
at the molecular level is perceived macroscopi
cally as an improvement in textural uniformity 



(smoothness).34 (A recent application ofthis con
cept of the' 'compatibilizing" effect of sacchar
ide oligomers involved a patented dry mix for an 
instant cheesecake product, which relies on the 
addition of a maltodextrin ingredient [of 3 to 15 
DE] to produce a cheesecake filling of excellent 
body and texture. 361) 

In this context, the assay behavior of qua
ternary systems of glutenllO DE maltodextrinl 
sucrose/water (shown in Table 14) was particu
larly informative. 25 The Tg' of the simple binary 
glass of this 10 DE maltodextrin was -9.5°C, 
similar to Tg' of a typical IGP gluten, - 8.5 to 
- 7. 5°C. 25 However, addition of an equal weight 
of sucrose to IGP gluten led to a Tg' doublet, 
representing both a more mobile gluten-enriched 
glass (Tg' - 16.5°C) and partition of a separate 
sucrose glass (Tg' - 33°C). In contrast, addition 
of an equal weight of sucrose to 10 DE malto
dextrin led only to a more mobile carbohydrate 
glass, without partition of a separate sucrose glass, 
owing to the greater compatibility of maltodex
trin and sucrose. Compared to the effect of ad
dition of an equal weight of sucrose alone, the 
effect of addition of an equal weight of malto
dextrin and partial removal of sucrose on Tg' 
(-16.5°C) of the gluten-enriched glass was not 
detectable, but partition of maltodextrin into the 
separate sucrose-enriched glass was detected as 
a slight elevation of its Tg' (- 29.5°C). In order 
to interpret the effect of increasing maltodextrin 
concentration on gluten glass behavior in the ab
sence of sucrose, it was necessary to examine 
the glass properties of the endogenous water-sol
uble components of the gluten, whose partition 
behavior was modulated by maltodextrin, as a 
compatible solute. Values of Tg' for 20 w% 
aqueous solutions of freeze-dried water extracts 
from commercial gluten and varietal wheat flours 
ranged from - 37 .5°C for the lower Tg' of a 
doublet to - 22°C for the higher Tg' or single 
Tg' value. 25 The major constituents of the water
solubles are albumins, peptides, and non starch 
carbohydrates. Typical values of Tg' for 20% 
solutions of isolated water-solubles are shown in 
Table 14. Addition of about 27 w% maltodextrin 
solution to gluten in the absence of sucrose, with 
a test system composition of glutenlmaltodextrinl 
water (100/33/89), showed a reversal of the mag
nitudes of the doublet glasses. The major glass 

contained the endogenous water-solubles, with 
elevated Tg' (- 17.5°C) due to the presence of 
maltodextrin, and the minor glass was highly en
riched in gluten proteins (Tg' - 8°C). Addition 
of increased concentration of maltodextrin so
lution (50 w%) to gluten, with simultaneous in
crease in maltodextrin!gluten ratio (100/100/100), 
enhanced partition of maltodextrin into the gluten 
phase, so that Tg' of the minor glass was de
pressed by increased presence of maltodextrin, 
while Tg' of the major glass was depressed by 
decreased presence of maltodextrin. Finally, ad
dition of about the same concentration of mal
todextrin solution (53 w%), with much greater 
ratio of maltodextrin to gluten (100/300/267), al
lowed total compatibility of the solutes, so a sin
gle glass was observed with Tg' of - 9°C. 

H. Fruits and Vegetables 

The data bank of measured Tg' values for 
fruits and vegetables33 has been used to reveal 
how insights to the behavior (i.e., quality, safety, 
and storage stability) of real, complex food prod
ucts can be gleaned from analyses of the corre
sponding data bank for compositionally relevant, 
simple aqueous model solutions. In fact, the food 
polymer science approach has provided a tech
nologically important predictive capability, ex
emplified with respect to the Tg' values of var
ious fruit juices, shown in Table 15Y This 
predictive capability is so powerful that Tg' can 
often simply be calculated, rather than actually 
measured by DSC, for real food systems. 34 For 

TABLE 15 
Tg' Values for Fruit Juices33 

Fruit juice 

Orange (various samples) 
Strawberry 

Pineapple 
Pear 
Apple 
Prune 
White grape 
Lemon (various samples) 

Tg' cae) 

-37.5 ± 1.0 
-41 and 
-32.5 
-37.5 
-40 
-40.5 
-41 
-42.5 
-43 ± 1.5 
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example, a composite weight-average Tg' value 
of - 37°C34 has been calculated for orange juice 
(the water-soluble solids composition of which 
is predominated by an approximately 2: 1: 1 w% 
mixture of sucrose, fructose, and glucose) from 
the respective Tg' values of - 32, - 42, and 
- 43°C for the individual pure sugars sucrose, 
fructose, and glucose. As mentioned earlier with 
regard to Table 3, the Tg' values for these com
mon food sugars are characteristic of the ranges 
of Tg' values for many different monosaccha
rides ( - 40.5 to - 44°C) and disaccharides ( - 28 
to - 35.5°C). As shown in Table 15, actual mea
sured Tg' values for various samples of orange 
juice characteristically fall between - 36.5 and 
- 38.5°C, a temperature range that coincides with 
the operative Tc for freeze-drying of this rela
tively complex food product. 33 The measured Tg' 
values for the other fruit juices listed in Table 15 
likewise reflect, and are determined primarily by, 
the weight ratios of the predominant low MW 
sugars and acids (e.g., citric (Tg' = -52.5°C), 
malic (Tg' = - 55.5°C)) present in each juiceY 
In comparison to the Tg' values for orange and 
pineapple juice, the lower Tg' values for the juices 
from pear, apple, prune, strawberry (for which 
the Tg' doublet will be explained below), white 
grape, and lemon in Table 15 have been sug
gested to evidently reflect water-soluble solids 
compositions with higher monosaccharide/di
saccharide ratios and/or higher contents of low 
MW acids (especially relevant to lemon juice). 33 
As mentioned earlier, the potential effect of the 
presence of water-compatible, endogenous pec
tinaceous materials (debris from plant cell walls) 
on the Tg' values of fruit juices also needs to be 
considered when interpreting the data in Table 
15. 

Table 1633 shows Tg' values (and some per
cent freezable water (FW) values) for a number 
of different varietal strawberries and other fresh 
fruits. The Tg' values for the various fruits, all 
in the range between - 32 and - 42°C, are in
dicative of soluble solids compositions domi
nated by low MW sugars (i.e., mono- and dis
accharides, mainly fructose, glucose, and 
sucrose).33 For example, the composition of the 
sparldeberry strawberry (according to USDA 
Handbook #8) is 89.8% water and 7.8% soluble 
solids, with 6.2% sugars: 1.45% sucrose, 2.18% 
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glucose, and 2.59% fructose. The observations 
of multiple Tg' values and different Tg' values 
for different locations within a single fruit have 
both been taken as indications of a non-uniform 
spatial distribution (e.g., a concentration gra
dient) of sugars (and/or other soluble solids such 
as pectins) within a fruit. 33 For example, in the 
blueberry, the minor Tg' value of - 32°C could 
be an indication of a much higher disaccharide 
(sucrose) content (and/or content of high MW 
pectin) in the skin than in the apparently mono
saccharide-dominated meat of the fruit. The ob
servation of different Tg' values for many dif
ferent varieties of a single fruit (strawberry) is 
suggestive of significant varietal differences in 
both the composition and spatial distribution of 
sugars (and/or other soluble solids).33 Even within 
a single strawberry variety (i.e., Pajaro), two 
different lots of fruit showed different Tg' values 
(and Tg' singlet vs. doublet behavior). This find
ing suggested that both the composition and spa
tial distribution of sugars (and/or pectins) may 
also vary with the degree of maturity of a fruit. 33 

Due in part to a situation of Tg' ~ Tf = 
-18°C and high percent FW (about 75-90 + g 
icellOO g frozen sample), most fruits, and es
pecially delicate strawberries, show very poor 
textural stability during frozen storage. 33 For the 
many different strawberry varieties listed in Ta
ble 16, the predominant Tg' value ranged from 
- 33.5 to - 41°C. While it is known that freeze
thaw stability (i.e., stability after freezing and 
immediate thawing, as distinguished from freezer
storage stability, which refers to stability after 
freezing, long-term storage, and thawing) varies 
greatly among strawberry varieties, the possibil
ity of correlations between Tg' and freeze-thaw 
stability and/or between percent FW and freeze
thaw stability has not been investigated. All of 
the varietal strawberries listed in Table 16 are 
claimed to show better freeze-thaw stability than 
the sparldeberry variety, which is the primary 
variety sold fresh in supermarkets in the U.S. 
The data in Table 16 showed that the predominant 
Tg' value (all locations) of sparkleberry is lower 
than that of some of the other varieties, and its 
percent FW is significantly higher than that of 
most of the other varieties. However, among the 
specific varieties listed in Table 16, the possi
bility of a correlation among higher Tg/, lower 



TABLE 16 
Tg' Values for Varietal Strawberries and Other Fresh 
Fruits33 

Sample 

Strawberry 
Sparkleberry - center 
Sparkleberry - edge 
Sparkleberry - midway 

Canoga -
Holiday-

between 

Homeoye - midway 
Pajaro (lot 1) ---, between 
Pajaro (lot 2) - center 
Douglas - and 
Benton - edge 
Selva-
Chandler
Parker-

Blueberry 
Meat 
Skin 

Peach 
Banana 
Apple 

Red Delicious 
Granny Smith 

percent FW, and better freeze-thaw stability has 
also not been investigated. A critical fact about 
fruits in general, and delicate strawberries in par
ticular, is that, even if a fruit is deep-frozen and 
stored at Tf < Tg', freeze-thaw textural stability 
is often poor, 33 because of a loss of turgor pres
sure caused by cellular dehydration upon extra
cellular freezing and by physical damage to cell 
membranes due to irreversible loss of bilayer 
structure upon freeze-dehydration. A partial 
remedy to this situation has been demonstrat
ed via Rich's "freeze-flo" process, whereby some 
protection against physical damage and mainte
nance of structural integrity is provided by in
fusion of strawberries with high-fructose com 
syrup,345 a food cryoprotectant with a Wg' value 
of about 1.0 g UFW/g solute. 32 Fructose-infused 
strawberries contain minimal freezable water at 
Tf = - 18°C,33 and constitute an edible-from
the-freezer (i.e., soft but intact at Tf), but very 
sweet, food product. 

Table 1733,39 shows Tg' values for some fresh 

Tg' (OC) 

-41 
-39 and -33 
- 38.5 and - 33 

-37 
-35.5 
- 40.5 and - 34.5 
-33.5 
- 34.5 and - 39 
-34 and -40 
-40 and -33 
- 34.5 and - 39.5 
-39.5 and -35 
-41 and -34 

-41 
-41 and -32 
-36.5 
-35 

-42 
-41 

% Freezable 
water 

93.0 

79.9 ± 0.4 
80.3 ± 1.4 
76.6 ± 0.8 
78.9 ± 0.5 
81.3 ± 0 
84.5 ± 10.9 
80.3 ± 2.6 

or frozen vegetables. Generally, these Tg' values 
are much higher than those for fruits in Table 16. 
This reflects the higher ratio of metabolic inter
mediates of biosynthesis of starch or other high 
MW polysaccharides/small sugars in the water
compatible solids compositions of most vegeta
bles relative to most fruits.33 However, as in fruits, 
the value of Tg' varies with sample location in 
vegetables, indicative of a non-uniform spacial 
distribution of soluble solids. For example, in 
frozen broccoli and especially in cauliflower, the 
head has a much higher Tg' value (indicative of 
high MW solids) than the stalk (Tg' indicative 
of detectable amounts of smaller sugars). The Tg' 
values around - 25°C for the stalks of cauli
flower and broccoli are similar to the Tg' values 
for several other frozen vegetable products (e.g., 
peas, carrots, green beans), indicative of similar 
ratios of higher MW polysaccharides/small sug
ars in the water-compatible solids of these com
mon vegetables. Interestingly, the Tg' value of 
sweet corn (endosperm) was found to vary with 
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TABLE 17 
Tg' Values for Fresh and Frozen 
Vegetables33 

Sample 
Sweet corn 

Fresh-picked - endosperm 
Blanched 
Blanched and frozen 
Supermarket "fresh" 

Potato - fresh Russet 
Burbank 

Middle center 
Middle edge 
Root end 
Stem end 

Cauliflower - frozen 
Stalk 
Head 

Celery - fresh 
Pea- frozen 
Carrot - frozen 
Green bean - frozen 
Broccoli - frozen 
Stalk 
Head 

Spinach - frozen 
Tomato - fresh - meat 

Tg' ee) 

-14.5 
-9.5 
-9.5 
-8 

-12 and -16 
-12 
-11 
-12 

-25 
? 
? 

-25 
-25.5 
-27.5 

-26.5 
-11.5 
-17 
-41.5 

the extent of processing and with the degree of 
"freshness" (i.e., age after harvesting at full ma
turity). It was deduced that Tg' increases with 
increased processing or age post-harvest, in both 
instances because of a corresponding decrease in 
the ratio of sugars/starch intermediates or starch 
polymers in the endosperm.33 It is known that 
this solids ratio decreases dramatically with age 
post-harvest due to enzymatic activity, and that 
this change is responsible for the corresponding 
decrease in perceived sweetness and eating qual
ity (i.e., texture). It has been demonstrated, by 
high-temperature DSe analysis of matched sam
ples of (fresh-picked, untreated) vs. (fresh-picked, 
blanched) sweet com, that an industrial blanching 
process involving heat-moisture treatment pro
duces a Tg' -elevating effect (and concomitant 
decrease in eating quality) analogous to that 
caused by aging post-harvest. 33 Blanching causes 
the native (i.e., partially crystalline) granular 
starch in the endosperm of fresh-picked com to 
be completely gelatinized (i.e., rendered com
pletely amorphous and devoid of granular integ
rity, a not-unexpected consequence of such a heat-
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moisture treatmentz°), thus increasing both the 
amount of amorphous starch (i.e., amylopectin) 
and its availability to be captured along with small 
sugars upon vitrification of the aqueous matrix 
at Tg', and causing Tg' to increase due to in
creased Mw of the solutes in this glass. 33 

On the brighter side, the results in Table 17 
showed that some vegetables naturally high in 
intermediates of starch biosynthesis (e. g., com 
and potato) have Tg' values> Tf = -18°C. 
This fact translates in technological practice to 
excellent freezer-storage stability (i.e., years) for 
such products. 33 The Tg' of celery, apparently 
so close to ooe as to be unmeasurable by DSe, 
evidently reflects a composition of only high MW 
polysaccharides (see Table 11) and water, with 
essentially no small sugars. In contrast to com 
and potato, other vegetables (e.g., cauliflower, 
broccoli, peas, carrots, green beans), with higher 
ratios of sugars/starch intermediates (as reflected 
by Tg' values < Tf = -18°C), exhibit much 
more limited freezer-storage stabilityY The Tg' 
value of tomato meat is remarkably low relative 
to those of other vegetables. Tomatoes appear to 
be analogous to strawberries in two possibly re
lated respects. 33 Tomatoes manifest notoriously 
bad freeze-thaw textural stability and a soluble 
solids composition of the flesh (as reflected by 
Tg') evidently dominated by monosaccharide 
sugars. 

V.INTERPRETATIONS BASED ON THE 
FOOD POLYMER SCIENCE APPROACH: 
NEW THOUGHTS ABOUT OLD 
MOISTURE MANAGEMENT QUESTIONS 

Up to this point, having begun with a dis
cussion of the shortcomings and inappropriate
ness of the traditional Aw approach to studies of 
food quality and safety, we have reviewed (1) 
the basis for an alternative food polymer science 
approach founded on key structure-property re
lationships previously established for synthetic 
polymes, and (2) the resulting data bank for sev
eral categories of widely used food materials and 
the physicochemical principles underlying the 
non-equilibrium behavior of these materials in 
food products and processes. Now we review 
how this food polymer science approach, data 



bank, and underlying physicochemical founda
tion have been used to provide new and revealing 
interpretations of a number of old problems and 
questions, related to moisture management and 
water relationships in food systems, to which the 
traditional Aw approach has been unable to pro
vide solutions, explanations, or answers. 

As emphasized in Section IV.A, small PHCs 
and their aqueous solutions offer a unique frame
work for the investigation of non-equilibrium be
havior under conditions of importance to tech
nological applications. 30 The small PHCs are 
monodisperse with known MW below the entan
glement limit. They provide several homologous 
or nearly homologous series of oligomers. They 
exhibit an astonishing diversity of thermal and 
thermomechanical properties that can be studied 
within particular sub-groups: PHCs with the same 
MW, PHCs with different MW in a homologous 
series, single PHC with different conformations. 
It has been shown that use of the dynamics map 
as a new conceptual approach to the study of 
non-equilibrium thermomechanical behavior fa
cilitates the selection of experimental conditions 
to allow each PHC to be examined at an equiv
alent distance of moisture (i.e., .l W) and tem
perature (i.e., .l T) from its respective reference 
glass curve. 30 For most effective use of the dy
namics map as a mobility transformation map to 
elucidate the underlying basis of the differences 
in behavior of PHCs, it has been necessary to 
identify appropriate experimental approaches that 
are capable of separating the effects of transla
tional and rotational mobility on different me
chanical relaxation properties. 30 Since local vis
cosity is related to relaxations that are controlled 
by translational diffusion, it reflects the mobility 
of the molecular-level environment. Thus, the 
same relaxation rates and temperature depen
dence would be expected for results of, for ex
ample, small molecule diffusion, polymer fric
tional coefficient, and pulsed field gradient-spin 
echo NMR spectroscopy of PHC-water sys
tems. 2oo-204 

In general, mechanical relaxations depend on 
both translational and rotational mobility. For a 
typical, well-behaved polymer, an increase in free 
volume would be expected to go hand-in-hand 
with a decrease in local viscosity. However, when 
either the rotational or translational relaxation time 

is the limiting aspect for a particular small PHC
water glass-forming system, the ranking of sol
utes, i.e., either by Mn or Mw (as in Table 6), 
would be expected to depend on the underlying 
mechanism of the specific mechanical 
relaxation. 30 

Experimental mechanical relaxation pro
cesses can be categorized in terms of their control 
by rotational or translational mobility. 30 For 
example, homogeneous nucleation depends on 
both translation and rotation, but can be com
pletely controlled and limited by the rotational 
mobility.4,104,115,296 The response to microwaves, 
in a microwave dielectric dispersion experi
ment,2oo-202,204 is another rotational response. In 
contrast, the apparent, non-equilibrium RVP de
pends on translational mobility. 15,16 Other me
chanical relaxation processes controlled by trans
lational mobility include starch gelatinization,20,21 
mold spore germination,15,16 crystal growth,15,104 
collapse phenomena,8,27 and freeze-drying. 33,40,41 
A conceptual experimental approach to the study 
of these various relaxation processes,3° as they 
pertain to the non-equilibrium behavior of PHC
water and other aqueous food systems, are re
viewed in the remainder of Section V. 

The selection of a molecule to be used as a 
reporter to probe the local environment is a crit
ical element of experiments to study mechanical 
relaxation processes. A very low concentration 
of reporter molecule (e.g., a dye) is required for 
translational and rotational diffusion experi
ments, in order to avoid concentration gradients 
and perturbation of the local relaxation due to 
plasticization by the reporter. 362 Water itself is 
not a good candidate for the role of reporter mol
ecule to study the mobility of aqueous glasses, 
because water would then be both a functional 
part of the sample matrix and a reporter in many 
experiments. 30 For example, in a NMR investi
gation of the mobility of water in an amorphous 
polymer, the water concentration cannot be 
changed without significantly changing the sys
tem itself, because of the effect of water as a 
plasticizer. 25 Thus, a third molecule would be 
needed to act as the reporter. Later, we describe 
how high-polymeric starch has been used to fill 
this key role. 30 In this context of a discriminating 
experimental approach, it is worth reiterating that 
small-PHC aqueous glasses are uniquely excel-
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lent model systems for the study of non-equilib
rium relaxation processes. 30 For solute MWs be
low the entanglement MW of =3000 (glucose 
DP ::5 18), such non-entangling polymers allow 
the study of the contributions of free volume and 
local viscosity (as the measured viscosity), with
out the ambiguity introduced by convolution with 
the bulk entanglement-network viscosity, which 
would be essentially the same for all polymers. 107 
As shown earlier in Table 8, glass compositions 
can be measured quantitatively in terms of Mn 
and M w. Moreover, in contrast to aqueous glasses 
of ionic salts, complicating effects due to specific 
ion hydration and concentration-dependent pK 
can be avoided. 30 . 

A. Water Sorption Isotherms for Glassy 
and Rubbery Polymer Systems 

Water sorption, and the beneficial or detri
mental effects thereof, can playa critical role in 
many food processes and products. For example, 
with respect to doughs and baked goods,26 ab
sorption of liquid water by the amorphous po
lymeric carbohydrates and proteins in flours, 
leading to their kinetically controlled plasticiza
tion ("hydration") during dough mixing, is ob
viously a key element of dough formation and 
an important determinant of the rheological prop
erties and mechanical behavior of doughs. 45,209,363 
Non-equilibrium evaporative desorption of water 
vapors8 is a crucial aspect of the baking process. 
Time- and temperature-dependent ad/desorption 
of water vapor during ambient storage is a po
tentially important aspect of the stability and shelf
life of baked products. 26 These examples simply 
help to emphasize the universal and indisputable 
fact that an understanding of the water sorption 
behavior of (1) individual ingredients or natural 
food materials prior to processing, (2) formula
tions of ingredients during processing, and (3) 
finished products after processing is a vital re
quirement of any assessment of food quality, 
safety, and stability. 
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1. Sorption Hysteresis, Sorption 
Kinetics, and Effect of Temperature on 
Sorption 

It has been recently stated364 that the reasons 
for the well-known irreversibility and hysteresis 
shown by water vapor sorption isotherms of bio
polymers, including various food proteins and 
carbohydrates,62,365,366 are not established. 
Bryan364 has suggested that observed "irregular
ities reflect changes in the conformation and/or 
dynamic behavior of the biopolymer molecule." 
He has noted that' 'recent work on water-protein 
interactions367,368 is compatible with the occur
rence of small conformational changes and in
creased flexibility (perhaps a loosening of the 
protein structure) as more water is added to a 
protein" in the solid state. Lillford58 has ex
pressed a similar opinion, crediting (as others had 
previously8) the onset of enzymatic activity in 
low-moisture, amorphous lysozyme powders to 
plasticization by sorbed water, leading to suffi
cient segmental mobility for diffusion-limited en
zyme-substrate interactions to occur. With re
spect to water-protein sorption hysteresis, Bryan369 

has suggested that hysteresis' 'could result from 
slow, incomplete conformational changes occur
ring upon addition of water" to proteins in the 
solid state, and its subsequent removal. These 
changes could result from incomplete "inter
molecular phase annealing" or "phase changes", 
and the resulting hysteresis "might be related to 
the physical state and prior history of the sam
ple".369 Again, Lillford58 has expressed similar 
sentiments, pointing out (again as others had 
previouslyt5) that starch62 and other hydrophilic 
polymers plasticized by water "are far from inert 
in the adsorption process", should not be mod
eled as "an immobile and unaffected substrate", 
manifest a "non-equilibrium desorption process 
responsible for hysteresis", and probably are 
"usually in a metastable kinetic state . . . where 
the interaction of polymers and water cannot be 
treated in terms of equilibrium thermody
namics". Bryan369 has also noted the fact that 



freeze-dried protein samples to be used as sub
strates in sorption experiments "might form an 
amorphous (solid) phase", a possibility over
looked by Lioutas et al. 351 in their discussion of 
the water sorption behavior of lysozyme. 

In a recent review that included this subject, 15 
an explanation (subsequently endorsed by Lill
ford,58 Karel,64 and Paakkonen and ROOSI26) for 
the sorption behavior described by Bryan364,369 
has been offered. Water vapor absorption in food 
systems can be treated as a diffusion-limited 
transport process involving structural relaxations 
in glassy and rubbery polymers. The kinetics of 
diffusion rates associated with adsorption leading 
to absorption366 and with sorption-desorption 
hysteresis365 depend, in part, on the ever-chang
ing structural state of a polymer, relative to its 
Tg, and on the polymer's extent of plasticization 
by water. 15 For sorption by synthetic amorphous 
polymers at T ~ Tg, it has been suggested that 
classical Fickian diffusion of low MW plasticiz
ing sorbate, which may appear to be time
independene70 and to show Arrhenius-type tem
perature dependence, may actually be an indi
cation of extremely slow and inconspicuous 
relaxation172 in a kinetically metastable glassy 
polymer moving toward its equilibrium state. 371 
In the temperature range near but below Tg to 5 
to lOoe above Tg (the latter the so-called "leath
ery" region shown earlier in Figure 32), obser
vations of anomalous, non-Fickian or viscoelas-

Jic,372.373 time-dependent, cooperative diffusion 
have been suggested to indicate that the glassy 
state is relaxing more rapidly to the rubber, 371 or 
in other words, that the' 'polymer relaxation time 
matches the sorption time scale" . 373 These sorp
tion situations also reflect the fact that water plas
ticization of glassy polymers leads to increasing 
permeability of the substrate to gases and vapors, 
due to increasing segmental mobility of the pol
ymer as Tg decreases relative to the constant 
sorption temperature, TS.15 In the rubbery state 
well above Tg, diffusion and relaxation rates in
crease sharply, as does polymer free volume 
(which is known to cause a dramatic increase in 
permeability to gases and vapors 55) . At the point 
where WLF-governed temperature dependence 
begins to approach Arrhenius temperature de
pendence,168 Fickian diffusion behavior again 
applies. 156,371 

The dependence of non-equilibrium sorption 
behavior on Tg relative to Ts, described earlier, 
has been illustrated nicely by results of a study, 
shown in Figure 68,297 of the kinetics of water 
uptake, as a function of environmental RVP at 
room temperature, in a low-moisture food ma
terial representative of other amorphous or par
tially crystalline substrates. The illustrated sorp
tion behavior reflected both adsorption of water 
vapor and absorption of condensed liquid water 
via a diffusion-limited transport process (i.e., a 
mechanical relaxation process governed by the 
mobility of the substrate matrix). These sorption 
results of Duckworth were said to "reveal that 
the time which is required to reach equilibrium 
conditions needs special attention", and that 
"equilibration times of at least 14 d might be 
recommended".297 It has been suggested30 that 
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the results in Figure 68 in fact demonstrated that 
times that are orders-of-magnitude greater than 
14 d would be required to approach equilibrium 
conditions. In such sorption experiments, a low
moisture, amorphous food system may be in an 
extremely low mobility, "stationary" solid state 
so far from equilibrium 172 that it can be easily 
confused with equilibrium. Figure 68 showed that, 
even in 25 d, there was no change in water uptake 
when the environmental RH was 11 %. The es
sentially immobile solid sample remained far from 
equilibrium in a low-moisture, negligibly plas
ticized "apparent steady state". In sharp con
trast, in less than 25 d, there was a dramatic 
change in water uptake by the same substrate 
material when the RH was 90%. Under these 
conditions, the higher moisture sample was sig
nificantly plasticized and exhibited sufficient mo
bility to allow a more rapid approach toward a 
still-higher moisture and not-yet-achieved equi
librium condition. The fundamental trend of in
creasing sorption rate with increasing environ
mental RH evidenced by the results in Figure 68 
has suggested a mechanistic correlation between 
increasing mobility and increasing rate of relax
ation of the substrate-water system toward its 
unique final state of equilibrium.30 This corre
lation reflects the sequential relationship between 
increasing water uptake, increasing plasticiza
tion, increasing free volume and decreasing local 
viscosity, which result in decreasing Tg. (Recall 
that the sequence of plasticization lagging behind 
water uptake and swelling was also suggested 
earlier in Section III.A.4 with respect to the sorp
tion of water by native granular starches. 159) 
Viewed in isolation on a practical time scale, the 
unchanging nature of the low-moisture substrate 
at low RH would prevent an observer from re
cognizing this non-equilibrium situation of ex
tremely slow mechanical relaxation. 30 

From countless studies of so-called "equi
librium" water vapor sorption and sorption iso
therms for completely amorphous or partial
ly crystalline, water-compatible polymers, two 
general characteristics have become widely ac
knowledged. 15 One is that such experiments 
do not usually represent a true thermodynamic 
eqUilibrium situation, since the polymer sub
strate is changing structurally (and slowly, 
during sorption experiments that are often 
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[and sometimes recognized to bep7o,376 much too 
short) due to plasticization by sorbed 
water. 4 ,62,64,79,363,365,37I,372 Secondly, since Tg de-

creases during sorption, such experiments are not 
even isothermal with respect to the aT-governed 
viscoelastic properties of the polymer, because 
aT (= Ts - Tg) changes dynamically over the 
sorption time course. 15 ,365,371 Consequently, both 
the extent of sorption and the mobility of sorbed 
molecules generally increase with increasing 
plasticization by water. 375,376 

As reviewed recently elsewhere,15 the basic 
premises that underlie the interpretation of the 
water sorption characteristics of food polymer 
systems include the following: (1) the sorption 
properties of a "dry" polymer depend on its in
itial structural state and thermodynamic compat
ibility with water;372 (2) in both completely amor
phous and partially crystalline polymers, only the 
amorphous regions preferentially absorb 
water;157,377 and (3) the shape of a particular sorp
tion isotherm depends critically on the relation
ship between Ts and both the initial Tg of the 
"dry" polymer and Tg of the water-plasticized 
polymer during the sorption experiment. 378 Sev
eral interesting illustrations of these points have 
been described. 15 For example, for sorption ex
periments done at a series of temperatures that 
bracket Tg of the water-plasticized polymer, the 
classic sigmoidal shape of the isotherm, at Ts < 
Tg, flattens suddenly, at Ts > Tg, to one char
acteristic of solution sorption by a rubbery pol
ymer. Such behavior was illustrated earlier for 
an epoxy resin in Figure 12.80 This synthetic, 
water-sensitive polymer system manifests iso
therms approaching linearity at high RVP for 
sorption temperatures above the water-plasticized 
Tg, which evidently lies between 75 and 100°C 
for this sample. It has been noted that the onset 
of the glass transition is indicated by a conspic
uous change in a polymer's sorption behavior, 
which coincides with a dramatic change in the 
polymer's specific volume. 15 Thus, the temper
ature-percent moisture point (i.e., Tg) at which 
a plot of specific volume vs. temperaturel5 char
acteristically changes slope is reflected in sorp
tion isotherms (such as those in Figure 12) as the 
coincident temperature-percent moisture condi
tion above which the sorption curve is a flat line 
characteristic of solution sorption by a rubbery 



polymer, but below which the sigmoid sorption 
curve is characteristic of so-called "water 
clustering"379 in a glassy polymerY 

In other instances of sorption at a series of 
temperatures, all well below the initial Tg of the 
"dry" polymer, the effect of increasing Ts on 
sorption behavior can be less pronounced than 
that evidenced in Figure 12. The result can be a 
set of typical sigmoid adsorption curves, such as 
shown in Figures 14A and B for pectin and cas
einate,81 two high MW biopolymers with dry Tg 
~ 100°C. In these cases, initial sorption, at any 
Ts, was by an immobile, glassy solid substrate. 
The effect of increasing plasticization of the sub
strate due to increasing Ts and increasing water 
uptake (thus, decreasing "wet" Tg) resulted in 
increasing system mobility, as both aT (i.e., 
Ts - Tg) and aw (i.e., Ws - Wg) increased 
with increasing moisture content. As shown in 
Figure 14 for these two amorphous food poly
mers, at a given moisture content, increased sys
tem mobility was reflected by increased RVP 
with increased Ts, but there was no sudden change 
in shape of the isotherms to that characteristic of 
liquid solution sorption at Ts > Tg. 

Unlike the typical isotherms for amorphous 
high polymers in Figures 12, 13, 14A, and 14B, 
the adsorption isotherms for sorbitol and xylitol 
in Figures 14C and D81 are not smooth sigmoidal 
curves. Moreover, at a given moisture content 
(e.g., 0.1 g water/g solid), these isotherms showed 
RVP decreasing with increasing Ts. These low 
MW, water-soluble polyols were initially crys
talline solids, so the atypical shape of the isoth
erm at a given Ts reflected the amount of sorbed 
water needed to act as a solvent and dissolve the 
crystals. As the crystals began to dissolve, a su
persaturated solution was formed. Thus, instead 
of the typical situation of increasing moisture 
content and increasing Ts acting together to plas
ticize an amorphous substrate and increase sys
tem mobility, these conditions acted together to 
dissolve more and more crystalline material and 
increase the amount of concentrated solution 
formed, thereby actually decreasing the mobility 
of the solute-solvent system. As shown in Figures 
14C and D, this situation was manifested by RVP 
decreasing with increasing Ts, until enough water 
had been sorbed to dissolve all the crystalline 
solid. Beyond this point, increasing sorbed water 

and increasing Ts were acting to plasticize an 
amorphous substrate (i.e., a concentrated PHC 
syrup), so the isotherms (in Figure 14C) "crossed 
over" at higher moisture contents and showed 
the more typical sorption behavior of RVP in
creasing with increasing Ts. Thus, this unusual 
"crossover" behavior was revealed to be symp
tomatic of a change in structural state (and phase) 
of the water-soluble substrate with increasing 
water uptake, from crystalline solid (with RVP 
decreasing with increasing Ts) to amorphous liq
uid (with RVP increasing with increasing Ts). 

The adsorption isotherms for amorphous glu
cose (dry Tg = 31°C) at 30 and 80°C, shown in 
Figure 69 (adapted from Loncin75), illustrate an
other interesting example of "crossover" behav
ior. However, in this case, the "crossover" be
havior was opposite to that shown in Figure 14C, 
and so was revealed to be symptomatic of a change 
in structural state (and phase) of the substrate 
with increasing water uptake at 30°C, from amor
phous liquid (with higher RVP at higher Ts) to 
crystalline solid (with lower RVP at higher Ts). 
Initially, one of these sorption experiments was 
conducted right at Tg of the amorphous substrate 
(i.e., assuming bone-dryness), while the other 
was performed at Ts 50°C above dry Tg. In each 
case, by a given low moisture content, the sub
strate was an amorphous rubbery fluid, so the 
isotherms showed the typical relationship of 
higher RVP at higher Ts. By the time amorphous 
glucose picked up about 9 w% water, its "wet" 
Tg was depressed to about 10°C, at which point 
the two sorption temperatures were 20 and 70°C 
above Tg. In the latter situation, the mobile glu
cose-water substrate evidently remained a very 
concentrated (but not supersaturated at 80°C) liq
uid solution as its moisture content and RVP con
tinued to increase. (If glucose, under these tem
perature/moisture content conditions, had 
crystallized to the anhydrous crystalline solid 
form, the isotherm would have shown a discon
tinuity resulting from such a phase change,64 as 
did the one for sucrose in Figure 15A.) However, 
in the former situation, the viscous fluid glucose
water substrate (which was a supersaturated so
lution at 30°C) became sufficiently mobile, due 
to plasticization by water, at about 20°C above 
Tg to permit some of the glucose to crystallize 
to the solid monohydrate (containing 10 w% 
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water, and thus not causing a discontinuity in the 
isotherm), while the rest remained in solution. 
As a consequence of this phase change during 
the sorption experiment at 30°C (but not at 80°C), 
the two isotherms "crossed over" and subse
quently showed, at higher moisture contents, 
lower RVP at higher Ts. 

For sorption at a single temperature, initially 
well below Tg of a "dry" polymer, but subse
quently above the "wet" Tg, depressed due to 
water uptake and plasticization, an isotherm can 
show a sudden change in slope, due to the struc
tural transition at Tg,I64,378,380 or even a discon
tinuity resulting from a change of phase. Similar 
dynamic behavior has been observed in cases 
where an amorphous but crystallizable substrate 
(e.g., low MW sugars such as sucrose82,381 (as 
shown earlier in Figure 15A by the discontinuity 
in the adsorption isotherm), amylopectin in ge
latinized starches, 62,382 or amorphous gelatin24), 
initially in the form of a low-moisture glass, re
crystallizes from the rubbery state, after plasti
cization due to sorption of sufficient moisture, 
which allows the glass transition to occur, either 
deliberately during short-term sorption experi
ments or inadvertently during long-term product 
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storage. 54
,137 (Note, as alluded to above, that the 

adsorption isotherm for amorphous sucrose in 
Figure 15A showed a discontinuity, because su
crose recrystallized to an anhydrous crystalline 
solid form. In contrast, the adsorption isotherm 
for amorphous glucose at 30°C in Figure 69 
showed no discontinuity, because glucose, in the 
rubbery fluid under those temperature/moisture 
conditions, would have recrystallized to the solid 
monohydrate. ) 

In other instances of single-temperature sorp
tion by initially glassy polymers, an isotherm 
may not show a sudden, diagnostic change in 
slope at the effective "wet" Tg. Such behavior 
is illustrated for nylon 66 in Figure 70A 155 and 
for elastin in Figure 19B. 132 Starkweather's re
sults for nylon 155 have demonstrated the impor
tant fact that, while RVP was, in typical fashion, 
not increasing linearly with increasing sample 
moisture content (Figure 70A) for this water-sen
sitive, synthetic polymer, RVP was linear with 
the effective "wet" Tg (identified as the so-called 
a-relaxation temperature, which decreased line
arly with increasing RVP, as shown in Figure 
70B), measured in terms of the mechanical loss 
modulus. The same linear relationship between 
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decreasing Tg and increasing RVP has also re
cently been reported for amorphous food mate
rials by Roos and Karel, in their plots of Tg 
(measured by DSC) vs. so-called "water activ
ity" for freeze-dried sugars66 and freeze-dried 
strawberries. 125 

As mentioned in Section lILA, elastin is an 
amorphous, water-compatible, crosslinked, vis
coelastic network-forming protein whose water 
sorption behavior has been studied exten
sively.130-132,136,353,354,383 The fraction of sorbed 
water up to =0.35 g water/g dry elastin (= Wg') 
is "unfreezable" and strongly plasticiz
ing. 132,168,353,354 This water is said to represent a 
thermodynamically compatible solvent, so that 
such elastin-water mixtures are homogeneous, 
single-phase solutions. 130 The sigmoidally shaped 
sorption isotherm for dry elastin at 25°C shown 
in Figure 19B has been interpreted as showing 
"water clustering" and the start of cluster growth 
at water contents well below the thermodynamic 
compatibility limit of 0.35 g water/g. 132 (These 
so-called "water clusters" are imagined as long 
linear chains of hydrogen-bonded water mole
cules that form as a result of poor compatibility 
with relatively apolar polymers such as elastin 
and collagen.168) For example, after sorption at 
70% RH to 0.16 g water/g and Tg = 40°C, cluster 

size was said to begin to increase in still glassy 
elastin, while this increase was said to begin later 
in rubbery elastin, after sorption at 80% RH to 
0.19 g water/g and Tg = 25°C.132 The second 
sorbed water fraction (0.35 to 0.60 gig) is "freez
able", less strongly plasticizing, and referred to 
as "loosely bound". 354 These sorption results 
have been interpreted in alternative ways. Some 
workers136-138 have used the classic "BET mono
layer" approach80 to explain the sorption behav
ior of elastin. The calculated BET mono
layer value of 7 w% water has been invoked136 

to account for the apparent fact that the Tg of 
elastin is depressed most strongly by the first 7 
w% of sorbed water and then less strongly by 
the "BET-multilayered"372 or Zimm-Lundberg 
"clustered"379 sorbed water. In fact, as discussed 
earlier in this section and in Section II.A.5, no 
such sorption concepts (which are either mean
ingless, e. g., "BET monolayer' , , or misleading, 
e.g., "water clustering") need be invoked to un
derstand the nonequilibrium sorption behavior of 
amorphous polymers such as elastin. 15 

At T > Tg of water-plasticized elastin, the 
crosslinked network manifests dynamic mechan
ical properties (which follow the WLF equation) 
characteristic of rubber-like elasticity, including 
a dramatic increase in extensibility, which, as 
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explained earlier, are critical to the physiological 
activity of this protein. 354 Elastin has been re
ferred to as an especially mobile rubbery poly
mer. 132 The elastin-water system exhibits the 
classic symptoms of an amorphous polymer-plas
ticizer interaction. 130,131 From a comparison of 
the Tg curves for elastin (e.g., see Figure 19A) 
and collagen, Batzer and Kreibich383 reported that 
the extent of plasticization is somewhat less for 
elastin, because elastin is more heavily cross
linked than collagen, but still within the typical 
range, at about 8°C/w% water, up to 24 w% 
water. The smooth glass curve for elastin in Fig
ure 19A illustrates the dramatic plasticizing effect 
of sorbed water (initially, at Ts ~ Tg) on such 
a water-compatible glassy polymer at low mois
ture. The first 7 w% moisture depresses the Tg 
of bone-dry elastin (about 200°C) by about 110°C, 
while the next 17 w% moisture depresses Tg by 
an additional 4°C/w% water. By the time dry 
elastin has sorbed about 24 w% water, its Tg has 
been depressed below room temperature, so that 
Ts > Tg, and the kinetics that govern the dif
fusion-limited sorption by rubbery elastin have 
switched from Arrhenius to WLF (i.e., increases 
in diffusion rates have changed from about a dou
bling to about a factor of 10 for each 1 w% 
increase in water).15 This fact, combined with 
recognition and quantitation of how d T changes 
during water sorption by elastin, can account for 
the shape of the Tg curve and the observation132 

of increased sorptive capacity by this especially 
mobile rubbery polymer. 15 

Sorption-desorption hysteresis has been called 
"the outstanding unexplained problem in sorp
tion studies". 365 Many completely amorphous and 
partially crystalline polymers, both synthetic and 
natural, which swell slowly and irreversibly dur
ing water sorption, show marked hysteresis be
tween their absorption and desorption iso
therms. 64,366 In partially crystalline biopolymers 
(e.g., native starch), hysteresis increases with 
increasing percent crystallinity. 62 Buleon et al. 384 
have attributed the sorption hysteresis observed 
in acid-hydrolyzed ("lintnerized") native starches 
to their metastable semicrystalline structure, by 
analogy to synthetic elastomers with crystalline 
domains, which "are more prone to develop hys
teresis in association with internal stresses than 
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other (completely amorphous) polymers, in which 
relaxation processes occur with ease". 

Water-soluble polymers such as PVP have 
been reported to show hysteresis (for sorption at 
room temperature) at moisture contents <Wg', 
which corresponds to the "unfreezable" fraction 
of total sorbed water. 4 The PVP-water system at 
subzero temperatures has also been reported to 
show hysteresis in sorption behavior, as illus
trated in Figure 71 .242 The sets of desorption and 
resorption isotherms measured at sample tem
peratures from - 40 to 25°C, shown in Figure 
71 A and B, are those related to the freeze-drying 
process for PVP. These isotherms, like the ones 
in Figures 12, 13, 14A, and 14B, showed the 
expected variation of sorption behavior with tem
perature for amorphous polymers: i.e., at a given 
sample moisture content, sample RVP increases 
with increasing temperature. (The "crossover" 
behavior [in this case to RVP decreasing with 
increasing temperature] at the highest RVPs 
shown by the resorption isotherms in Figure 13 
are discussed later, in comparison to the "cross
over" behavior already described with respect to 
Figures 14C and 69.) They also showed, like the 
ones in Figures 13 and 16, the expected conse
quence of hysteresis: i.e., at a given sample mois
ture content and temperature, sample RVP is 
lower during desorption than during resorption. 
However, the set of desorption isotherms in Fig
ure 71A showed an unexpected and unexplained 
discontinuity in behavior between - 10 and 2°C. 
Below -10°C, 10°C jumps in temperature pro
duced proportional changes in desorption behav
ior, but between -10 and 2°C (a similar jump 
of 12°C), a discontinuity was manifested. We 
suggest that this discontinuity arose as a conse
quence of the structural transition of the freeze
concentrated PVP-UFW matrix (i.e., the amor
phous substrate undergoing desorption), which 
occurs at Tg' around - 20°C (see Table 8). The 
discontinuity was not observed, on the time scale 
of the sorption experiment, until the temperature 
was increased to 2°C, because, as dictated by 
WLF kinetics and illustrated earlier in Figure 36, 
the mechanical/structural relaxation process un
derlying this sorption behavior by the rubbery 
fluid PVP-UFW substrate would not have oc
curred in real time, with a significant, experi-. 
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mentally observable rate (i.e., 105 higher than at 
Tg), until the temperature was increased to about 
200e above the reference Tg (i.e., Tg'). (Another 
similar example of the impact of WLF kinetics 
on the rate of a relaxation process observable in 
real time was shown earlier in Figure 69. At a 

sorption temperature [30°C] about 200e above 
the instantaneous "wet" Tg of an amorphous 
glucose substrate plasticized by 9 w% water, the 
rubbery fluid glucose-water mixture was suffi
ciently mobile to allow glucose to crystallize to 
the monohydrate in the time frame of the sorption 
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experiment.) It should be noticed that the set of 
resorption isotherms in Figure 71B also showed 
a similar (albeit smaller) discontinuity, but it was 
manifested at a different temperature, i.e., be
tween -10 and - 20oe. We suggest that the 
reason for this difference in temperature is that 
the appropriate reference Tg underlying the dis
continuity in the resorption behavior of already
freeze-dried, glassy solid PVP is not Tg' but rather 
a higher-temperature Tg corresponding to an 
instantaneous condition of lower moisture (i.e., 
Wg < Wg'). 

As illustrated by the PVP-water system de
scribed above, the extent of hysteresis (or other 
manifestations of anomalous sorption behavior) 
at a particular Ts depends on the rate of the swell
ing/deswelling relaxation process in an amor
phous polymer substrate,365,366,370,371,378 and thus 
has been suggested to depend on the instanta
neous value of Tg (as governed by the instan
taneous value of Wg21) and the corresponding 
magnitude of 8 T, during both the sorption and 
desorption experiments, in a manner consistent 
with WLF free volume theory. 15 Unfortunately, 
as has been noted frequently, 58,83 hysteresis can
not be explained by any thermodynamic treat
ment that applies only to, or any model originally 
derived for, reversible equilibrium states. Hys
teresis is not an intrinsic feature of a sorbing 
polymer, but depends on the experimental con
ditions. 366 The often anomalous nature of sorp
tion-desorption that has been associated with hys
teresis, including non-Fickian diffusion behavior, 
is due to dynamic plasticization of a glassy or 
partially crystalline polymer by water during a 
sorption experiment. 62.371,372 It has been con
cluded that hysteresis characteristically results 
from a moisture-/temperature-/time-dependent, 
slow, non-equilibrium, swelling-related confor
mational change (involving a structural relaxa
tion [as illustrated in Figure 71], and in some 
cases, even a subsequent phase change [as illus
trated in Figure 15A]), which is facilitated by 
increasing free volume and segmental mobility 
in a polymer that is being plasticized dynamically 
during sorption. 58,64,83,126,366 For example, Buleon 
et al. 384 have suggested that the irreversible sorp
tion behavior of lintnerized starches is due to a 
water-plasticized conformational change, leading 
to a "structural hysteresis" that develops in a 
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temperature/moisture content domain corre
sponding to a partially rubbery, partially crys
talline system. In such systems, true thermody
namic equilibration can take weeks, months, or 
even years to be achieved. 370,376 

Sorption hysteresis has also been observed 
in molten polymers well above their Tg, for ex
ample, in concentrated molten synthetic poly
mer-organic solvent solutions. 385 It had been 
argued83 that such hysteresis cannot be simply 
explained by linking this behavior to non-equi
librium effects imposed by the properties of the 
glassy solid state. However, it has been recently 
demonstrated30 that the correlated parameters of 
local viscosity and polymer TmiTg ratio do in 
fact critically influence the mobility of supra
glassy liquids (Le., low-viscosity liquids well 
above their rubbery domain), such as molten 
polymers, even at temperatures 1000e or more 
above Tg. Figure 7230 (adapted from Reference 
107) revealed the critical importance of local vis
cosity even at 1000e above Tg, and disclosed the 
relationship between this local viscosity, the cor
responding translational relaxation time, and pol
ymer TmiTg ratio. The figure presents a ranking 
of values oflog (translational friction coefficient) 
measured at T = Tg + 100oe, for a variety of 
synthetic polymers. The frictional coefficient was 
measured in two ways with equivalent results, as 
segmental mobility of the polymer backbone and 
as small-molecule diffusion of a reporter (probe) 
molecule at sufficiently low concentration that 
there was no measurable depression of Tg due to 
plasticization. Thus, the translational relaxation 
time, as reflected by the frictional coefficient or 
the translational diffusion coefficient, is related 
to the local viscosity surrounding polymer chain 
segments, rather than to an inherent structural! 
mechanical feature of the chain itself. 107 Decreas
ing translational relaxation time correlates with 
decreasing frictional coefficient, increasing dif
fusion coefficient, and decreasing local viscosity. 

It has been generally thought that one can 
best compare and control the behavior of amor
phous materials at temperatures at or near their 
Tg, and that in order to "freeze" events in time 
and thus magnify the behavioral differences be
tween materials, one must do experiments at 
T < Tg, where relaxation rates are extre1llely 
slow. However, Figure 72 illustrated that when 
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FIGURE 72. A ranking of synthetic polymers by their values of log (translational friction coefficient), measured at T = 
Tg + 100oe, and corresponding values of local viscosity at the same temperature, and TmfTg ratio. (The list of ranked 
polymers reproduced with permission from Reference 107.) (From Levine, H. and Slade, L., Pure Appl. Chem., 60, 1841, 
1988. With permission.) 

polymers are studied even IOOoe above their in
dividual Tg values, there are orders-of-magni
tude differences in the self-diffusion rate of the 
backbone-chain segments or the diffusion rate of 
small molecules that are similar to the monomer. 
For example, for poly(isobutylene) and Hevea 
rubber, at IOOoe above their almost identical Tg, 
there is about a IOO-fold difference in the trans
lational diffusion rate of a small reporter mole
cule, with the Hevea rubber showing the lower 
local viscosity and lower frictional coefficient 
and allowing the faster diffusion rate. In the case 
of poly(dimethyl siloxane), whose low ranking 
on the list in Figure 72 had been considered quite 
anomalous,107 there had been no previous expla
nation for why its frictional coefficient and local 
viscosity, 1000 e above Tg, are so low compared, 
for example, to those of poly(isobutylene). How
ever, addition of the TmlTg ratios,30 calculated 

from reported data for Tm and Tg of these poly
mers,107 to Figure 72 revealed a progressive de
crease in this parameter with decreasing local 
viscosity and frictional coefficient, which in tum 
reflects an increase in mobility and translational 
diffusion rate, and a decrease in relaxation time. 
It was suggested30 that the underlying basis for 
these behavioral correlations is that the least vis
cous, and thus most mobile materials, even IOOoe 
above Tg, are those that have the lowest values 
of TmlTg ratio, while the most viscous, least 
mobile materials are those with the highest TmI 
Tg ratios. This correlation in tum supported the 
earlier conclusion, from the analysis of Figure 
34D, that for a common value of Tg (e.g., for 
the elastomers poly[isobutylene] and Hevea rub
ber), different values of TmlTg ratio for different 
polymers can be used to compare relative mo
bilities both at Tg and at T ~ Tg.30 (This con-
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elusion was also supported by the results of the 
mold spore germination experiment, analyzed as 
a mechanical relaxation process, mentioned ear
lier with respect to Table 2.) It was noted that a 
small difference in the values of TmlTg is man
ifested as a dramatic difference in local viscosity 
and translational diffusion. In the example de
scribed above, the values of TmlTg for Hevea 
rubber and poly(isobutylene) are 1.43 and 1.57, 
respectively, and the local viscosities at 100DC 
above Tg differ by nearly 2 orders of magnitude. 

The importance of this correlation between 
local viscosity and TmlTg ratio has been related 
to the apparently pivotal influence of these two 
parameters on the mobility of supra-glassy liq
uids, such as molten polymers, even well above 
Tg.30 This finding was coupled with the earlier 
explanation of how the relationship between llg, 
TmlTg ratio, and mobility can be used to char
acterize the non-equilibrium behavior in the glassy 
solid state at Tg and in the rubbery fluid state 
above Tg, and also the size of the temperature 
domain corresponding to the WLF region. 30 It 
was mentioned with respect to Figure 34C that 
for an atypical, poorly behaved polymer with TmI 
Tg = 1.25, the rubbery region of WLF behavior 
might only extend about 50 DC above Tg. Thus, 
some of the polymers listed in Figure 72 (espe
cially poly(dimethyl siloxane)), at 100DC above 
Tg, probably exist as low-viscosity liquids well 
above their rubbery domain. Yet, the influence 
of local viscosity and TmlTg ratio still carries 
over to their supra-glassy, non-equilibrium be
havior. It has been suggested30 that this point is 
crucial in countering the argument83 mentioned 
earlier that sorption hysteresis observed in molten 
polymers well above their Tg cannot be simply 
explained by linking this behavior to non-equi
librium effects imposed by the properties of the 
glassy solid state. Analogous hysteresis between 
water vapor ad/absorption and liquid water de
sorption in native starch (shown earlier in Figure 
16A) has been reported to result from desorption 
that remains non-equilibrated even after 2 years, 
vs. adsorption that achieves and remains in "well
defined equilibrium" states over the same pe
riod. 83 An alternative explanation for the ob
served hysteresis has been suggested,30 whereby 
both limbs of the isotherm reflect the persistence 
of non-equilibrium states. The desorption limb 
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represents the behavior of supra-glassy, partially 
crystalline starch drying slowly and irreversibly 
to a partially crystalline glassy state20,21 different 
from the original native state. In contrast, the ad/ 
absorption limb represents the behavior of par
tially crystalline glassy native starch undergoing 
an extremely slow, water-plasticized relaxation 
process,62 which remains very far from 
equilibrium172 even after 2 years, to a supra
glassy, partially crystalline state, i.e., a "pseudo 
steady state" easily mistaken for equilibrium. 
This same "pseudo steady state" behavior has 
been observed for the sorption of water vapor by 
cod,297 as described earlier with respect to Figure 
68. 

It has been noted that the low values of local 
viscosity at T = Tg + 100DC shown in Figure 
72 compare to a macroscopic viscosity of about 
109 Pa s for an entanglement network, and even 
higher viscosities if the network is crosslinked. 107 
This point and the above discussion of the im
plications of Figure 72 have underlined the im
portance of research on small PHC-water sys
tems,281 based on a polymer science approach.30 
Synthetic high polymers, as well as many high
polymeric food materials, often suffer from the 
handicaps of unknown, polydisperse MW and 
MW distribution, and MWs above their entan
glement limit, in which case local viscosity is 
not equivalent to macroscopic viscosity. For such 
cases of MW s above the entanglement limit, a 
halving of MW results in a tenfold reduction in 
the macroscopic viscosity of the network. 107 (This 
behavior is illustrated, for a series of synthetic 
polymers, by the log-log plot of viscosity vs. 
MW in Figure 73.107 In this plot, the entangle
ment MW limit, coinciding with the critical linear 
DP required for intermolecular network forma
tion, corresponds to the point at which the slope 
changes abruptly.) In contrast, small PHCs have 
known, monodisperse values of MW, all below 
the entanglement limit, so that local viscosity is 
equivalent to macroscopic viscosity, and a halv
ing of MW results only in a halving of local 
viscosity (as also illustrated in Figure 73 for syn
thetic polymers with MWs below their entangle
ment limits).107 Such small PHCs offer a great 
variety and selection of glass-forming food. ma
terials for the study of water sorption and other 
aspects of non-equilibrium behavior. 30 
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FIGURE 73. Plot of log viscosity + constant vs. log MW + normalization constant for a 
series of synthetic polymers, illustrating the generic behavior of polymers with MWs above 
and below the critical DP required for intermolecular entanglement and network formation. 
(From Ferry, J. D., Viscoelastic Properties of Polymers, 3rd ed., John Wiley & Sons, New 
York, 1980. With permission.) 
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A complete mechanistic understanding of the 
water sorption process for a water-plasticizable 
polymer, and the resulting predictive capability 
that this would provide, would require definition 
of the dependence of sorption behavior on the 
independent variables of moisture content, tem
perature, time (in other words, on a three-di
mensional dynamics map, as described in the 
following section), and polymer MW (and dry 
Tg), and the dependent variable of the structural 
state of a water-plasticized polymer, in terms of 
its instantaneous Tg and d T, during sorption. It 
has been pointed out that, unfortunately, no sin
gle currently available sorption isotherm equa
tion, model, or theory is capable of such a com
plete description. 15 

2. Sorption Isotherms Transformed into 
a Water/Glass Dynamics Map 

Paakkonen and ROOS126 have recently illus
trated the value of an experimental approach that 
combined measurements of water sorption iso
therms and DSC measurements of Tg in an eval
uation of the physical stability of freeze-dried 
horseradish roots. They concluded from their 
study that "sorption data and thermal behavior 
should be combined and used to determine the 
proper drying and storage conditions for such 
carbohydrate food materials" . 126 

When DSC (or other thermal or mechanical 
analyses) instrumentation is not available, how 
can one "measure" glass curves for aqueous food 
systems? Illustrated below is a new experimental 
approach, whereby one can transform sorption 
isotherm data, based on RVP measurements as 
a function of temperature, into a water/glass dy
namics map. 

The first example of this approach utilizes 
the sorption data reported by WeisserB1 for apple 
pectin at temperatures of 25, 40, 60, and 80°C, 
shown in Figure 14A. As described earlier, the 
conventional data treatment illustrated the typical 
behavior of this amorphous substrate, Le., at a 
given water content, the observed RVP increases 
with increasing temperature. But one can treat 
these temperature-moisture content data in a dif
ferent way, as shown in Figure 65. One can take 
combinations of moisture content and tempera-
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ture that give the same value of observed RVP, 
and replot these data (as a series of iso-RVP 
contours) in the two dimensions of temperature 
and w% solids, compared to the corresponding 
temperature-moisture content location of a hy
pothetical glass curve for pectin (Figure 65 ac
tually utilizes the glass curve for hemicellulose 
in Figure 27). Figure 65 reveals that combina
tions of temperature and moisture content (in
creasing from bottom right to top left) that fall 
below the glass curve give observed RVPs ap
proaching zero. As the combinations of temper
ature and moisture content rise above the glass 
curve, the observed RVP increases. In this region 
of the map above Tg' but below Wg' (corre
sponding to the contours for iso-RVPs of >0.17 
to 0.89), the interaction of temperature- and 
moisture content-dependence with the time-de
pendence of the experiment increases, as evi
denced by those iso-RVP contours that are in
creasingly slanted and more nearly parallel to the 
glass curve. (All of the experimental tempera
tures are well above Tg', but the water contents 
corresponding to RVPs of 0.02 to 0.09 fall below 
both the effective Tg and the effective Wg.) Only 
for water content situations both above Tg' and 
at or above Wg' (which is estimated to be about 
25 w% water, from the glass curve for hemicel
lulose in Figure 27) does one observe RVPs near 
1.0 (Le., the 0.93 RVP contour, which is not 
slanted). 

The RVP data in Figure 65 were all obtained 
from water-uptake experiments that started out 
with essentially bone-dry pectin to which water 
was added. As noted earlier with respect to the 
ad/absorption isotherms for native starch in Fig
ure 16A, results of such sorption experiments can 
be misleading, because the bone-dry glassy solid 
behaves like an inert substrate at time zero. So 
let us re-examine and compare the resorption! 
desorption data reported by van den Berg43 for 
milled hard wheat at temperatures of 5, 25, and 
45°C, shown in Figure 13. As discussed earlier, 
classic hysteresis was observed between the iso
therms obtained by adding water to the bone-dry , 
partially crystalline glassy solid and by removing 
water from the wet substrate. In this second ex
ample of our new approach, we can once again. 
take combinations of moisture content and tem
perature (for both dehumudification and humid-



ification experiments) that give equivalent ob
served R VPs, and replot these data (as a series 
of iso-RVP contours) in the two dimensions of 
temperature and w% solids, compared to the cor
responding temperature-moisture content loca
tion of a hypothetical glass curve for wheat flour 
(Figure 74 actually utilizes a glass curve for the 
amylopectin component of native starch,21,23,26 
which is the major component of wheat flour), 
Like Figure 65, Figure 74 reveals that combi
nations of temperature and moisture content 
(whether from resorption or desorption) that fall 
below the glass curve give observed R VPs ap
proaching zero, while combinations of temper
ature and moisture content above the glass curve, 
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and particularly approaching and exceeding Wg' 
(=27 w% water), give observed RVPs approach
ing 1.0. In Figure 74, it is especially interesting 
to note the relatively inert behavior of the water
uptake system, as evidenced by those iso-RVP 
contours (i.e., 0.17 to 0.71) for resorption that 
are closer to the glass curve and less slanted than 
are the corresponding desorption contours. In the 
resorption experiment that starts with a mechan
ical solid substrate, it appears that not as high a 
temperature nor as high a moisture content is 
needed to produce the same observed R VP, be
cause at early sorption times, this glassy substrate 
is behaving like an inert system. This system (like 
those described earlier, i.e., native starch in Fig-
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FIGURE 74. Resorption and desorption isotherm data for milled 
hard wheat from Figure 13 (data adapted from Reference 43) 
transformed into a two-dimensional water/glass dynamics map 
of temperature vs. weight percent solids, on which are compared 
the relative locations of two series of iso-RVP contours (for re
sorption and desorption) and a schematic, "practical" glass curve 
for wheat flour-water, based on data for starch and 
gluten. 'B,25,43,49,5',94,99 
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ure 16A and cod in Figure 68) is so far from 
equilibrium172 that it is essentially inert at time 
zero. Eventually, as a result of increased tem
perature or increased moisture content, the sys
tem begins to be plasticized and reveal the lim
itation in diffusion that is so readily seen for the 
rubbery desorption system, during water removal 
from an already plasticized substrate above its 
glass curve. Thus, just because the resorption 
system looks like a steady-state system (in fact, 
it even begins to look like an equilibrium situa
tion, because such long times are required before 
any changes in behavior are seen), one should 
not confuse this situation with that of true equi
librium. We suggest that what one is actually 
observing is a system so far from equilibrium 
that one cannot wait long enough (not experi
mentally feasible) to see that the system is not at 
equilibrium, much less wait long enough to mea
sure true equilibrium RVPs. 

Our treatment in Figure 74 of van den Berg's 
classic sorption data illustrates the salient point 
that water is an effective plasticizer of starch and 
other food polymers, but the mere presence of 
water does not attest that plasticization has oc
curred. Thus, when one reads the following quote 
from Hoseney, 386 

"When starch is placed in water, the granule is freely 
penetrated by water, or for that matter, by most small mol
ecules. The starch can hold about 30% of its dry weight as 
moisture. The granule swells slightly; its increase is gen
erally considered to be about 5%. The volume change and 
water absorption are reversible, and heating the system to 
just below its gelatinization temperature will not bring about 
any other changes." 

one must be careful not to equate rapid penetra
tion (e.g., through pre-existing channels and 
voids) with rapid plasticization by water. In fact, 
plasticization at T < the initial Tg of a given 
substrate is slow, whereas plasticization occurs 
more rapidly at T > the initial Tg. This has been 
demonstrated most graphically by some remark
able swelling studies of PVC described by Sears 
and Darby. 109 It was found that several' 'common 
PVC plasticizers . .. would not swell an un
plasticized PVC sheet at room temperature in two 
years' time . . . Yet, all of the plasticizers swelled 
the rigid PVC sheet at 76°C, the approximate Tg 
of the resin. When the same PVC was hot-com-
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pounded with a plasticizer, cooled, and then im
mersed in various other plasticizers, it would im
bibe more plasticizer. " 

The above information and interpretations 
support the concept of time as a plasticizer, which 
depresses the Tg of a solute, just as water does. 
Water is extremely efficient as a plasticizer in 
the range where it is effective in practice, i.e., 
up to the level of Wg' for a given water-com
patible solute. In this range, 1 w% water can 
often depress Tg by 10 to 15°C; this extent of 
Tg depression is equivalent to that produced by 
a 3 orders-of-magnitude increase in time. Thus, 
in this range, water is more effective as a plas
ticizer than log time. However, when considered 
in isolation, there is no limit to plasticization of 
a solute by time. In contrast, when the operative 
time scale becomes short, water's ability to plas
ticize has a practical limit. For example, once 
ice forms in a solution during cooling to a given 
subzero temperature, this ice will not melt at this 
temperature, so this phase-separated water will 
not be able to diffuse back to plasticize the solute. 
Analogously, for a water-sensitive solute at its 
maximum extent of plasticization by water (e.g., 
lignin in Figure 27, with a resulting Tg > DoC 
at W = W g), once water in excess of W g is 
removed by phase separation at this Tg above 
DoC, this phase-separated water will also not be 
able to diffuse back to plasticize the solute upon 
further cooling. 

For those readers who find three-dimensional 
representations of data more intuitive, under
standable, and interpretable than two-dimen
sional ones, Figure 75 shows such three-dimen
sional representations of the two series of iso
RVP contours in Figure 74. Like Figure 74, Fig
ures 75A and B show contours of equivalent RVP 
going from zero to 1.0, in the concentration range 
of water from zero to Wg'. Comparing the re
sorption and desorption experiments, we see a 
greater effect of temperature on resorption than 
on desorption, i.e., there is a greater temperature
dependence for the addition of water to the dry 
substrate below its Tg than for the removal of 
water from the wet substrate above its Tg. For a 
given moisture content, only at the higher sorp
tion temperatures is the same RVP behavior ap-. 
pro ached during resorption as during desorption, 
i.e., the sorption behavior of the dry substrate is 
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FIGURE 75. A three-dimensional representation of the two series of iso-RVP contours in Figure 74, for the 
resorption (A) and desorption (8) isotherm data for milled hard wheat from Figure 13. The location of the 
three-dimensional desorption data from part 8 on the three axes in part C illustrates the fact that the observed 
RVP goes from zero to one in a very small region of moisture content from 0% moisture to Wg'. 

more sensitive to temperature. The most impor
tant feature of Figure 75 is revealed by the lo
cation of the three-dimensional desorption data 
from part B on the three axes in part C. Figure 
75C illustrates the fact that the experimentally 
observed RVP goes from zero to 1.0 in a small 
region of moisture content from 0% moisture to 
W g', i.e., a RVP of 1.0 is already reached by 
the time the moisture content reaches the W g' of 
only about 27 w% water. 

Despite the non-equilibrium nature of typical 

water sorption experiments, the measurement of 
such sorption data is a useful exercise, because 
without a DSC, one can, at least qualitatively, 
estimate the location of the glass curve on a two
dimensional mobility map of temperature and w% 
moisture, by the experimental approach illus
trated in Figures 65 and 74. In fact, one could 
even estimate the shape of the glass curve, if one 
had a few more temperature points and a few 
more sorption time points to add to the sorption 
data in Figures 65 and 74. 
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With respect to this last conclusion, evidently 
such analogous temperature-time data have al
ready been provided by Ferry, as shown in Figure 
76.107 Notice the strikingly similar appearance of 
the sorption data in Figures 65 and 74 and the 
data in Figure 76, for the storage compliance (a 
viscoelastic property related to creep in en
tangling high polymers) of a synthetic poly
mer in the transition zone between glasslike 
and rubberlike consistency, measured at 24 dif
ferent temperatures and 12 different frequencies 
(= times). Notice how the orientations ofthe iso
RVP contours in Figures 65 and 74, i.e., from 
nearly vertical below the glass ~urve, to most 
slanted in the rubbery region above the glass 
curve, back to nearly vertical well above the glass 
curve, faithfully mimic the orientations of the 
storage compliance isotherms in Figure 76, for 
an entangling high polymer (with a measured Tg 
of - 20°C, 107 corresponding to the conventional 
timescale of 200 S172,174) that, on the frequency 
scale of Figure 76, acts as a glassy solid at T < 
- 5°C (fot' which compliance is low and little
changing with frequency), but as a supra-glassy 
liquid at T > 120°C (for which compliance is 
high and again little-changing with frequency). 107 
Ferry has presented Figure 76 as a classic ex
ample of the fact that' 'it is in the transition zone 
between glass like and rubberlike consistency that 
the dependence of viscoelastic functions on tem
perature is most spectacular, just as is the de
pendence on time or frequency. "107 The data in 
Figure 76 were actually used by Ferry in the 
original development of the WLF equation. 101 

The new data treatment illustrated in Figures 
65 and 74 (which Ferry would characterize as a 
method of "viscoelastic corresponding states"I07) 
also reinforces our recognition of two critical facts: 

1. The relative partial pressure of water vapor 
in the gas phase of the sample headspace 
(colloquially referred to as "Aw") is cer
tainly not controlling the mechanical relax
ation rates and chemical reaction rates in 
the rubbery fluid phase or glassy solid phase 
of an aqueous sample matrix. Rather, the 
observed RVP is controlled by the temper
ature-moisture content location of the ma
trix relative to the location of its glass curve 
on the dynamics map. 
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2, Liquid water as a plasticizer, which in
creases the mobility of a multicomponent 
supra-glassy matrix, is the key to under
standing relaxation rates in restricted water 
environments. 

B. Microbiological Stability -
Germination of Mold Spores 

As introduced earlier by the results in Table 
2,14-16 a microbiological experiment demon
strated that the rates of germination of mold spores 
in different PHC solutions can be analyzed as a 
mechanical relaxation process that is governed 
by the translational mobility of water. 30 In tum, 
the local viscosity of individual supra-glassy PHC 
solutions at the experimental temperature, which 
was 50 to 95°C above their Tg' reference states, 
appeared to control the relative mobility of water. 
Results of the experiment revealed that the mo
bility of water in PHC-water solutions can be 
better understood and explained in terms of mo
bility transformations based on Tg', Wg', and 
the TmlTg ratios of PHC solutes of equal MW, 
rather than in terms of the measured RVP of the 
solutions. These results further demonstrated the 
undeniable technological importance of Tg', Wg', 
and TmlTg ratio as critical physicochemical pa
rameters for IMF systems. 30 These parameters 
enable us to extend our predictive capability be
yond the limitations imposed by characterizing 
IMF systems only in terms of total moisture con
tent and R VP. Moreover, as illustrated by the 
results described below, even such simple model 
aqueous food systems reveal the necessity of in
creased understanding of the underlying physi
cochemical principles that govern their behavior. 
For example, in comparison to fructose-only and 
glucose-only solutions, the results for the 1:1 
fructose:glucose mixture in Table 2 revealed that 
the thermal behavior of this mixture in concen
trated aqueous solution is controlled by fructose, 
whereas its mechanical behavior is controlled by 
glucose. 

As shown in Table 2, for the matched pair 
of fructose and glucose solutions at equal solute 
concentration, MW, and Tg', fructose produced 
a much less stable system in which the mold 
spores germinated much faster, even at slightly 
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lower RVP. Likewise for the matched pairs of 
fructose vs. glycerol, maltose vs. sucrose, and 
mannose vs. fructose, the solute with the lower 
ratio of TmJTg allowed faster gennination, re
gardless of RVP values. The TmJTg ratio is in
versely related to the intrinsic mobility of a solute 
in its glassy reference state. 30 The temperature 
difference (d T) between the experimental tem-

perature and Tg', and the moisture difference 
(d W) between the water content of the solution 
and Wg', account for the additional mobility of 
the experimental system above the reference 
state. 16 Thus, apparently due to the inherent mo
bility of a PHC in its glassy reference state and 
the lower local viscosity and so greater transla
tional mobility in its supra-glassy solution, water 

275 



"availability" was greater for fructose (TmlTg 
= 1.06) than mannose (TmlTg = 1.36) than 
glucose (TmlTg = 1.42) than glycerol (TmlTg 
= 1.62), and greater for maltose (Tm/Tg = 1.27) 
than sucrose (Tm/Tg = 1.43).30 Therefore, 
greater antimicrobial stabilization was observed 
for glycerol than glucose than mannose than fruc
tose, and for sucrose than maltose. The extraor
dinary system mobility and eventual water 
"availability" of fructose samples were mani
fested by the same fast germination time observed 
for solutions of 40 to 70 w% fructose and cor
responding RVPs of 0.98 to 0.70. Other note
worthy results in Table 2 involved the matched 
pairs of PVP-40 vs. methyl glucoside, malto
triose vs. mannose, and PVP-lO vs. fructose, for 
which Tg' appeared to be the predominant func
tional determinant. In each case, the solute of 
higher MW and Tg' manifested lower water 
"availability" in its supra-glassy solution (re
gardless of RVP values), and thus greater sta
bilization against germination. 

Importantly, these experimental germination 
results were in accord with the unusual behavior 
often observed for fructose in non-equilibrium, 
IMF systems75

•
76 and in solutions of similar RVP, 

in comparison to other more typical monomeric 
sugars like glucose and mannose, and polyols like 
glycerol. The microbiological data in Table 2 
supported the conclusion15

•
16 that the unusual be

havior of fructose in aqueous systems is related 
to its anomalously low TmlTg ratio (calculated 
based on its second, higher dry Tg) and resulting 
low T)g at Tg, and the concomitant high mobility 
of its dry glass and supra-glassy solutions. An 
analysis of the results in Table 2, in the context 
of the description of the WLF behavior of poly
mers with different TmlTg ratios discussed ear
lier with respect to Figure' 34, provided the fol
lowing key insight. 30 A concentrated fructose 
solution at 30°C would be about 70°C above its 
Tg' reference state. Such a supra-glassy fructose 
solution would exhibit anomalously low local 
viscosity at this temperature due to two factors 
related to the low TmlTg ratio of fructose. The 
magnitude of the WLF rubbery range is smaller 
for a lower TmlTg ratio, so that the fructose 
solution would exist as a liquid well above its 
WLF rubbery range. The local viscosity in the 
glassy reference state is lower for a lower TmI 
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Tg ratio, so that the viscosity of the fructose 
solution would be lower than could be accounted 
for by the temperature difference alone. In con
trast, at the same experimental temperature and 
almost the same temperature difference above 
Tg', supra-glassy solutions of glucose (TmlTg 
= 1.42) or mannose (TmlTg = 1.36), or even 
glycerol (TmlTg = 1.62), at a still greater tem
perature difference (95°C) above its Tg', would 
exist as higher-viscosity fluids within their WLF 
rubbery ranges. Thus, like the lower-viscosity 
fructose-water reference glass at Tg, the fructose 
solution well above Tg would be a much more 
mobile system than the corresponding glucose, 
mannose, and glycerol solutions. Consequently, 
a mechanical relaxation process dependent on 
translational diffusion, as exemplified by the ger
mination of mold spores, was able to occur more 
quickly in a fructose solution than in solutions 
of glucose, mannose, or glycerol of equal or 
higher RVP. It has been noted that the same 
apparent correlations among low local viscosity, 
fast translational diffusion, high translational mo
bility, short translational relaxation time, and low 
TmlTg ratio were suggested by the results in Ta
ble 2 for mold spore germination rates in small 
PRC-water systems at 50 to 95°C above Tg' as 
were suggested also from the analysis of trans
lational friction coefficients in Figure 72 for syn
thetic high polymers at 100°C above Tg.30 

As mentioned earlier, the 1: 1 fruc
tose:glucose mixture in Table 2 received special 
attention, because of its importance in many tech
nological applications, including IMFs, and be
cause of its significant contribution to the theo
retical interpretation of the non-equilibrium 
behavior of PRC-water systems. 30 The germi
nation time for mold spores in a concentrated 
solution of this mixture was much more like that 
of a solution of glucose alone than fructose alone, 
which indicated that the mechanical relaxation 
behavior of the solution mixture is quite similar 
to that of a glucose solution with respect to trans
lational mobility. A 20 w% solution of the mix
ture showed a Tg' intermediate between the val
ues for fructose and glucose, but a Wg' almost 
identical to the value for fructose alone. As dis
cussed earlier in the context of Figure 52, the 
glass curves of Figure 53 revealed that (l) the 
predominant conformer of fructose in its me-



chanically and spatially homogeneous vitrified 
aqueous solutions is the one responsible for the 
higher Tg value of dry fructose alone at lOOoe, 
and (2) the anomalously large value of W g' for 
aqueous solutions of fructose alone results from 
the free volume requirement for rotational mo
bility of this "anisotropic" fructose conformer. 30 
This important conclusion concerning the iden
tity of the predominant fructose conformer in 
aqueous fructose glasses was demanded by the 
recognition, gained from the vast literature for 
plasticized synthetic polymers 107, 109 and men
tioned earlier, that the glass curve always exhibits 
a smooth monotonic decrease in Tg with increase 
in plasticizer content expressed as a weight frac
tion (because free volume in the plasticized blend 
is additive or cumulative, depending on the dis
parity in MW, on a weight fraction basis), with 
no local maxima unless stoichiometric complexes 
arise in particular composition ranges. Thus, the 
mechanical behavior of the solution of the 1: 1 
mixture of glucose with fructose is dominated by 
the free volume requirements of the "aniso
tropic" fructose conformer, with respect to ro
tational mobility. As mentioned earlier, the me
chanically homogeneous dry glass obtained by 
melting a 1:1 mixture of [3-D-fructose and Ct-D

glucose exhibited only one Tg at 20oe, exactly 
intermediate between the Tg of dry glucose alone 
at 31°e and the Tg of the second conformer of 
dry fructose at 11 °e. It was suggested30 and sub
sequently inferred from the results of Finegold 
et al. 124 that the predominant fructose conformer 
in the mixed dry glass is the second, glucose
like or "isotropic" conformer, with the lower of 
the two Tg values of fructose. The mold spore 
germination time for the solution mixture was 
determined by its constrained translational mo
bility. The constraint was much greater than for 
a solution of fructose alone and somewhat less 
than for a solution of glucose alone. This con
strained translational mobility in the supra-glassy 
fluid was related to the single dry Tg of the mix
ture, which was much closer to that of glucose, 
with its higher value of TmlTg, than to that of 
the anomalous conformer of fructose, with its 
very low value of TmlTg. It was concluded30 that 
the apparent RVP of a concentrated PHe solution 
does not control system mobility and eventual 

water "availability", but is simply another di
agnostic manifestation, like the times required 
for spore germination, of the non-equilibrium 
translational relaxation behavior of the solution. 
It was suggested30 that (I) the anomalous fructose 
conformer is the predominant species in aqueous 
fructose glasses and in aqueous glasses of the 1: 1 
mixture of fructose and glucose, (2) the anom
alous fructose conformer is mechanically incom
patible with the glucose-like fructose conformer 
in the dry melt of fructose alone, and (3) the 
glucose-like fructose conformer is the predomi
nant species in the single dry glass of the 1: 1 
mixture. It was hoped that this speculative dis
cussion,30 which should have provided pregnant 
clues to one versed in the stereochemistry of small 
PHes, might provoke appropriate experimenta
tion with molecular modeling, NMR, and die
lectric relaxation techniques to explore the effects 
of concentration, temperature, and pressure on 
the nature and kinetics of conformational changes 
during melting and vitrification of dry PHe sys
tems and their aqueous solutions. 

In the field of food technology, comparisons 
of the technological properties of the three most 
readily available sugars, fructose, glucose, and 
sucrose, are important and topical. Especially for 
applications involving the moisture management 
ofIMFs, the choice between fructose and glucose 
to depress RVP and thus increase shelf-life is 
often controversial, confusing, and contradic
tory. 15,16 The situation has been summarized by 
the following paradoxical "truths" .75,76 In foods 
with limited total moisture, formulation on an 
equal weight basis with fructose rather than glu
cose typically results in a lower value of apparent 
RVP and greater storage stability, because the 
much greater solubility of fructose results in a 
greater effective concentration of fructose than 
glucose. However, if a product is formulated with 
glucose to achieve a certain RVP value that has 
been empirically demonstrated to provide stabil
ity with respect to a particular test microorganism 
(such as the IMF pet food product mentioned in 
Section II.A.3), then reformulation with fructose 
to the same RVP often produces a less stable 
product. This is so, because less fructose than 
glucose is required to achieve the same RVP, 
while, as illustrated by the mold spore germi-
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nation results in Table 2, at the same RVP, fruc
tose solutions are less stable than glucose 
solutions. 

Since the colligative depression of the equi
librium water activity is the same for infinitely 
dilute solutions of fructose and glucose, the tra
ditional approach to the fructose vs. glucose par
adox has been to question why the observed RVP 
of a fructose solution of finite or high concen
tration is significantly lower than that of a glucose 
solution of equivalent concentration, as illus
trated by the sorption isotherms in Figure 77 A. 75 

A further comparison of the glass curves in Fig
ure 53 has led to the conclusion30 that a concen
trated fructose solution is anomalous, because its 
RVP is not depressed enough relative to that of 
glucose. In other words, one needs to ask the 
opposite question - why is the RVP for a fruc
tose solution so high, for such a small vector 
above its glass curve? For the technologically 
practical case of a 50 w% solution at room tem
perature, the temperature differential (dT) or the 
water differential (d W) above the reference glass 
curve in Figure 53 is much smaller for fructose 
than for glucose. 3o One would therefore expect 
the translational mobility of water in the fructose 
solution so close to its glass curve to be more 
restricted (i.e., lower RVP) than it appears to be. 
lt has been suggested30 that the explanation lies 
in the anomalously large free volume requirement 
for rotational mobility in the supra-glassy fluid 
(as reflected in the very low value of TmlTg 
ratio), which results in anomalously low local 
viscosity. Thus, translational diffusion in the su
pra-glassy fructose solution is very rapid (relative 
to that in the solution of glucose, with its much 
higher TmlTg ratio), and the depression of its 
non-equilibrium RVP is less than expected. 

Like the two monosaccharides, fructose and 
glucose, the two low MW polyols, propylene 
glycol and glycerol, are frequently employed as 
moisture management agents in IMFs. On what 
physicochemical basis can one best choose be
tween these two polyols for IMF applications? 
As illustrated by the room temperature sorption 
isotherms in Figures 77 A and B, 75 the relation
ship between the sorption behavior of propylene 
glycol and glycerol is analogous to that between 
fructose and glucose. The observed RVP of a 
propylene glycol solution of finite or high con-
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centration is significantly lower than that of a 
glycerol solution of approximately the same con
centration. We suggest that the basis for the dif
ference in sorption behavior between the two po
lyols is also analogous to that for the two 
monosaccharides. As is the case between fructose 
and glucose, propylene glycol has a much lower 
TmlTg ratio (i.e., 214 Kl169 K245 = 1.27) than 
does glycerol 0.62). As is also the case between 
fructose and glucose, propylene glycol has a 
higher value of Wg' (56 w% water) than does 
glycerol (46 w% water), but their Tg' values are 
very similar (-67.5 vs. -65°C). Thus, for so
lutions of propylene glycol and glycerol of equal 
solute concentration (and corresponding moisture 
content, W>Wg') at 25°C, the dT above the Tg' 
reference state is about the same for both polyols 
(i.e., 92.5 vs. 90°C), but the dW above the Wg' 
reference state is lower for propylene glycol than 
for glycerol. As shown by the sorption isotherms 
in Figure 77, the relative positions of these RVP
moisture content profiles evidently also depend 
on Wg', in addition to Tg', such that, for equiv
alent dT above Tg', RVP is directly related to 
d W above Wg'. Thus, for propylene glycol, as 
for fructose, lower d W is manifested as lower 
RVP, while for glycerol, as for glucose, higher 
d W is manifested as higher RVP, at the same 
total water content. We conclude that situations 
of anomalously low values of dW (e.g., pro
pylene glycol and fructose) can arise when the 
ratio of TmlTg is anomalously low. It should be 
noted, however, that, as in the case of fructose 
vs. glucose with respect to mold spore germi
nation in Table 2, a lower RVP at an equivalent 
solute concentration does not correlate with 
greater microbiological stability for propylene 
glycol vs. glycerol. In fact, as demonstrated by 
the germination results for fructose vs. glucose, 
at the same T, W, and dT above Tg', lower TmI 
Tg ratio and lower d W above W g' are predictive 
of poorer microbiological stability, despite lower 
RVP, for propylene glycol than for glycerol. This 
prediction is consistent with the empirical finding 
for the example of the IMF pet food product 
described in Section ILA.3. In that case, the orig
inal product, formulated with a "water binder" 
combination of glucose + glycerol, was deter
mined to be microbiologically safe and stable at 
an empirical "Aw" specification of :50.92. When 
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the product was refonnulated and the "safe" 
combination of glucose + glycerol was replaced 
by a fructose + propylene glycol combination 
to achieve the same" Aw" specification, the new 
product spoiled catastrophically. 

C. Enzymatic Activity 

1. Prevention of Enzymatic Activity in 
Amorphous Media at T < Tg 

Enzyme-substrate interactions in amorphous 
aqueous media have been demonstrated to rep
resent an example of a diffusion-limited chemical 
reaction that can be characterized as a collapse 
process governed by Tg and dependent on plas
ticization by water. 8 Such diffusion-limited en
zymatic activity, which can only occur at T>Tg, 
is potentially important in many food applications 
that cover the entire spectrum of processing/stor
age temperatures and moisture contents, and is 
especially relevant to the issue of product shelf
life. For example, recent reports have docu
mented (1) the significant reductions in quality 
and shelf-life that can be caused by residual en
zymatic activity during frozen storage of cod fil
lets,312 parsley/II cauliflower,315 and green 
beans;3I3 (2) the finding that the extent of product 
deterioration caused by enzymatic reactions in
creases with increasing freezer-storage temper
ature;311,312 (3) the complementary finding that 
enzymatic reaction rates and the corresponding 
rates of quality loss increase with increasing Tf;312 
and (4) the unexplained finding312 that the de
pendence of enzymatic reaction rates in cod fillets 
on Tf could not be predicted by the Arrhenius 
equation, as evidenced by non-linear Arrhenius 
plots. As described earlier in Table 9, examples 
exist which elegantly illustrate the fact that en
zymatic activity is suppressed in low-moisture 
glassy solids at T < Tg,54 and in frozen systems 
at T < Tg', 8 but commences in a rubbery fluid, 
at T>Tg or Tg' .314 Examples of frozen vegeta
bles that have recently been reported to show 
significant enzymatic activity and resultant qual
ity loss during freezer storage (at a Tf above our 
measured value of Tg') include cauliflower315 (at 
Tf (- 20°C»Tg' (- 25°C» and green beans313 

(at Tf (-23°C»Tg' (-27.5°C».39 
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Studies by Bone and Pethig86,368 of the dy
namics of lysozyme activity, involving the hy
dration offreeze-dried lysozyme powder at 20°C, 
showed that, at 20 w% water, lysozyme becomes 
sufficiently plasticized, so that measurable en
zymatic activity commences. Their results were 
interpreted as follows. 8 A diffusion-limited en
zyme-substrate interaction is essentially prohib
ited in a partially glassy solid at T < Tg, but 
sufficient water plasticization depresses the Tg 
of the lysozyme-containing medium to below 
20°C, allowing the onset of enzymatic activity in 
a rubbery lysozyme solution at T>Tg, the thresh
old temperature for activity. This interpretation 
was consistent with results of related studies of 
"solid glassy lysozyme samples" by Poole and 
Finney,332,333,367 who noted conformational 
changes in the protein as a consequence of hy
dration to the same 20 w% level, and were 
"tempted to suggest that this solvent-related ef
fect is required before (enzymatic) activity is pos
sible." Morozov et al. 87 studied the water de
sorption behavior and corresponding mechanical 
properties of amorphous lysozyme films at 25°C, 
and reported a sudden increase in modulus, at
tributed to an increase in the rigidity of lysozyme 
molecules (corresponding to a loss of enzymatic 
activity), at moisture contents <0.22 g water/g 
protein. Work by Morozov and Gevorkian l75 also 
revealed the critical requirement of low-temper
ature glass transitions for the physiological ac
tivity of lysozyme and other globular proteins 
plasticized by water. 

Within a context of cryostabilization tech
nology, such enzyme-substrate interactions in 
frozen food systems depend on the relationship 
between Tf and Tg' (as illustrated in Figure 63).8 
Tg', representing the threshold temperature for 
the onset of enzymatic activity in a frozen me
dium, depends in turn on the composition of a 
particular product, in tenns of the average MW 
of the water-compatible solids. Rates of enzy
matic reactions would be predicted to increase 
exponentially with the dT between Tf and Tg' ,314 
as dictated by WLF, rather than Arrhenius, 
kinetics. 32,39 

The prevention of enzymatic activity at T < 
Tg' has been demonstrated experimentally in vi
tro in a maximally frozen model system con
sisting of glucose oxidase, glucose, methyl red, 



and bulk: solutions of sucrose, a 10 DE malto
dextrin, and their mixtures, which provided a 
range of samples with known values of Tg' .8 The 
enzymatic oxidation of glucose produces an acid 
that causes a diagnostic color change from yellow 
to pink in the reaction mixture. Samples with a 
range of Tg' values from - 9.5 to - 32°C were 
stored at various temperatures: 25, 3, -15, and 
- 23°C. All samples were fluid at the two higher 
temperatures, while all looked like colored blocks 
of ice at - 15 and - 23°C. However, only sam
ples for which the storage temperature was above 
Tg' turned pink. Even after 2 months storage at 
- 23°C, samples containing maltodextrin, with 
Tg'> -23°C, were still yellow. Frozen samples 
that turned pink, even at - 23°C, contained a 
concentrated, substrate- and enzyme-enriched 
fluid surrounding the ice crystals, while in those 
that remained yellow, the non-ice matrix was a 
glassy solid. Significantly, enzymatic activity was 
prevented below Tg', but the enzyme itself was 
preserved (via cryostabilization with a low DE 
SHP) rather than inactivated during storage. When 
yellow samples were thawed, they quickly turned 
pink. As a necessary extension of this qualitative 
experiment, future studies of quantitative en
zyme-substrate reaction rates, as a function of 
d T between Tf and Tg' , in frozen model systems 
containing a variety of cryostabilizers and/or cry
oprotectants would be quite informative. 33 

2. Unfolding of Native Globular Enzymes 
and Proteins at Subzero Temperatures 

"Cold denaturation or inactivation" of na
tive globular enzymes and proteins is a topic of 
much current interest in the protein litera
ture. 5,387,388 The term is used to describe a co
operative, fully thermoreversible inactivation 
process, common to many enzymes and proteins 
in concentrated aqueous systems, involving dis
ruption of the native structure by cooling, either 
due to a conformational transition involving dis
sociation of multiple peptide subunits or unfold
ing of a globular polypeptide chain. 5 Cold-in
duced unfolding has been conceptualized as an 
all-or-none, two-state, first-order phase transition 
from compact globule to disordered coil,387,389 
where the denatured, flexible-coil state has been 

modeled by PVP in aqueous solution at subzero 
temperatures. 390 Recently, direct experimental 
studies have been reported of cold inactivation 
in undercooled (or freezing-point depressed) solu
tions at subzero temperatures, involving subunit 
dissociation of lactate dehydrogenase,391 and un
folding of chymotrypsinogen392 and metmyoglo
bin. 389 In the chymotrypsinogen study, an emul
sion droplet technique was employed to achieve 
substantial undercooling of aqueous solutions and 
maintain the inherent mobility of the liquid state, 
while in the work on lactate dehydrogenase, the 
same requirement of liquid state mobility was 
achieved through the use of a "cryosolvent" with 
significant colligative freezing point depression. 
Both experimental approaches permitted a cold
induced conformational transition to occur by a 
process entirely different from that of "freeze
denaturation" of proteins in freeze-concentrated 
solutions.387,391 In the case ofthe cold-dissociated 
multisubunit enzyme, a low degree of enzymatic 
activity was retained. 391 Cold denaturation is sim
ilar in some but different in other thermodynamic 
aspects387 to the more familiar high-temperature 
"thermal" or "heat denaturation" of native 
globular proteins, 5 a phase transition (analogous 
to crystal melting) typically analyzed by DSC 
measurements of concentrated solutions or hy
drated crystals (as exemplified by the method
ology of Sochava et al. 393). However, while cold 
denaturation is not subject to the typical irrev
ersibility caused by rapid aggregation immedi
ately following unfolding that characterizes heat 
denaturation (and often leads to so-called "heat
set gelation") of many proteins in concentrated 
aqueous systems,393 cold denaturation does man
ifest an unusual temperature hysteresis effect in 
the unfolding/refolding392 and dissociation/reas
sociation processes. 391 

Reversible cold inactivation of proteins might 
have practical relevance387 and offer potential 
benefit to commercial food processes such as 
blast-freezing of frozen products or freeze-drying 
of concentrated aqueous systems. In such pro
cesses, a significantly undercooled metastable 
liquid state might persist for a time long enough 
to allow cold inactivation to occur, although it 
has been suggested that such native/denatured 
transformations at subzero temperatures may be 
slow, kinetically governed changes. 388 Despite 
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this qualification, it has been stated that "low 
temperature denaturation could probably be used 
to enhance the storage stability of protein con
centrates and may offer an attractive alternative 
to lyophilization". 391 These workers also noted 
that, "for practical applications, such as long
term storage, a reversible low-temperature in
activation, aided by cryosolvents, would appear 
to be a highly desirable process" . 39! (This group 
has subsequently demonstrated the long-term sta
bilization, via substantial undercooling of solu
tions utilizing the emulsion droplet technique, of 
proteins subject to cold inactivation. 394) In con
trast, the significant undesirable' consequences of 
irreversible freeze-denaturation of proteins (e.g., 
the syneresis due to protein denaturation in frozen 
meats) during ordinary frozen food processing 
are familiar. However, a potential remedy in cer
tain cases of this type of damage could involve 
the use of low MW solutes (e.g., sugars and 
polyols), which are well known as stabilizers of 
native proteins against heat denaturation, and have 
been suggested (on the same physicochemical 
basis as used to explain the functional properties 
of food cryoprotectants l5) to be capable of play
ing the same role against freeze denaturation. 5 

Their protective effect, which has been attributed 
to their ability to "maintain the hydration shell 
of a protein under conditions of lowered water 
activity", has been noted to be "reflected in the 
application of sugars during industrial spray and 
freeze drying operations" . 5 

D. Inhibition of Collapse Phenomena 
with Saccharide Polymers 

1. Entanglement and Network Formation 
-Network Tg 

There is a profound technological importance 
of MW s above the entanglement MW limit, as 
illustrated earlier for commercial SHPs (as a model 
for other homologous families of amorphous sac
charide oligomers and polymers) by the structure
function relationships defined by the entangle
ment plateau in Figure 44.8,27 Ferry107 has de
scribed the generic behavior observed for all pol
ymer systems with respect to the relationships 
between linear DP of the backbone chain, pol-
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ymer concentration, and viscosity. MW is a rel
ative measure of linear DP of the primary chain 
when the polymer has a uniform structure along 
its entire length. At any given concentration, there 
is a minimum DP required for entanglement and 
network formation. For very dilute solutions (such 
that the solution viscosity, measured as a relative 
flow rate, is similar to that of the solvent alone), 
high MW polymers are necessary to form gels 
or networks (characterized by very high macro
scopic viscosity, measured as a relative firm
ness). For example, 1.5 w% gelatin solutions in 
water can form firm gel networks (which exhibit 
resistance to dehydration, due to mechanical re
sistance to shrinkage), through entanglement fol
lowed by crystallization of junction zones, if the 
linear DP is 2:1000 (MW 2: 105).239 Similarly, 
1.5 w% amy lose solutions in water can form firm 
gel networks if the linear DP is about 3000 (Mw 
= 5 x 105).211,273 At intermediate chain lengths, 
greater concentrations of chains are required for 
entanglement and network formation. In the case 
of SHPs, such as the low DE maltodextrins pat
ented for partially crystalline, fat-mimetic 
gels, 266,267 ,272 concentrations must be increased to 
at least about 20 to 25 w% in water (i.e., typical 
of Cg' of the freeze-concentrated glass at Tg') 
as linear DP is decreased to approach 18 glucose 
units (MW = 3000).15,27 In contrast, oligomers 
of hydrolyzed gelatin (peptones) or hydrolyzed 
starch (com syrup solids or higher DE malto
dextrins with MW :$ 3000) are incapable of gel 
network formation via entanglement at any con
centration. 15,24,27 However, recrystallization of 
such oligomers can occur due to concentration 
above the saturation limit or to a change of sol
vent. For carbohydrate polymers based on pri
mary chains of 0:-1,4 glucans, the critical DP 
required for network formation via entanglement 
is 2: 18. 

Network formation, especially in the absence 
of crystallization, depends on the ability of flex
ible chains to entangle. 107 (The contribution of 
crystallization to network formation and gelation, 
described earlier in Section III.A.6, is discussed 
further below in the specific context of saccharide 
polymers, with respect to the question - When 
is retrogradation synonymous with recrystalli
zation and with gelation?) One convenient di
agnostic test for entanglement relies on the fact, 



previously illustrated in Figures 24 and 44, that 
the Tg values of a homologous family of poly
mers increase with increasing linear DP up to the 
chain length sufficient to allow entanglement. 
Entanglement networks consist of inter-node 
chains and network junction zones (nodes) that 
are transient topological constraints to chain mo
tion. The probability of formation of (non-crys
talline) junctions depends on chain length and 
concentration. The greater the number of junc
tions, the shorter the inter-node chain length (for 
a fixed parent chain length). Thus, there is a 
limiting length for any chain that exhibits trans
lational freedom, and a limiting molecular Tg for 
that DP. 

A second important diagnostic test for en
tanglement was illustrated earlier in Figure 73. 
For undiluted polymers or for polymer solutions 
studied at constant total concentration, a critical 
chain length can be demonstrated, above or be
low which the dependence of viscosity on MW 
changes dramatically. 107 Above the critical chain 
length, entanglement results in a drastic sensitiv
ity of viscosity to chain length. In the absence 
of entanglement, chains shorter than the critical 
length show solution behavior with relative in
sensitivity of viscosity to chain length. The to
pological constraints of the (non-crystalline) en
tanglement network are not due to any particular 
chemical interactions (such as hydrogen bonds 
or dipolar or charge interactions) nor to any par
ticular structural features. As demonstrated in 
Figure 73, entanglement is a generic behavior of 
polymers of sufficient chain length and can be 
seen equally in poly (ethylene glycol) and in non
polar, structurally featureless polymers such as 
poly(isobutylene). The important lesson to be 
learned from Figure 73 was alluded to earlier. In 
the region ofMW above the critical DP, the slope 
oflog viscosity vs. log MW is 3.4. In this region, 
cutting molecules (e.g., SHPs) ofDP 300 in half, 
to obtain the same total concentration of mole
cules with DP 150, would result in a dramatic 
tenfold reduction in viscosity. In contrast, in the 
absence of entanglement, the slope of log vis
cosity vs. log MW in the region below the critical 
DP is 1. In this region, cutting molecules of DP 
::S 18 in half would result in only a twofold re
duction in viscosity. 

In the context of starch retrogradation as 

a collapse process included in Table 9, retro
gradation of gelatinized starch involves the re
crystallization of both amylopectin and amy
lose. 61 ,63,65,215,219,221,395 It has been demonstrated 

for SHPs that the minimum linear chain length 
required for intermolecular entanglement upon 
concentration to Cg' corresponds to DPn = 18 
and Mn = 3000.8 Sufficiently long linear chain 
length (DPn 2: 15 to 20) has also been correlated 
with intermolecular network formation and ther
moreversible gelation of SHPS I5,18,27,271,275 
and amylopectin,92 and with starch (re)cry
stallization. 92,215,218,221,396 It has been suggested 

that, in a partially crystalline starch, SHP, or 
amylopectin gel network, the existence of ran
dom interchain entanglements in amorphous re
gions and "fringed micelle" or chain-folded mi
crocrystalline junction zones271 each represents a 
manifestation of sufficiently long chain length. 8 

This suggestion was supported by other 
work211.215,273,397 that has shown that amylose gels, 
which are partially crystalline,396 are formed by 
cooling solutions of entangled chains. For aqueous 
solutions of both high MW amylose211 ,214,273 and 
amylopectin,92,398 intermolecular entanglement 
and network formation have been evidenced by 
log-log plots of viscosity vs. concentration with 
a characteristic break in the curve (analogous to 
the break in the curves of log viscosity vs. log 
MW for the synthetic polymers shown earlier in 
Figure 73), such that the slope of the linear por
tion above the so-called "coil overlap" concen
tration is steeper than the slope of the other linear 
portion at lower concentrations. From such a plot, 
Miles et al. 211 have identified a critical minimum 
concentration (2:1.5 w% amylose) for entangle
ment of high-polymeric amylose (Mw = 5 x 
105). These workers have stated that amylose 
gelation requires network formation, and this net
work formation requires entanglement, and they 
have concluded that "polymer entanglement is 
important in understanding the gelation of amy
lose" . 211 A more recent study of aqueous amy
lose gelation by Gidley et al., 212-214 using nearly 
monodisperse amyloses of DP 250-2800, has 
identified a somewhat lower critical gelling con
centration of =1.0 w%. This finding has been 
corroborated in a subsequent rheological study 
by Doublier and Choplin. 397 Gidley et al., while 
accepting the concept of intermolecular entan-
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glement in "semi-dilute" amylose solutions ad
vanced by Miles et al. ,2I1 have suggested that the 
lower gelling concentration of 1.0 w% results 
from the predominant contribution of crystalline 
junction zone formation to the gelation mecha
nism for amylose.212-214 

The time-dependent gelation of amylose from 
dilute aqueous solution is generally agreed to oc
cur in two stages: a relatively fast but finite stage 
due to viscoelastic network formation via entan
glement (which is reversible by dilution but not 
thermoreversible); followed closely by a slower, 
but continually maturing, crystallization (in a 
chain-folded or extended-chain morphology) pro
cess (which is thermoreversible above 
100°C).92,211,215,217,220,221,273,397,399 In contrast, in 

partially crystalline, thermoreversible (below 
100°C), aqueous amylopectin gels, viscoelastic 
network formation (which is relatively slow and 
time-dependent) is more closely related to the 
presence of microcrystalline junctions than to en
tanglements, although entanglement does oc
cur. 92,218,221 Since most normal starches are 70 to 
80% amylopectin,4°O their gelatinization and re
trogradation processes are dominated by the non
equilibrium melting and recrystallization behav
ior of amylopectin,17,18,20,63,65,219 although con-
tributions due to amylose can be ob
served. 232,395,397 Generally, the early stages of 
starch retrogradation are dominated by chain
folded amylose (of DP from about 15 to about 
50 and fold length about 100 A92,221,401); the later 
stages by extended-chain amylopectin94 outer 
branches (of DP about 12 to 1692,402).18.20 

Experimental evidence, which supports these 
conclusions about the thermoreversible gelation 
mechanism for partially crystalline polymeric gels 
of starch, amylopectin, amylose, and SHPs, has 
come from DSC studies,20 the favored technique 
for evaluating starch retrogradation. 207 Analysis 
of 25 w% SHP gels, set by overnight refrigera
tion, has revealed a small crystalline melting en
dotherm with Tm = 60°C,15 similar to the char
acteristic melting transition of retrograded B-type 
wheat starch gels. 20 Similar DSC results have 
been reported for 20 w% amylopectin (from waxy 
maize) gels. 216,218 The small extent of crystallin
ity in SHP gels can be increased significantly by 
an alternative two-step temperature-cycling ge
lation protocol (12 h at O°C, followed by 12 h at 
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40°C),18,20 adapted from the one originally de
veloped by Ferry239 for gelatin gels, and subse
quently applied by Slade et al. 36 to retrograded 
starch gels. In many fundamental respects, the 
thermoreversible gelation of aqueous solutions of 
polymeric SHPs, amylopectin, amylose, and ge
latinized starch is analogous to the ge1ation-via
crystallization of synthetic homopolymer and co
polymer-organic diluent systems, described ear
lier in Section III.A.6.20 For the latter partially 
crystalline gels, the possibly simultaneous pres
ence of random interchain entanglements in 
amorphous regions 146 and microcrystalline junc
tion zones 195 has been reported. However, con
troversy existsl46.195 (as it also does for the case 
of amylose21l.212-214.397) over which of the two 
conditions (if either alone) might be the necessary 
and sufficient one primarily responsible for the 
structure-viscoelastic property relationships of 
such polymeric systems. Part of this controversy 
could be resolved by the simple dilution test men
tioned earlier,198 which could also be applied to 
polysaccharide gels (e.g., amylose); entangle
ment gels can be dispersed by dilution at room 
temperature, microcrystalline gels cannot be when 
room temperature is <Tm.15 

In the context of SHPs as inhibitors of col
lapse processes, it is worth mentioning that the 
literature on SHPs as anti-staling ingredients for 
starch-based foods (reviewed elsewherel8,20) in
cludes a report by Krusi and Neukom403 that (non
entangling) SHP oligomers of DPn 3 to 8 (i.e., 
within the intermediate region II of Figure 44) 
are effective in inhibiting, and not participating 
in, starch recrystallization. 

An important consequence of entanglement 
and network formation is the effect on the Tg 
that determines all diffusion-limited structural and 
mechanical relaxation processes of the system. 
As shown schematically in Figure 78, while the 
molecular or segmental Tg remains constant above 
the entanglement MW limit, the networkTg, i.e., 
the macroscopic, controlling Tg of the supra
molecular network (that would affect Instron 
measurements of the modulus for instance), con
tinues to increase with increasing MW above the 
entanglement MW, because of the increased 
probability of crosslinks.I46.205 This fact has ma
jor structural and textural implications for food 
polymer systems, because such systems with 
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FIGURE 78. Schematic plot of Tg (or Tg') vs. molecular weight 
(modeled after the data plot for SHPs in Figure 44), which illustrates 
that, while the segmental Tg remains constant with increasing MW 
for MWs above the entanglement limit, the network Tg continues 
to increase monotonically with increasing MW above the entangle
ment MW limit. 

MWs above the entanglement limit are capable 
of forming fibers, networks, and gels: i.e., mac
roscopic structures that can reinforce and support 
their own weight against gravity. An example 
mentioned earlier in Section III.A.6, but now 
noteworthy in a more fully developed context, is 
the gelatinized wheat starch-gluten matrix of 
baked bread. The effective network Tg respon
sible for mechanical firmness of freshly baked 
bread would be near room temperature for low 
extents of network formation (i.e., the contri
bution due to low extents of starch retrograda
tion), well above room temperature for mature 
networks (i.e., greater extents of retrogradation), 
and equivalent to Tgel near 600e for staled bread 
(i.e., fully retrograded B-type wheat starch), even 
though the underlying Tg for segmental motion 
(of either starch or gluten at plasticizing moisture 
contents >Wg'), responsible for the predominant 
second-order thermal transition, remains below 
ooe at Tg'. 25 

2. Saccharide Oligomers and Polymers 
as Moisture Management Agents 

The relationship between the solute concen
tration and linear DP requirements for entangle
ment and network formation, and its resultant 

effect on Tg (molecular vs. network), also has 
important implications for moisture management 
by saccharide oligomers and polymers. As ex
emplified for the homologous family of amor
phous glucose oligomers and polymers repre
sented by the commercial SHPs in Figure 44, 
there are three distinguishable regimes of mois
ture management, which are analogous to the 
three regions of Tg vs. MW behavior shown in 
Figure 24 and mirrored in Figure 44. Aspects of 
moisture management relevant to these three re
gimes of functional behavior include hydration, 
freezing, drying, moisture migration, and bio
logical stability. The first regime includes non
entangling solutes of linear DP < 3. For such 
small sugars at a given water concentration, this 
moisture management regime is characterized by 
low apparent (non-equilibrium) RVP, very large 
osmotic driving force to take up water, low local 
viscosity, and only a small barrier to local trans
lational and rotational diffusion. The second re
gime, for non-entangling solutes of DP = 3 to 
17, is characterized by high apparent RVP, small 
osmotic driving force to take up water, high local 
viscosity, and a large barrier to local translational 
and rotational diffusion. The third regime, for 
entangling solutes of DP ~ 17, is characterized 
by very high apparent RVP, very large local os
motic driving force to swell, very low local vis-
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cosity, and essentially no barrier to local trans
lational and rotational diffusion. In this context, 
it is interesting to note that our finding of DPn 
= 18 for the minimum DP for entanglement and 
network formation by commercial SHPs, a result 
identified fr,om the polymer characterization 
analysis represented by Figure 44, has been con
firmed by a revealing finding recently reported 
by Radosta et al. 275 From their study of the water 
sorption behavior of maltodextrins, they con
cluded that "the transition between "polymer" 
and "oligomer" behavior under sorption con
ditions is located in the region of DPn values 
between 60 and 16. In this DPn region, the shift
ing from restricted swelling (by what Radosta et 
al. refer to as a "sorption gel") to solution under 
sorption conditions takes place. "275 

A conceptual representation of the three re
gimes of moisture management is shown in Fig
ure 79. For a given temperature (e.g., room tem
perature) and time (e.g., a practical experimental 
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FIGURE 79. Conceptual representation of the three 
regimes of moisture management by a homologous 
family of saccharide polymers (e.g., the SHPs in Figure 
44): (I) at T ~ Tg of a concentrated solution of non
entangling saccharide oligomers of linear DP :s 3; (II) 
at T > Tg of a less-concentrated solution of non-en
tangling saccharide polymers of linear DP = 3 to 17; 
(III) at network Tg > T > Tg of a dilute solution (but 
above the critical concentration for entanglement) of 
entangling saccharide high polymers of linear DP ~ 
17. 
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time frame), T is well above Tg for concentrated 
solutions of regime I solutes, and such a system 
would be subject to viscous liquid flow due to 
gravity. In regime II at T > Tg, apparent RVP 
is not depressed as much as in regime I, because 
there are fewer solute molecules in solution. 
However, their higher linear DP results in higher 
local viscosity, which in turn results in a larger 
barrier to local diffusion and reduced viscous liq
uid flow due to gravity. In regime III (for a solute 
concentration high enough to allow entangle
ment), at network Tg > T > molecular Tg, there 
is elastic resistance to flow, and the gel is able 
to support its own weight against the force of 
gravity. In this regime, there is essentially no 
barrier to local diffusion, so a small molecule 
such as water or a dye molecule can diffuse freely 
in the gel network. 181 Hence, regime III manifests 
very high apparent RVP. Despite this, however, 
there is a very large local osmotic driving force 
to take up water, not only via hygroscopicity but 
via swelling, the latter due to the mechanical 
resistance of the entangled network to shrinkage. 
This mechanical resistance to shrinkage, which 
is analogous to hydraulic resistance to water re
moval, has an effect on the local chemical po
tential of the solvent, analogous to an addition 
to the osmotic pressure. 373 Thus, while there is 
a very large driving force to take up water via 
swelling in regime III, and a normal, classic os
motic driving force to take up water via hygro
scopicity in regime I, there is a much lower driv
ing force to take up water via classic osmotic 
pressure effects in regime II, because of the ab
sence of a swelling force due to entanglement. 

To illustrate the consequences of the three 
regimes of functional behavior of saccharide 
moisture management agents, one could use re
sults from, for example, drying or freezing ex
periments. Drying and freezing are equivalent 
diffusion-limited processes in the sense that both 
involve removal of water via phase separation; 
in drying by increasing the temperature to pro
duce water vapor and in freezing by decreasing 
the temperature to produce ice. Muhr and 
Blanshard404 have measured the relative rates of 
linear ice front advancement at subzero temper
atures in aqueous solutions of 35 w% sucrose 
with and without added polysaccharide "stabi
lizers". Their results showed conclusively that 



the rates depend critically on the presence or ab
sence of a gel network, even for exactly the same 
formulation. For the solution of sucrose alone at 
T ~ Tg' (regime 1), the relative rate of ice front 
advancement was 6.0. (It would have been es
sentially zero 'at T < Tg'.) At the same temper
ature, the rate was 4.1 in a sucrose solution con
taining 0.75 w% non-entangling (i.e., non
gelling) Na alginate (regime II), but only 1.0 in 
a sucrose solution containing 0.75 w% entangling 
(i.e., gelling) Ca alginate (regime ill). Thus, when 
there was a hydraulic resistance to water removal, 
due to the resistance of the Ca alginate gel net
work to shrinkage, the rate of ice frc;mt advance
ment was dramatically reduced. 

By analogy to other moisture management 
problems involving diffusion-limited processes 
(e.g., "Aw" control, textural stabilization), en
tangling, network-forming saccharide high poly
mers from regime III can be used as functional 
additives to retard moisture migration in baked 
goods, retain crispness of breakfast cereals, and 
reduce sogginess of pastries and pie crusts. 

3. WLF Kinetics of Collapse Processes 
in Rubbery Frozen Products 

For the cryostabilization of real frozen food 
products such as ice cream (with desirable smooth, 
creamy texture) against ice crystal growth over 
storage time (at Tf > Tg'), inclusion of poly
meric cryostabilizers such as low DE maltodex
trins elevates the composite Tg' of a mix of sol
uble solids that is typically dominated by low 
MW sugars. 8,32 In practice, a retarded rate of 
migratory ice recrystallization ("grain growth" 
of pre-existing ice crystals )240 at Tf and an in
crease in observed Tr result. Such behavior has 
been documented in several "soft-serve" ice 
cream patents. 37,38,405 In such products (and in a 
variety of other frozen foods and aqueous model 
systems), ice recrystallization has been shown to 
involve a diffusion-limited maturation process 
with a mechanism analogous to "Ostwald rip
ening", whereby larger crystals grow with time 
at the expense of smaller ones that eventually 
disappear. 50,255,308,309,406-408 The ripening rate at Tf 
is reduced (due to reduced ~T above Tg') by 
formulation with low DE maltodextrins of high 

Tg'.8,32 Low DE maltodextrins have also been 
used to stabilize frozen dairy products against 
lactose crystallization during storage,310 another 
collapse process (see Table 9) that can occur in 
a practical time frame at Tf > Tg'. 

Ice recrystallization has been shown to ex
emplify a collapse process for which the kinetics 
fit the form of the WLF, but not the Arrhenius, 
equation. 15,32-34 As demonstrated by the Tg' re
sults for a series of commercial products in Table 
18,34 typical ice creams and related frozen foods 
have composite Tg' values in the range - 23 to 
- 43°C, 15,32,50 representative of water-soluble 
solids compositions dominated by compatible 
blends of milk proteins and sugars with weight
average Tg' values analogous to those of sac
charide oligomers of DP 1_4.8,34 As illustrated in 
Figure 63, such products exist as inherently unst
able rubbery fluids with embedded ice and fat 
crystals under normal freezer storage at -18°C, 
and so WLF rather than Arrhenius kinetics are 
appropriate to describe their rates of ice crystal 
growth. Figure 8034 contains two WLF plots of 
log (iciness score) vs. ~T, one for a series of ice 
cream protocepts and the other for a set of frozen 
novelties, which verified the applicability of WLF 
kinetics to storage-stability data for such frozen 
desserts. Both plots show clearly that the rate of 
iciness development increased dramatically with 
increasing ~ T. Because the numerical values of 
the constants C1 and C2 in the WLF equation, 
appropriate for these two frozen products, were 
unknown and unassumable,30 the two data sets 
were not fitted to a quantitative form of the WLF 
equation. 34 Instead, empirical curves were drawn 
through the data points in each plot. These curves 
(especially the one extrapolated to the origin in 
part B) are clearly similar in shape to the theo
retical curve defined by the quantitative WLF 
equation, shown in Figure 36 as a plot of log 
relaxation rate vs. ~T. In contrast, the straight 
dashed line drawn in part B represents the be
havior expected for Arrhenius kinetics (i.e., QIO 
= 2). Considering that iciness scores were mea
sured by sensory evaluation, this unprecedented 
experimental demonstration of WLF behavior in 
frozen food systems was viewed as remarka
ble,15,32 despite the obvious fact (discussed in 
subsequent papers33,39,98) that further studies, and 
more quantitative data, would be useful in con-
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TABLE 18 
Low-Temperature Differential Scanning Calorimetry Results for 
Commercial Ice Cream Products34 

% Freezable 
water 

(g ice/100 9 
Sample Descriptiona Tg' (OC) Tm rC) sample) 

Dolly Madison VIC -31 -1 67.5 
Sealtest VIC -31.5 -1.5 63.0 
Breyer's VIC -32.5 -1 
Light 'n Lively VIM -29.5 -1 
Dolly Madison - SorbitollC -40 -1.5 64.0 
"Less Sugar" 

Carvel VSSIC -30.5 -0.5 59.9 
Rich's VSSIC -39 -4.5 47.5 
Lipton VSSIC -41 -3 58.0 
Landwide VSSIC -34 -4 43.0 
Landwide CSSIC -37.5 -3.5 56.4 
Dairy Queen VSSIM -30.5 -0.5 61.9 
Dairy Queen CSSIM -30.5 -0.5 60.1 
Crowley VSSIC -28.5 0 66.3 
Crowley VSSIM -31.5 0 72.5 
Crowley CSSIC -31 -0.5 59.0 
Crowley CSSIM -30.5 0 69.9 
Birds Eye- CSSM -39 0 67.9 
"Sheer Delight" 

Pillsbury- CSSM -37 -4.5 
"Spooners" 

Pillsbury- VSSM -36.5 -4.5 
"Spooners" 

Pillsbury- Strawberry -36.5 -4 
"Spooners" SSM 

Dannon Coffee Yogurt -33.5 0 75.0 
"Frozen Yogurt" VSS -27.5 0 60.3 
General Foods - VSSIM -31 -4 55.9 

"Soft Swirl" 
General Foods - CSSIM -32 -3.5 56.2 

"Soft Swirl" 

a VIC = vanilla ice cream; VIM = vanilla ice milk; VSSIC = vanilla soft-
serve ice cream; CSSIC = chocolate soft-serve ice cream; VSSIM = 
vanilla soft-serve ice milk; CSSIM = chocolate soft-serve ice milk; SSM 
= soft-serve mellorine. 

firming the conclusion regarding the broad ap
plicability of WLF kinetics to rubbery frozen food 
systems. (In this regard, it is pertinent to note 
two recent reports of non-linear Arrhenius plots 
of storage-stability data for frozen foods: (1) as 
mentioned earlier, for the dependence of enzy
matic reaction rates in frozen cod fillets on Tf,312 
forfreezer temperatures as high as - 12°e, which 
is quite possibly above the Tg' for cod,39 and (2) 
for the effect of Tf on the kinetics of ice recrys-
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tallization in frozen beef muscle tissue,309 for 
freezer temperatures as high as - 5°e, again pos
sibly above the Tg' for beef. 39) It has been pointed 
out that the WLF-type behavior (rather than Ar
rhenius-type QIO = 2) of ice cream is apparently 
recognized, at least empirically, by the British 
frozen foods industry. 15 Ice cream packages in 
the U.K. carry the following shelf-life code: in 
a one-star home freezer ( - 10°C), storage life = 1 
d; ** freezer ( - 18°C), 1 week; and *** freezer 
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FIGURE 80. Williams-Landel-Ferry plots of log (iciness score) 
(determined organoleptically, on a 0 to 10 point scale) as a function 
of .:l T (= Tf - Tg'), for experimental (A) ice cream products and 
(B) frozen novelties, after 2 weeks of deliberately abusive (tem
perature-cycled) frozen storage in a so-called "Brazilian Ice Box". 
(The straight dashed line drawn in part B represents the behavior 
expected for Arrhenius kinetics.) (From Levine, H. and Slade, L., 
Thermal Analysis of Foods, Ma, C.-Y. and Harwalker, V. R., Eds., 
Elsevier, London, 1990, 221. With permission.) 

(- 23°C), 1 month. Such limited shelf-life, even 
at Tf= - 23°C, testifies to the inherent instability 
of ice cream products with Tg' ~ Tf.34 

It should be noted that the kinetics of ice 
recrystallization (via "Ostwald ripening") as a 
maturation process in a frozen aqueous system 
with preexisting ice crystals are distinguishable, 
on the basis of the particular Tg that defines the 
lower limit of the operative temperature range, 
from the kinetics of the nucleation and growth 

processes of irruptive ice crystallization240 in a 
completely vitrified solute-water system contain
ing no preexisting ice crystals. As illustrated and 
discussed earlier with respect to Figure 39, the 
operative temperature range for ice recrystalli
zation in a frozen system during a practical time 
frame is from Tg' of the freeze-concentrated so
lution to Tm of ice. In contrast, the operative 
temperature range for ice crystallization in a com
pletely vitrified solute-water system is from Tg 
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of the original solution (with its initial solute 
concentration, e.g., point A in Figure 39) to Tm 
of ice. This is illustrated in Figure 81,320 which 
shows Luyet's results for the temperature depen
dence of ice crystal nucleation and growth rates 
in a vitrified 50 w% aqueous solution of PVP. 
Notice the expected, but nonetheless striking, 
similarity in appearance between Figure 81 and 
the diagram of the crystallization kinetics for di
luent-free partially crystalline synthetic polymers 
shown earlier in Figure 37. The Tg for the PVP 
solution represented in Figure 81, below which 
neither nucleation nor growth can occur on a 
realistic time scale but above which devitrifica
tion can occur, is evidently below - 80°C. In 
comparison, the Tg' for such a PVP solution 
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(i.e., somewhere in the range - 20 to - 26°C, 
as shown in Table 8) is located 5 to 10°C below 
the temperature (i.e., about -15°C, which, either 
before or after ice was present in this system, 
would be within the operative WLF rubbery liq
uid range) at which Luyet's results showed a 
maximum ice crystal growth rate. 

In practice, the technological utility of Tg' 
and Wg' results for sugars, polyols, and SHPs, 
in combination with corresponding relative 
sweetness data, has been demonstrated by suc
cessful fonnulation of ice cream products37,38 with 
an optimum combination of stability and softness 
in a -18°C home freezer. With respect to these 
related issues of stability and softness of ice cream 
and similar frozen desserts, the DSC results in 
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FIGURE 81. Temperature dependence of two-dimensional ice crystal radial growth 
rate and two-dimensional ice crystal nucleation rate in aqueous 50% w/w polyvi
nylpyrrolidone. (From Fahy, G. M., Low Temperature Biotechnology: Emerging 
Applications and Engineering Contributions, McGrath, J. J. and Diller, K. R., Eds., 
American Society Mechanical Engineering, in press. With permission.) 



Table 18 have revealed some interesting and fun
damental correlations. 34 As a general rule, higher 
values ofTg' go hand-in-hand with higher values 
of Tm and percent freezable water (% FW, de
fined as maximum g icellOO g sample), while 
lower Tg' values go along with lower values of 
Tm and percent FW. (The rationale behind these 
internally consistent trends is easily explained 
based on state diagrams [analogous to Figure 39] 
constructed from DSC analyses for such complex 
systems.) For such products, increasing percent 
FW correlates intuitively with increasing hard
ness (due to more ice) at a given Tf. Since percent 
FW corresponds to an inverse measure of product 
Wg', the correlation between increasing Tg' and 
increasing percent FW is actually analogous to 
the overall trend of increasing Tg' with decreas
ing W g' described earlier with respect to the 
cryostabilization technology spectrum in Figure 
64. Thus, the fundamental and essentially uni
versal correlations between the critical and re
lated functional attributes of storage stability and 
texture for such products, which are directly re
flected by their thermal properties of Tg', Tm, 
and percent FW, are as follows: 34 at a given Tf, 
greater relative stability is coupled with harder
frozen texture, as determined by, and predictable 
from, higher values of Tg' (thus smaller ~T), 
Tm, and percent FW, while at the same Tf, poorer 
stability is coupled with softer-frozen texture of 
product variants with lower values of Tg' (larger 
~T), Tm, and percent FW. As mentioned earlier, 
these intrinsic correlations of stability (high Tg') 
with "hard-frozen" (low Wg') and instability 
(low Tg') with the "soft-frozen" (high Wg') na
ture of products, which have been found to apply 
to many different types of frozen foods,25,34 have 
been recognized as underlying precepts of cryos
tabilization technology, 32 as illustrated by the 
spectrum of cryostabilizers and cryoprotectants 
shown in Figure 64. 

In the present context, another point empha
sizes the distinction in functional behavior be
tween non-entangling small carbohydrates and 
high-polymeric saccharides capable of intermo
lecular entanglement. 8 A freeze-concentrated 
glass at Tg' of a SHP cryostabilizer (of DE :5 6) 
would contain entangled polymer chains, while 
in the glass at Tg' of a low MW cryoprotectant, 
solute molecules could not be individually en-

tangled.8 (However, the possibility that small 
carbohydrates might form long-chain aggregates 
by hydrogen bonding or complex formation with 
alkaline salts should not be overlooked.) By anal
ogy, various high MW polysaccharide gums, typ
ically used at concentrations below 1 w% 
(whereby their impact on a product's composite 
MW and Tg' would be small, as discussed earlier 
with respect to Table 11), are believed by some 
to be capable of improving freezer-storage sta
bility of ice-containing fabricated foods, in some 
poorly understood way. In the absence of direct 
evidence of any effect on ice crystal size, and 
despite evidence that such "stabilizers" have no 
significant effect on ice nucleation or propagation 
rates,50,404,409 or on rates of ice recrystallization 
at Tf> T g' ,308 this stabilizing effect of gums has 
been attributed to viscosity enhancement. 407,4 10 It 
has been suggested8 that such gums may owe 
their limited success not only to their ability to 
increase microscopic viscosity (a property shared 
by all glass-formers, regardless of MW, in the 
sense that 'T]g at Tg is independent of MW30) , but 
to their capability to undergo intermolecular en
tanglement and increase macroscopic viscosity 
via network formation (thereby physically inhib
iting translational diffusion-limited pro
cesses)34,404 in the freeze-concentrated, amor
phous matrix of a frozen food. Entanglement 
might provide an improved mouthfeel that masks 
the limited ability of gums to inhibit the growth 
of ice crystals. 

E. Small Sugars at Low Moisture 

1. Crystallization Kinetics 

A conceptual description of the kinetically 
controlled relaxation process of sugar crystalli
zation in aqueous systems at low moisture15 has 
been illustrated by the schematic state diagrams 
in Figure 82.30 These in tum were based on the 
idealized state diagram shown in Figure 8323 for 
a plasticizer (component 3)-solute (component 2) 
system that exemplifies a typical sugar-water sys
tem. Notice the progression in the complexity of 
schematic state diagrams from (l) Figure 21 -
glass curve only - neither the plasticizer nor the 
solute are crystallizable; to (2) Figure 23 - glass 
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FIGURE 82. Schematic slate diagrams for represen
tational small PHC solutes with TmlTg ratios of (A) 1.5. 
(8) < 1.4, and (C) close to 1.0. The diagrams illustrate 
the locations of the solute-water Tm and Tg curves 
relative to the curve of estimated Th, and emphasize 
how the influence of the glass transition on the ho
mogeneous nucleation of solute from undercooled con
centrated solutions differs according to the location of 
Th within or outside the WLF region between Tm and 
Tg. (From Slade, L. and levine, H., Pure Appl. Chem., 
60. 1841, 1988. With permission.) 
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FIGURE 83. Idealized state diagram for a plasticizer 
(component 3)-solute (component 2) system in which 
both components are crystallizable. Diagram illustrates 
the locations of the glass, solidus, and liquidus curves. 
See text for definitions of symbols. (Reproduced with 
permission from Reference 23). 

curve plus liquidus curve for the Tm of pure ice 
the plasticizer is crystallizable but the solute 

is not: to (3) Figure 83 - glass curve plus li
quidus curve plus solidus curve for the Tm of 
the solute complete state diagram for a system 
in which both the plasticizer and the solute are 
crystallizable (e.g .. sucrose in Figure 61). As 
shown by the solidus curve in Figure 83 for the 
melting or dissolution of solute as a function of 
solute-plasticizer blend composition. Tm de
creases with increasing plasticizer content66 from 
Tm2 for the pure dry solute to Te, the eutectic 
melting temperature. for the eutectic composition 
(Ce) of crystalline solute plus crystalline plasti
cizer. The solid-line portions of the liquidus and 
solidus curves in Figure 83 denote locations on 
this dynamics map. only far above the glass curve. 
which may be observed on a practical time scale 
to exist at equilibrium.'o In contrast. the dashed
line portions of these curves (i.e., the solidus at 
compositions < Cg' and the liquidus at com
positions corresponding to the dashed-line por-



tion of the solidus) do not exist at equilibrium 
on a practical time scale and therefore contribute 
to the observed dependence of sample perfor
mance on processing rates, storage times. and 
previous sample history. The critical area of the 
map in Figure 83, labeled "crystal 2", defines 
the metastable WLF rubbery region. bounded by 
the operative glass and solidus curves, within 
which solute crystallization can occur in under
cooled solute-plasticizer blends.:'3 By analogy to 
the metastable region ("cryst 3") in which water 
can crystallize and avoid its eutectic behavior. 
"crystal 2" is the region in which solute can 
crystallize or not, depending on the relatiomhip 
of the temperature and moisture content to the 
underlying glass curve. and thereby avoid eutec
tic crystallizationY3o.M "Crystal 2" is the map 
domain relevant to the crystallization kinetics of 
small sugars in low-moisture food systems. 2X6

1> 

As illustrated in Figure 83 and earlier in Fig
ure 37, on a time scale of technological signifi
cance, crystallization can only occur within the 
kinetically metastable region of the dynamics map 
between Tm and Tg of a system.IS.I04 In the pro
cess of crystallization for a polymer that is com
pletely amorphous and unseeded. homogeneous 
nucleation in an undercooled melt is the first me
chanistic stage. which must precede crystal 
growth. The necessary extent of undercooling in 
OK from Tm to Th. the homogeneous nucleation 
temperature. is a universal property of crystal
lizable materials. Just as Tg is related to Tm by 
the ratio TmlTg 1.5. with a range of I to 2. 
for essentially all molecular glass-formers. in
cluding small molecules and high polymers. Th 
is related to Tm by the ratio Tm/Th 1.25. with 
a narrow range of 1.17 to I. 28 for essentially all 
crystallizable substances. including metals. salts. 
small organic molecules, and high poly
mers. I04.IIS Thus. in almost all known cases. Th 
> Tg2X For example. for the representational 
typical elastomer (Figure 34A) with Tg = 2000 K 
and Tm = 300oK, the calculated Th value would 
be 240oK. 

The relationship between Th. Tm. and Tg. 
for representational small PHCs in water. is il
lustrated in Figure 82.30 which shows schematic 
state diagrams for three different situations that 
can govern homogeneous nucleation. The situ
ations result from different values of the ratio 

Tm/Tg, which reflects the magnitude of the met
astable WLF region in which crystallization can 
occur. In each case, Th was located according to 
the typical ratio of Tm to Th. These stylized state 
diagrams highlight the different ways in which 
Th and Tg can be related, depending on the Tml 
Tg ratio for a particular PHC solute. and thus 
reveal how the relationship between Th and Tg 
determines and allows prediction of the stability 
against recrystallization of concentrated or su
persaturated aqueous solutions of specific PHCs. 
such as small sugars. 15 In the first case (Figure 
82A). for a PHC with a typical, higher Tm/Tg 
ratio of 1.5. homogeneous nucleation of the 
solute would be very efficient, because Th lies 
well above Tg. Therefore, upon undercooling this 
concentrated PHC solution from T > Tm, ho
mogeneous nucleation would occur at Th within 
the liquid zone. before vitrification could im
mobilize the system at Tg. Common examples 
of PHCs whose actual state diagrams resemble 
the one in Figure 82A, and which are known to 
crystallize readily from concentrated aqueous so
lution. include xylose (Tm/Tg = 1.5 I) and glu
cose (TmlTg = 1.42L and to a lesser extent. 
sucrose (Tm/Tg = 1.43).15.2g,b<> The ratios Tm/ 
Th and Tm/Tg reflect the relative distances Tm 
- Th and Tm Tg on the dynamics map. The 
secondary influence of the magnitude of W g' for 
these PHCs on the relative mobility within the 
WLF region is reflected in the greater ease of 
homogeneous nucleation for glucose than su
crose. since the opposite behavior would be pre
dicted on the basis of the ratio of Tm/Tg alone. 10 

Both xylose and glucose exhibit simple muta
rotation in aqueous solution. with their anomeric 
ratio depending on temperature and concentra
tion. 2xl Xylose also exhibits simple mutarotation 
in the diluent-free melt. 241 For both xylose and 
glucose. the anomers vitrify compatibly as a sin
gle glass. Sucrose. of course, does not exhibit 
mutarotation and vitrifies as a single glass. 

In the second case (Figure 82B). for a PHC 
with an atypical. lower Tm/Tg ratio < IA. ho
mogeneous nucleation would be retarded. be
cause Th falls much closer to Tg. in the more 
viscous fluid region where transport properties 
can become a significant limiting factor on nu
cleation III non-equilibrium systems. 2"" Ribo~e 
(TmlTg 1.37) is an example of a PHC with 
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a state diagram resembling Figure 82B, whose 
nucleation would be so retarded.30 Ribose ex
hibits complex mutarotation to six tautomeric and 
anomeric forms in aqueous solution,281 which vi
trify compatibly as a single aqueous glass. Fur
ther study is needed to determine if this existence 
of multiple conformers contributes to its crystal
lization inhibition. It is interesting that mannose 
(TmlTg = 1.36), which does not obey the "ano
meric rule" 281 that water favors the species in 
tautomeric and anomeric equilibria with the larg
est number of equatorial-DH groups, has a TmI 
Tg ratio more like ribose than like glucose, which 
does obey the rule. 30 

In the last case (Figure 82C), for a PHC with 
an anomalously low TmlTg ratio close to 1.0, 
homogeneous nucleation would be prevented on 
a practical time scale, because Th actually lies 
below Tg.30,288 Thus, on undercooling a concen
trated solution, vitrification would occur first, 
thereby immobilizing the system and preventing 
the possibility of solute nucleation at Th. Fruc
tose (TmlTg = 1.06), which is well-known to 
be almost impossible to crystallize from aqueous 
solution without pre-seeding or precipitating with 
non-solvent, exemplifies the state diagram in Fig
ure 82C and the nucleation inhibition behavior 
predicted from it. 15 Like ribose, fructose also 
exhibits complex mutarotation, with the com
position of tautomers and their anomers depend
ing on temperature and concentration.281 Unlike 
ribose with its complex mutarotation, or xylose 
and glucose with their simple mutarotation, the 
conformers of fructose do not vitrify compatibly 
as a single glass, as discussed earlier with respect 
to the free volume requirements for mobility of 
fructose conformers. From the standpoint of me
chanical relaxations, the compatibility of a solute 
with the structure of liquid water and the mutual 
compatibility of a mixture of solutes with water 
in aqueous glasses are highly cooperative prop
erties, governed by the spatial and orientational 
requirements for isotropic or anisotropic mobil
ity.30 From the standpoint of energetics, little is 
known about cooperative effects that might dif
ferentiate between solute-solute or solute-water 
interactions, but differences in compatibility based 
on spatial and orientational requirements for la
bile intermolecular solute-solute and solute-water 
hydrogen bonds and maintenance of the time-
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averaged tetrahedral geometry of water are ex
pected to be marginal. 281 Thus, in aqueous so
lutions and glasses of PHCs, the mutual com
patibility of chemically heterogeneous solutes and 
water is likely to be governed by dynamics and 
mechanical requirements, rather than energet
ics. 30 Moreover, the marginal differences in en
ergetics of solute-solute and solute-water inter
actions are reflected in the limiting partial molar 
volumes of PHCs, where differences between 
isomeric sugars are too small to interpret the ef
fect of sugar stereochemistry on hydration281 in 
very dilute solutions. It has been suggested that 
more can be learned about the effect of sugar 
stereochemistry on the solution behavior of PHCs 
in the region of the mobility transformation map 
where dynamics, rather than energetics, 
dominates. 30,31 

It should also be noted from the schematic 
mobility maps in Figure 82 that the homogeneous 
nucleation of ice from dilute solutions would not 
be prohibited during slow cooling, no matter what 
the TmlTg ratio of the PHC solute. 30 Because the 
TmlTg ratio of pure water is about 2.0, its Th 
lies well above its Tg of about 140oK.89 The 
observed Th of pure water is about 233°K,4 so 
that its ratio of TmlTh is about 1.17, which falls 
at the low end of the reported range of values 
for essentially all crystallizable substances. 3o 

Thus, at least some of the water in a dilute PHC 
solution would freeze before it could vitrify, ex
cept under extremely fast cooling (e.g., "hyper
quenching") conditions. 4 

2. Dynamics of Sucrose Glass
Formation and Recrystallization 

Sucrose is arguably the most important single 
sugar for food manufacturing and also the sugar 
about which the most is known, as exemplified 
by the detailed state diagram for sucrose-water 
shown earlier in Figure 61. In many different 
food products and processes, the glass-forming 
vs. crystallizing behaviors of sucrose constitute 
critical functional attributes. 66 In the context of 
the kinetically controlled crystallization of sugars 
in low-moisture food systems, as described with 
reference to Figures 82 and 83, let us reexamine 
the state diagram for sucrose. And let us focus 



attention on the region of this dynamics map en
compassing the solidus and glass curves, wherein 
sucrose can crystallize or not, depending on the 
relationship of the temperature and moisture con
tent to the underlying glass curve. 

As shown in Figure 84, when some common 
food systems are positioned on this map, in terms 
of their operative temperatures and typical su
crose-water compositions, one quickly comes to 
appreciate the extreme complexity of the physi
cochemical aspects of such situations. For ex
ample, the locations of lean (Le., low sugar/fat 
ratio) and rich (i.e., high sugar/fat ratio) cracker 
doughs in Figure 84 are sufficiently above the 
glass curve, so that it is relatively easy to dry 
these products (by raising T to above the vapor
ization curve) during baking. However, once these 
doughs are baked, the crackers fall in the box of 
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final products (D) that spans the glass curve. Box 
D represents the range of possible products (in 
terms of sucrose-water composition and temper
ature), which is determined by initial sugar con
tent, final moisture content, and distribution tem
perature(s) (e.g., F == Miami in summer, E == 
Minneapolis in winter). Typical high-sugar cookie 
(so-called "sugar-snap" cookie) doughs can be 
even more complex than cracker doughs, be
cause, depending on not only how much flour, 
sugar, and water are added to the dough mixer, 
but also on how much crystalline sugar dissolves 
during dough mixing and lay time, the fInal dough 
before baking can be located either on one side 
(A) or the other side (B) of the solidus curve. 
Consequently, as the temperature rises during 
baking, either water evaporates fIrst and then sugar 
dissolves (starting from A), or sugar dissolves 
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FIGURE 84. The sucrose-water state diagram from Figure 61, on which are indi
cated the locations (in terms of sucrose concentration and temperature) of lean and 
rich cracker doughs, rich cookie doughs, and final baked cookie and cracker products. 
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first and then water evaporates (starting from B). 
And if enough evaporation occurs during baking, 
the half-baked product can find itself in the met
astable region (C) in which the sugar can re
crystallize. Because of all these possible routes 
and scenarios, the DSC curves that one measures 
for such doughs, half-products, and final prod
ucts can be exceedingly busy. 

The most important point illustrated in Figure 
84 is that all of the potential cracker and cookie 
products span the sucrose-water glass curve. 
Therefore, their storage stability against a variety 
of collapse processes (e.g., textural changes, fla
vor changes, oxidative rancidity) depends on the 
temperature and time (as well as the possibility 
of moisture-content changes) during distribution. 
By definition, high-quality products fall some
where within box D. Classic sugar-snap cookies 
are composed of a continuous glassy sucrose
water matrix containing embedded ungelatinized 
starch granules, undeveloped gluten, and fat; typ
ical crackers are composed of a continuous glassy 
network of (partially) gelatinized starch, (par
tially) developed gluten, amorphous sucrose, and 
fat. 26 Such products are deliberately formulated 
and processed to begin their shelf-lives in a ki
netically metastable glassy solid state (E) com
mensurate with optimal initial quality (e.g., crisp 
texture) and storage stability. In contrast, fin
ished products at F or G (Le., an unstable rubbery 
liquid state) would have inferior (rubbery) texture 
and unacceptably short shelf-life. It is also critical 
to recognize that, in order to maintain the initial 
high quality of such cookie and cracker products 
during storage, one must control the distribution 
system/environment, so that the kinetically met
astable glassy solid state is maintained and the 
potentially unstable rubbery liquid state is 
avoided. 

F. Drying Processes 

1. Mobility Map of a Generic Drying Rate 
Profile 

When we examine drying as a moisture man
agement problem and use the food polymer sci
ence approach to interpret results from analyses 
of conventional drying processes, increased un-
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derstanding and insight result. Ease of drying can 
be viewed as a functional manifestation of mo
bility in a food system. 

Food engineers and drying technologists or
dinarily analyze drying processes in terms of a 
drying rate profile. The idealized drying rate pro
file of sample weight loss vs. time shown in 
Figure 85 is a typical profile of the time course 
of weight loss due to evaporation of sample vol
atiles, such as is used to explore ingredient in
fluence on drying behavior and to evaluate the 
performance of drying equipment. At a selected 
drying temperature, residual sample weight is 
monitored as a function of time. For typical food 
ingredients and products, weight loss due to ev
olution and evaporation of volatiles is predomi
nantly attributed to moisture loss. 

Typical drying rate profiles,411 e.g., Figure 
85, have a characteristic sigmoid shape that can 
be described in terms of four distinct time periods 
during drying. Because heat transfer (thermal dif
fusivity) is much more efficient than mass trans
fer (effective diffusion coefficient of water), tem
perature gradients within the sample are 
considered to be near zero during the drying pro
cess. 412 The four periods of drying illustrated in 
Figure 85 are described as follows: 

1. Sample temperature rises to a constant value, 
<100cC at atmospheric pressure, deter
mined by the balance of applied heat and 
evaporative cooling. 

2. Linear portion of the drying profile = the 
period of constant-rate drying before the 
sample experiences constrained moisture 
diffusion. The sample temperature and rate 
of moisture loss are constant. The slope of 
the drying rate profile in period 2 = a con
stant rate of drying, labeled rc. 

3. Non-linear portion of the drying profile = 
the period of falling (decreasing) rate drying 
due to ever-increasing diffusion constraint. 
The sample temperature and rate of mois
ture loss are not constant. As the rate of 
moisture loss decreases but the application 
of heat remains constant, the temperature 
of the sample increases up to the tempera
ture of the environment by the end of drying. 
The decrease in moisture content is partially 
balanced by the increase in sample temper-
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FIGURE 85. Idealized drying rate profile (sample weight loss vs. time) 
illustrating the time course of weight loss due to evaporation of sample 
moisture. The profile has a characteristic sigmoidal shape, which can be 
described in terms of four distinct time periods during drying. 

ature, so that the estimation of the increas
ing constraint on diffusion is complicated. 
In the extreme of complete drying, the Tg 
of the sample approaches its dry Tg, which 
can be compared to the temperature of the 
environment. 

4. End of the drying process, where the sample 
achieves a constant weight (in the absence 
of the production of water that was not pres
ent in the starting material, by Maillard 
browning reactions or combustion pro
cesses). The weight loss at the end of drying, 
as a percent of the original sample weight, 
represents the initial total moisture content 
of the sample, labeled mi. 

If we convert Figure 85 into an even more 
generic drying rate profile, and emphasize drying 
periods 2 and 3, we obtain the schematic, two-

dimensional mobility map of sample moisture 
content vs. time shown in Figure 86. Figure 86 
suggests a critical moisture content that separates 
the period (2) of constant-rate drying, where the 
rate of water removal as a function of time is 
constant, from the period (3) of falling-rate drying, 
where the rate of water removal as a function of 
time decreases dramatically and is no longer con
stant. This critical point on the map occurs at 
particular characteristic moisture contents for dif
ferent food systems. For example, for cooked 
white rice, the first part of a hot-air tunnel drying 
process from 70 w% down to about 30 w% mois
ture content is relatively easy to execute, while 
the part from about 30 w% to a final shelf-stable 
product at about 10 w% moisture is much more 
difficult (i.e., time- and energy-consuming). The 
characteristic moisture content, for rice and other 
starch-based foods, that separates the linear and 
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FIGURE 86. Generic representation of a drying 
rate profile plotted as a two-dimensional mobility 
map of sample moisture content vs. time. The critical 
moisture content that separates. the constant-rate 
and falling-rate stages of drying at constant tem
perature is related to Wg' of the sample. 

non-linear drying rate periods is about 27 to 30 
w% water. This critical moisture content for 
drying of starch-based products is found to be 
related to Wg'. Thus, the solute-specific water 
content (UFW) that defines the maximally freeze
concentrated glass is also a reference point for 
functional behavior of the same system at higher 
temperatures and higher water contents. This re
flects the fact that, as the sample moves (in terms 
of increasing temperature and decreasing mois
ture content) closer and closer to its glass curve 
as drying progresses from period 2 to period 3, 
its mobility decreases, resulting in increasing dy
namic constraints on the diffusion-limited pro
cess of water removal. 

One interesting example of the technological 
importance of the drying behavior described in 
Figures 85 and 86 involves Maillard browning 
reactions in dried foods, as reviewed by Nursten 
and illustrated in Figure 87. 411 Nursten has used 
the example of browning during air drying of 
carrot cubes to illustrate the interrelated effects 
of moisture content, temperature, and time on 
Maillard browning reactions, 411 effects that can 
be generalized to browning during processing and 
changes in browning during storage of other low
moisture food systems, such as baked goods. Fig
ure 87 shows that the rates of development of 
browning reaction precursors and final browning 
products as a function of time depend on sample 
temperature and moisture content as determined 
by the progress of the drying (e.g., baking) pro
cess. Only when the moisture content becomes 
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FIGURE 87. Plot of water content vs. drying time, 
describing the formation of browning intermediates and 
browning during air drying of carrot cubes (air temper
ature: 11 aOC). (From Nursten, H. E., Concentration and 
Drying of Foods, MacCarthy, D., Ed., Elsevier, London, 
1986, 53. With permission.) 

sufficiently low, once the temperature of the 
product is no longer being depressed by evapo
rative cooling, but rather is approaching the en
vironmental temperature of the oven, do the 
browning reaction precursors start to build up. 
And the final browning products start to become 
apparent only after the maximum level of pre
cursors is achieved, once the product reaches the 
maximum temperature and minimum moisture 
content at the effective end of the drying process. 
Thus, for example, if during baking, the process 
is stopped before the final minimum moisture 
content is achieved, only browning intermediates 
are produced, which form unstable browning re
action products. Consequently, fading can occur 
during subsequent shelf-storage of the baked 
product. 

2. Improved Freeze-Drying: The 
Significance of Tg' and the Glass Curve 

Freeze-drying is an increasingly important 
commercial drying process for foods, pharma
ceuticals, and biologicals. 40.41 However, despite 
its long history and widespread use, surprisingly 
little knowledge of its governing physicochemi
cal principles is evidenced by the routine practice 



of freeze-drying. 135 Franks4o,41 has recently noted 
that freeze-drying, as currently perfonned, relies 
on outmoded concepts, with little attention given 
to (and widespread ignorance prevailing about) 
the physicochemical changes that can take place 
in the substrate during freeze-concentration and 
subsequent drying. This is especially unfortunate 
in light of the fact that low-temperature process
ing and drying are more complex scientifically 
and technologically than spray-drying, solvent 
extraction, or ultrafiltration.4o,41 Franks4o,41 has 
also emphasized the fact that the physicochemical 
changes that take place in an aqueous mixture 
during freezing and subsequent drying can sel
dom, if ever, be predicted or modeled solely from 
a knowledge of the equilibrium phase behavior 
of the components of the mixture (even if such 
knowledge were available), because freeze-drying 
(like so many other food processes) is a non
equilibrium process that, when properly exe
cuted, is under kinetic control and involves dy
namically constrained, metastable glassy states 
rather than equilibrium thennodynamic phases. 
Therefore, a good understanding of the glass-to
rubber transition is central to successful freezing 
and drying. 40,41,190,306 

As explained in the earlier discussion of Fig
ure 39, Tg' is the essence of cryostabilization 
technology. As described in Section IV. C, recent 
experimental studies8,27,30-34 have demonstrated 
the significance of Tg' in detennining the be
havior of frozen and freezer-stored foods, and 
have established that Tg' is of fundamental tech
nological importance to product quality and stor
age stability. Freeze-drying represents another 
aspect of frozen food technology that illustrates 
this point, as has been described in the context 
ofthe idealized state diagram in Figure 88. 33 The 
various cooling/heating paths illustrated in Figure 
88 demonstrate the significance of Tg' to freeze
drying without collapse or' 'melt-back" , 33 as dis
cussed earlier with respect to Table 9. For a model 
aqueous sugar solution cooled from room tem
perature (point A), freezing (as the first step in 
a typical freeze-drying process)135 can follow the 
path ABQB' CD, or the alternative path 
ABPQB'CD, as described earlier for Figure 39. 
Either path to point D at T < Tg' (where Tg' = 
the operative Tc for this high-moisture condi
tion)8 results in the solidification of the amor-

phous, freeze-concentrated solute-UFW matrix 
surrounding the ice crystals. The vacuum-drying 
stage of the process can be started, with the non
ice portion of the sample at point D, by allowing 
the sample temperature to rise in a controlled 
fashion. If the sample follows the dotted-line path 
from point D to point E, so that its temperature 
is maintained always below the solute-water glass 
curve as water is removed and its Tg (= the 
operative Tc for this progressively lower-mois
ture condition)27 increases correspondingly, the 
glassy matrix would be able to support its own 
weight against flow under gravitational stress and 
so maintain its porosity (created by the subli
mation of ice crystals) throughout the ice-subli
mation and water-desorption stages of the drying 
process. At the end of the freeze-drying process, 
the porous glassy matrix at point E would be a 
(meta)stable solid at room temperature, because 
its Tg (which now represents the operative Tc 
for the low-moisture final product)28 would re
main above room temperature, in the absence of 
subsequent water uptake and plasticization. In 
contrast to the above scenario, freezing along the 
path ABQB'C in Figure 88 could be stopped at 
a temperature above point C (at T > Tg' = op
erative high-moisture Tc) before drying/heating 
begins, or, after freezing along the path 
ABQB'CD to point D, the sample could be in
advertently heated to T > Tg (= operative Tc at 
lower moisture content Wg < Wg') at point N, 
and held there135 more than momentarily. In either 
of these cases, the amorphous solute-UFW ma
trix surrounding the ice crystals or their conse
quent voids would exist as a rubbery liquid ca
pable of viscous flow. This situation could result 
in irreversible, macroscopic structural collapse 
and concomitant loss of porosity, 8,27 tenned 
"melt-back" . 

For completeness, Figure 88 also illustrates 
several other alternative routes around the state 
diagram, i.e., schematic heating/drying paths (not 
involving freezing) followed by commercial 
drying processes other than freeze-drying, e.g., 
spray, drum, belt, oven tunnel, microwave, fluid 
bed, and extrusion drying. If the model sugar 
solution at point A follows the heating/drying/ 
cooling path AFH', the insufficiently dried sam
ple at point H' would be an unstable rubbery 
liquid at room temperature (at T > Tg = oper-
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FIGURE 88. Idealized state diagram of temperature vs. weight percent solute 
for an aqueous solution of a hypothetical small carbohydrate (representing a model 
frozen food system), illustrating the cooling/heating paths associated with different 
freeze-drying protocols, relative to the locations of the glass, solidus, and liquidus 
curves, and demonstrating the technological significance of the Tg'-Cg' point to 
a freeze-drying process without collapse or "melt-back". See text for explanation 
of symbols. (From Levine, H. and Slade, L., Comments Agric. Food Chern., 1, 
315, 1989. With permission.) 

ative Tc). It could be prone to solute recrystal
lization during storage at room temperature, 32 be
cause of the location of point H' within the 
metastable temperature region between the glass 
and solidus curves (as shown earlier in Figure 
83).15 In contrast, the heating/drying/cooling path 
AFGH would produce a sufficiently dried, 

(meta)stable glassy solid sample at point H (at 
room T < Tg == operative Tc)Y 

As mentioned earlier in Section IV.C.I, col
lapse processes, such as "melt-back" during 
freeze-drying of aqueous solutions that do not 
undergo eutectic crystallization,190.304-306 have 
been investigated and interpreted within a con-
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ceptual context of "glass dynamics", 15,32 result
ing in a conclusion regarding the fundamental 
equivalence of Tg, Tc, and Tr, and their depen
dence on solute Mw. 27 This new interpretive ap
proach has provided a better qualitative and quan
titative understanding of the equivalence of Tr 
for ice or solute recrystallization, Tc for collapse, 
and the concentration-invariant Tg' for an ice
containing system, and has been used to explain 
why Tr and Tc are always observed to be con
centration-independent for any initial solute con
centration lower than Cg' ,4,260 as illustrated in 
Figure 88. This approach has also provided a 
technologically important predictive capability, 
exemplified with respect to freeze-drying. 33,34 

Since Tg' underlies and coincides with Tc and 
can be directly determined experimentally by 
DSC, Tc can be accurately predicted prior to the 
design of a freeze-drying process, rather than 
empirically determined by costly trial-and-error 
freeze-drying runs. In fact, this predictive ca
pability is so powerful that Tg' can often simply 
be calculated, rather than actually measured by 
DSC, for real food systems, as was described 
earlier in Section IV.G for orange and other fruit 
juices in Table 15.33,34 Prior knowledge of Tg' 
identifies the maximum allowable temperature 
for both initial product freezing and the primary 
stage of vacuum drying via sublimation of ice in 
the freeze-drying process.34,40,41,190 Coupled with 
the Tg of the dry solute and the Tg of pure water, 
the Tg'-Cg' point on the state diagram in Figure 
88 defines a three-point glass curve. Knowledge 
of the location of this glass curve enables one to 
design a freeze-drying process with an optimum 
heating-rate profile, wherein the temperature
moisture-time protocol can be pre-programmed 
and controlled to maintain the temperature of the 
sample below its instantaneous Tg (determined 
by its instantaneous moisture content). 34 This en
sures that the non-ice matrix remains a glassy 
mechanical solid capable of supporting its own 
weight against rubbery flow throughout the course 
of the ice-sublimation and desorption stages of 
the vacuum-drying process. 190,306 The latter stage, 
also referred to as secondary drying, is designed 
to remove residual plasticizer (moisture) from the 
glass and render the product stable at tempera
tures up to its dry Tg.40,41,306 It is also critical to 
recall, as described earlier and emphasized re-

cently by Franks ,40,41 that the composite Tg' of 
a multicomponent product to be freeze-dried can 
be elevated (and should be, as much as is prac
tical) and its composite Wg' can be lowered (the 
lower, the better) by incorporation of polymeric 
cryostabilizers of high T g' and low W g' .8,27,28,32 

Formulation with such high MW additives raises 
Tg' (quantifiably and predictively), dry Tg, and 
thus the entire glass curve of a multicomponent, 
glass-forming blend, while shifting its composite 
unfrozen (but not "bound") water content to 
lower W g' values, thereby increasing the effec
tiveness (by lowering the probability of "melt
back") and efficiency (e.g., lower energy re
quirements, shorter secondary drying time) of the 
drying process and the subsequent shelf-stability 
of the freeze-dried product. 8,27,40,41 

Among a number of factors that should be 
known and taken into account in the production 
by freeze-drying of products of constant high 
quality and optimum stability, Franks has in
cluded the following, in summarizing his recent 
essay on the subject:40 

1. Knowledge of Tg' and Wg' of the freeze
concentrate is essential. l90 

2. Knowledge of the Tg curve as a function 
of moisture content is essential for the proper 
control of secondary drying. 306 

3. For a stable, high-quality product, W < Wg 
at ambient temperatures. 

G. Cooking of Whole Cereal Grains 
Viewed as a Moisture Management 
Process 

Cooking of whole cereal grains is a dynamic 
heat/moisture/time treatment that can be viewed 
as a moisture management process. The major 
effect of cooking of whole cereal grains is on the 
structure of native granular starch, because gran
ular starch is the predominant component of the 
endosperm of cereal grains. 153,400 Thus, the pro
cess of complete cooking of whole cereal grains 
can be described in the context of a dynamics 
map of the amorphous regions of granular starch, 
as shown in Figure 89. The numbered locations 
(temperature-moisture content) on this schematic 
state diagram for starch correspond to different 
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FIGURE 89. Dynamics map of the processing of whole 
cereal grains. conceptualized on a schematic state dia
gram for the amorphous regions of granular starch. The 
numbered locations (temperature-moisture content) on 
the map correspond to: (1) raw whole grain; (2) first
stage swelling; (3) beginning of second-stage swelling; 
(4) completion of second-stage swelling; (5) parboiling; 
(6) puffing or popping. 

stages of various cooking processes for whole 
cereal grains, and the areas of these points signify 
the relative extents of volume expansion of the 
grain at each stage. 

Complete cooking of whole cereal grains is 
a two-step process. For diagnostic purposes, the 
two steps can be accomplished independently. 
The ftrst step, traditionally referred to as gela
tinization,207 involves initial hydration, and be
gins with the raw whole grain at 10 to 14 w% 
"as is" moisture content at room temperature 
(point 1 in Figure 89). This is the rate-determin
ing step of cooking when comparing grains with 
different gelatinization temperatures (which is 
important for varietal rices and corns) or very 
different kernel weights due to size or density 
(which is important for varietal wheats). The 
minimum processing requirements for gelatini
zation are a temperature of at least about 60°C 
and a moisture content of at least about 27 w% 
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on a molecular level within the grain (point 2 in 
Figure 89). This minimum temperature reflects 
the gelatinization temperature, which ranges from 
about 60°C for wheat and potato up to about 85°C 
for mutant corns.413 Gelatinization is also called 
"first-stage swelling". Under controlled condi
tions to achieve 27 w% moisture content and 
gelatinization (e. g., pre-soak in excess water and 
then heat, or cook with water plus atmospheric 
steam), the volume expansion of the cereal kernel 
is almost insignificant (i.e., about 20% increase, 
as signified by point 2 in Figure 89). Gelatini
zation is a thermal process that can be monitored 
directly by DSC, for both whole grains414.415 and 
isolated starches. 17·23 Gelatinization alone is suf
ficient to produce stabilized dried products that 
hydrate faster than the starting material, but is 
not sufficient to produce completely cooked and 
shreddable, flakable, or "instantized" half
products. 

The second step of complete cooking of cer
eal grains, traditionally referred to as pasting ,207 
involves major water uptake, swelling, soften
ing, and loss of starch solids. Pasting is the rate
determining step of cooking when comparing 
grains with significant differences in composition 
of large linear polymers that are rigid at low 
moisture, have high swelling capacity, and soften 
upon swelling. The variation in amylose content 
among different varieties of cereal grains is most 
important for varietal rices and corns. The pres
ence of bran (with a high pentosan content) and 
the variation in endosperm glutenins and pento
sans among different varietal grains are important 
for varietal wheats. The minimum processing re
quirements for pasting are typically a temperature 
of at least about 85°C and a moisture content of 
at least about 45 w% on a molecular level within 
the grain (point 3 in Figure 89). "Typically" 
refers to grains with normal, rather than mutant, 
starch genotypes, i.e., with about 25% amylose 
and 75% amylopectin contents. Pasting is also 
called "second-stage swelling". Using con
trolled conditions to minimize the lag between 
heat transport and water transport and maximize 
the uniformity of water distribution at each water 
content (e.g., continued cooking with water plus 
atmospheric steam to about 45 w% moisture con
tent, i.e., from point 2 to point 3 in Figure 89), 
expansion of the kernel is directly related to water 



uptake. Pasting is a mechanical process that can 
be monitored directly by rheological methods,413 
but not by DSC. 

Gelatinization plus pasting (to point 3 in Fig
ure 89) are required to produce half-products that 
are optimally softened for shreddability and flak
ability, or dried quick-cooking/instantized prod
ucts that hydrate and soften to ready-to-eat tex
ture more rapidly than the starting material, so 
that overall cooking time is reduced during con
sumer preparation. (Tempering, as a shredding 
process step, appears to compensate for under
pasting ("white spot" = uncooked kernel cen
ters) by allowing time for uniform .water distri
bution [which is most efficient near 85°C] and! 
or to compensate for overpasting [resulting in 
stickiness] by allowing retrogradation [which is 
most efficient below about 20°C]. Cooking only 
to the minimum requirements for pasting would 
minimize the requirement for tempering.) 

In comparison to the above description, 
cooking of whole cereal grains is typically carried 
out as a continuous process, which masks the 
underlying two-step mechanism. The typical 
continuous cooking process used in the home or 
in commercial manufacturing depends on boiling 
water temperatures (e.g., atmospheric steam) and 
a great excess of cooking water (at or beyond the 
requirement for swelling to ready-to-eat soft
ness). The overall cooking time is inversely re
lated to the magnitude of the difference between 
the cooking temperature (about lOO°C) and the 
gelatinization temperature (which is a glass tran
sition temperature17-

23
). Because heat transfer is 

more efficient than mass transfer in the solid state, 
water uptake by the grain lags behind its increase 
in temperature and occurs from the outside to the 
center of the kernel. As a result, most of the 
kernel is above 27 w% moisture, when all of the 
kernel is at least 27 w%, in a typical continuous 
process with great excess water. 

Parboiling is the best-known process to create 
stabilized half-products. The kernels with bran 
present are soaked at room temperature for a day 
or days to achieve an overall (but not necessarily 
uniform) moisture content above 27 w% (point 
1 to point 2 in Figure 89) and then heated for 15 
min at about 120°C in a pressurized steam (15 
psi) chamber (point 2 to point 5 in Figure 89). 
The starch gelatinizes and recrystallizes in situ 

(without swelling of the kernel) to produce a ker
nel structure that is more stable to milling, hy
drates more rapidly (because step 1 of cooking 
[Le., point 1 to point 2] has already been 
achieved), but takes longer to soften to eating 
texture (because step 2 [point 2 to point 3] has 
not already occurred, and the new stable structure 
requires a greater extent of swelling to achieve 
the same softness) than does the starting material. 
When the parboiled grain at point 5 in Figure 89 
is further cooked to point 3, the resulting product 
has a rubbery texture, reduced loss of starch sol
ids, and reduced stickiness. 

A variation on the parboiling process in
volves annealing (in place of gelatinization plus 
recrystallization) to perfect the native starch 
structure. 65 This is accomplished by atmospheric 
steam treatment of cereal kernels, grits, or flours 
at 30 w% moisture content and temperatures above 
65°C but below lOO°C. The so-called "steam
stabilized" half-product hydrates (step 1 in sub
sequent cooking by the consumer) faster than the 
starting material and softens to ready-to-eat tex
ture (step 2 in cooking by the consumer) either 
faster (to be "quick-cooking") or slower (to be 
recipe-tolerant), depending on the process sta
bilization temperature. 

Another variation, this on the conventional 
cooking process in excess water, involves the 
puffing or popping of whole grains to produce 
puffed wheat or rice, or popcorn. 416 In the puffing 
process, the temperature of the raw grain with 
"as is" lO to 14 w% moisture (point 1 in Figure 
89) is raised directly to about 185°C (point 6 in 
Figure 89) via gun-puffing, hot-air popping, hot
oil popping, or microwave popping. As the Tg 
and then the Tm of the partially crystalline native 
granular starch in the kernel endosperm are rap
idly exceeded, there is a violent volatilization of 
the "as is" water, resulting in a dramatic ex
pansion in volume to that characteristic of the 
puffed or popped grain. 

Complete cooking to an end-point defined by 
ready-to-eat texture (Le., from points 3 or 5, by 
continued cooking with water plus atmospheric 
steam, to the end of second-stage swelling at 
point 4 in Figure 89) typically requires water 
uptake to 70 w% moisture content or above with 
kernel expansion of 300% (i.e., 200% increase 
in volume) or even 400%. In contrast, complete 
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cooking to the minimum requirements for pasting 
(i.e., to point 3 in Figure 89), using controlled 
conditions of steam plus limited water, allows 
, 'instantization" with minimization of starch sol
ids loss, stickiness, and drying requirements for 
quick-cooking consumer products or fouling of 
rollers in industrial shredding and flaking man
ufacturing operations. 

The end-point for complete cooking in com
mercial processing of quick-cooking cereals (i. e., 
point 3 in Figure 89) is defined as the ability of 
the dried half-product to hydrate and soften to 
eating texture within a short target consumer 
preparation time. The standard assay for extent 
of cook is a "pour-off" test, applied to the 
cooked-and-dried half-product. One goal of cur
rent research is to replace such out-of-process 
assays by lID in-process method using NMR (either 
pulsed or 'solid state) for the simultaneous deter
mination of moisture content and its uniformity 
of distribution within the grain. A successful NMR 
method, to assess when the minimum require
ments for pasting have been met (i.e., point 3 in 
Figure 89), would allow process optimization and 
enhanced product uniformity in commercial 
shredding, flaking, and instantization operations. 

H. Starch Gelatinization and 
Retrogradation: Mechanical Relaxation 
Processes Affected by Mobility of 
Aqueous Sugar Solutions 

Much has been learned about the structure
function relationships of starch in foods from 
analyses of the thermal and thermomechanical 
properties of starch in aqueous model systems 
and real products. 23 Just as the glass transition 
governs the practical temperature range for pro
cessing and commercial use of synthetic poly
mers, as well as the mechanical properties of both 
raw materials and products, 112,1l4 the same is true 
of the glass transition for starch, because of the 
dynamic influence of the glass transition on the 
events of annealing, gelatinization, pasting, and 
retrogradation. 17-23 Thermal analysis by DSC has 
revealed the critical role of water as a plasticizer 
for native, freshly gelatinized, and retrograded 
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starches, and the importance of the glass tran
sition as a physicochemical event that governs 
starch raw material properties, processibility, 
product quality, and storage stability. 15,26 The food 
polymer science approach has been used to study 
structure-property relationships of starches and 
sugars as water-compatible food polymers, which 
are treated as homologous systems of polymers, 
oligomers, and monomers with their plasticizers 
and solvents. 3o Recognition of the relevance of 
the key elements of the food polymer science 
approach to the behavior of starch-based food 
systems has provided a conceptual framework for 
understanding and explaining complex behavior, 
designing technologically useful processes, and 
predicting product quality and storage stability, 
based on fundamental structure-property rela
tionships of starch viewed as a partially crystal
line glassy polymer system. 15,26 The mechanical 
relaxation behavior of starch-water systems has 
been described in the context of a dynamics map 
of the critical variables of moisture content, tem
perature, and time. 23,26 Normal and waxy native 
granular starches have been found to exhibit non
eqUilibrium melting, annealing, and recrystalli
zation behavior characteristic of kinetically met
astable, partially crystalline polymer systems with 
a small extent of crystallinity. 17-23 Starch gelatin
ization and retrogradation in the presence of small 
sugars have been described as mechanical relax
ation processes affected by the mobility of aqueous 
sugar solutions. 30 The retardation effect of con
centrated sugar solutions on, for example, the Tg 
governing starch gelatinization, has been sug
gested to result from "antiplasticization" by 
sugar-water cosolvents, relative to the extent of 
plasticization by water alone. 20 Plasticization by 
sugar-water, of higher average MW than water 
alone, produces a smaller depression of starch 
Tg than does plasticization by water. 20 It has been 
shown that the non-Arrhenius kinetics of gela
tinization, retrogradation, and annealing, defined 
by WLF relaxation transformations, depend on 
the magnitude of d T above the appropriate ref
erence Tg.21,26 It has also been demonstrated that 
the Tg observed during DSC analysis is often an 
effective Tg, resulting from instantaneous rela
tive relaxation rates and non-uniform distribution 
of total sample moistureY 



1. DSC Analyses of Starch Gelatinization 
and Retrogradation - Insights Derived 
from the Dynamics Map 

Despite the microscopic and macroscopic 
structural complexity of starch, many workers 
since 1980 have usefully discussed the physi
cochemical effect of water, acting as a plasticizer 
of the amorphous regions in the native granule, 
on the Tg of starch. 15-23,26,43,45-49,52,53,59,62,63,65,94,223 

A number of these studies have involved DSC 
analyses that have convincingly demonstrated the 
non-equilibrium melting, annealing, and recrys
tallization behavior of native granular starch-water 
model systems - behavior that has been most 
clearly revealed by DSC results (e.g., Figure 9020) 
obtained for model systems with approximately 
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FIGURE 90. Perkin-Elmer DSC-2C heat flow curves of 
wheat starch:water mixtures (45:55 by weight): (a) native; 
(b) native, after 55 d at 25°C; (c) immediate rescan after 
gelatinization of sample in (a); (d) sample in (c), after 55 
d at 25°C. Dashed lines represent extrapolated baselines. 
(From Slade, L. and Levine, H., Industrial Polysaccharides 
- The Impact of Biotechnology and Advanced Metho
dologies, Stivala, S. S., Crescenzi, V., and Dea, I. C. M., 
Eds., Gordon and Breach Science, New York, 1987, 387. 
With permission.) 

equal weights of starch and added water. 15-23,26 
Because the initial rate of plasticization in such 
model systems at room temperature is near zero, 
the added water remains predominantly outside 
the granules, and the native starch (e.g., wheat) 
with no pretreatment demonstrates a major glass 
transition and subsequent superimposed crystal
line transition(s) in the temperature range from 
50 to 90°C (as shown in Figure 90 curve a), which 
comprise the events of gelatinization (initial 
swelling) and pasting (second-stage swelling) of 
a starch granule. 19,20 The glass transition of the 
amorphous regions of amylopectin is observed at 
the leading edge of the first melting peak, be
tween about 50 and 60°C.17,18 This near super
position of the second-order glass transition fol
lowed by the first-order crystalline melting 
transition, due to the inhomogeneity of moisture 
contents within and outside the granules and to 
heating rate, has been revealed by the expected 
characteristic shift in heat capacity (diagnostic of 
a glass transition,52,106 as illustrated earlier in Fig
ure 33) shown by the extrapolated baselines in 
the DSC thermogram in Figure 90 curve a. 17-21 

In fact, it has been demonstrated26 that the mag
nitude of the baseline shift for the glass transition 
of amylopectin is equal in magnitude to the change 
in heat capacity that would be observed for an 
equal weight of completely amorphous pure pol
ystyrene at its Tg. The important insight into 
starch thermal properties represented by the iden
tification of this Tg for native wheat starch has 
been corroborated by subsequent DSC results for 
granular rice starches, 46,223 which likewise dem
onstrated that melting of microcrystallites is gov
erned by the requirement for previous softening 
of the glassy regions of amylopectin, as described 
earlier in Section III.A.6. 

When native wheat starch is allowed to an
neal at 55 w% total sample moisture (initially 10 
w% inside the granules and 100 w% outside) for 
55 d at 25°C (Figure 90 curve b), the transition 
temperatures and extent of crystallinity increase. 
However, the characteristic baseline shift indic
ative of a preceding glass transition is still evi
dent, demonstrating that melting of the micro
crystallites is still governed by the requirement 
for previous softening of the glassy regions of 
amylopectin. Annealing is used in this context to 
describe a crystal growth/perfection process, in 
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a metastable, partially crystalline polymer 
system104 such as native starch. 158 As mentioned 
earlier, annealing is ordinarily carried out at a 
temperature, Ta, in the rubbery range above Tg, 
typically at an optimal Ta = 0.75 -0.88 Tm 
(K),102 for polymers with Tg/Tm ratios of 0.5 to 
0.8. In contrast, recrystallization is a process that 
occurs in a crystallizable but completely amor
phous metastable polymer at Tg < Tr < Tm. 104 

After gelatinization during heating to 130°C, 
and quench-cooling to 25°C, an immediate rescan 
of wheat starch at 55 w% moisture (Figure 90 
curve c) shows no transitions in the temperature 
range from 30 to 100°C. However, when this 
completely amorphous (i.e., no remaining amy
lopectin microcrystals) sample is allowed to re
crystallize (at uniformly distributed 55 w% mois
ture) for 55 d at 25°C (Figure 90 curve d), it 
shows a major Tm at about 60°C (as a symmet
rical endothermic peak, with essentially no base
line shift), which is not immediately preceded by 
a Tg. As described earlier, this Tm is well-known 
to characterize the melting transition observed in 
retrograded wheat starch gels with excess mois
ture (which are partially crystalline and contain 
hydrated B-type starch crystals) and in staled bread 
and other high-moisture wheat starch-based baked 
goodS. 63,21O,219,233 

Results of complementary low-temperature 
DSC analysis,17,18,20,21 shown earlier in Figure 
40, revealed why no Tg is observed in the sample 
of freshly gelatinized (thus completely amor
phous amylopectin) wheat starch rescanned from 
room temperature to 130°C (Figure 90 curve c), 
or immediately before Tm in the sample of re
crystallized starch (Figure 90 curve d). Native 
wheat starch, at 55 w% total sample moisture, 
shows only a Tm of ice at the instrumental sen
sitivity used for the thermogram (curve a) in Fig
ure 40. In contrast, a gelatinized sample (curve 
b), at the same water content and instrumental 
sensitivity, shows a prominent (and reversible) 
glass transition of fully plasticized amorphous 
starch at about - 5°C, preceding and superim
posed on the ice melt. As mentioned earlier, this 
Tg is actually Tg' for gelatinized (but not hy
drolyzed) wheat starch in excess moisture, de
fined by Wg' ;;::: 27 w% water (i.e., "'" 0.37 g 
UFW/g starch), as illustrated by the state diagram 
in Figure 25. For the same instrumental sensitiv-
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ity settings, Tg' is not detectable in Figure 40 
curve a, because the cooperative, controlling ma
jority of the amorphous regions of partially crys
talline native starch prior to gelatinization show 
a much higher Tg indicative of a much lower 
local effective moisture content and the absence 
of contributions from short amylopectin branches 
that are sequestered in crystalline regions. 20,23 

A critical conclusion of these earlier stu
dies l7-2o was that knowledge of total sample mois
ture alone cannot reveal the instantaneously op
erative extent of plasticization of amorphous re
gions of a starch granule. Amorphous regions of 
a native granule are only partially plasticized by 
excess water in a sample at room temperature, 
so that softening of the glassy matrix must occur 
(observed at about 50 to 60°C during heating at 
10°C/min in the DSC) before microcrystallites 
can melt. (This situation of partial, and dynam
ically changing, plasticization at room tempera
ture also explains why slow annealing is possible 
for the native starch sample shown in curve b of 
Figure 90.) After gelatinization, the homogene
ously amorphous starch is fully and uniformly 
plasticized (by uniformly distributed water) at 55 
w% moisture, and the metastable amorphous ma
trix exists at room temperature as a mobile, vis
coelastic rubber in which diffusion-limited re
crystallization, governed by WLF rather than 
Arrhenius kinetics, can proceed with rates pro
portional to IlT "'" 30°C above Tg. Another in
sight revealed by these DSC results concerns the 
dynamic effects on starch caused by the DSC 
measurement itself.20 During a DSC heating scan, 
effective plasticizer (water) content increases dy
namically from the initial 6 to 10 w% in a native 
sample before heating to the final 55 w% at the 
end of melting, and this kinetically constrained 
moisture uptake leads to dynamic swelling of 
starch granules above Tg, which is not reversible 
on cooling. The same behavior is manifested in 
volume expansion measurements on starch-water 
systems performed by ThermoMechanical Anal
ysis (TMA).19,46 The major contribution to the 
experimentally observed increase in volume above 
Tg is a typical polymer swelling process, char
acteristic of compatible polymer-diluent sys
tems,109 which is linear with the amount of water 
taken up. Thermal expansion of amorphous starch 
is also allowed above Tg, but it represents only 



a minor contribution to the observed volume in
crease, i.e., about 0.1 %/K for typical poly
mers.107 Thus, the predominant mechanism, 
swelling, is indirectly related to the role of water 
as a plasticizer of starch, while the minor mech
anism is directly related. 

Once it had been establishedl7-20 that the ther
mal behavior of native wheat starch at 55 w% 
total moisture in the temperature range 50 to 100°C 
represents the superposition of a second-order 
glass transition followed by a first-order crystal
line melting transition, it was shown (Figure 91 19) 
that it is possible to accelerate plasticization of 
amorphous regions by water without melting 
crystalline regions. In Figure 91, waxy com starch 
was used as a model system to study amylopectin 
in the absence of amylose. Like wheat starch, 
native waxy corn starch (curve a) exhibits non
equilibrium melting of a partially crystalline glassy 
polymer, with a requisite glass transition (sig
nified by, a baseline shift) preceding multiple 
crystalline transitions in the temperature range 50 
to 100°C, when total sample moisture is 55 w%. 
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FIGURE 91. DuPont 1090 DSC heat flow curves of 
waxy maize starch:water mixtures (45:55 by weight): 
(a) native; (b) native, after 15 min at 70°C; (c) native, 
after 30 min at 70°C. (From Maurice, T. J., Slade, L., 
Page, C., and Sirett, R., Properties of Water in Foods, 
Simatos, D. and Multon, J. L., Eds., Martinus Nijhoff, 
Dordrecht, 1985, 211. With permission.) 

When this sample is annealed for 15 min at 70°C 
(Figure 91 curve b), total excess heat uptake be
low the baseline is reduced by about 25% and 
the temperature range of the multiple transitions 
is shifted upward and becomes narrower, but the 
glass transition immediately before the crystal
line melt is still evidenced by the characteristic 
baseline shift. A similar result had been seen, in 
Figure 90 curve b, for wheat starch annealed at 
25°C for 55 d, and also previously reported for 
potato starch annealed at 50°C for 24 h. 396 (Note 
the apparently exponential dependence on dT, 
dictated by WLF kinetics, of rates for different 
annealing conditions.) Similar consequences of 
annealing by heat/moisture treatment have been 
observed during cooking of whole wheat grains. 232 
In contrast, when native waxy corn starch is an
nealed for 30 min at 70°C (Figure 91 curve c), 
total excess heat uptake below the baseline is 
reduced by 50% and represents only the enthalpy 
of the first-order crystalline melting transition. 
This conclusion was confirmed by the symmetry 
of the endotherm and the absence of an obvious 
baseline shift associated with it. The baseline 
shift is not observed in the temperature range 40 
to 130°C, because the glass transition preceding 
the crystal melt had been depressed to Tg' < 
ooe, due to complete plasticization and concom
itant relaxation of the amorphous regions by 
water. 17-19 Parallel analyses of percent crystallin
ity by X-ray diffraction19 showed that a sample 
annealed as in Figure 91c manifests no significant 
loss in overall crystallinity by the starch in com
parison to a control sample, despite the 50% re
duction in total excess heat uptake below the 
baseline in Figure 91c vs. the control sample in 
Figure 91a. This crucial finding confirmed the 
conclusion that the portion of the total excess 
heat uptake below the baseline not representing 
the true enthalpy of the crystalline melting tran
sition, i.e., the portion associated with the base
line shift shown in Figures 91 a and b (but not in 
91c), must be due to the glass transition that 
immediately precedes and is superimposed on the 
crystalline melt. 17-19 

The amorphous regions of a starch granule 
represent a continuous phase, and the covalently 
attached microcrystalline branches of amylopec
tin plus discrete amylose-lipid crystallites rep
resent a discontinuous phase. For each polymer 
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class (distinguished by an arbitrarily small range 
of linear DP), water added outside the granule 
acts to depress Tg of the continuous amorphous 
regions, thus permitting sufficient mobility for 
the metastable crystallites to melt on heating to 
Tm above Tg.17.18,20 The effect of changing the 
amount of added water on the thermal behavior 
of native rice starch can be seen in Figure 92.19 
At the "as is" 10 w% moisture content, with no 
added water (curve a), the glass transition of 
amylopectin occurs above 100°C and multiple 
crystalline melting transitions occur above 150°C. 
Similar profiles would be seen at increasing total 
sample moisture contents up to about 30 w% 
(i.e., Wg'), with the initial glass transition oc
curring at decreasing temperatures. At moisture 
contents higher than about 30 w% (Figure 92 
curves b-f), the initial glass transition occurs at 
about the same temperature, and the subsequent 
cooperative events occur at lower and narrower 
temperature ranges as water content is increased. 

(f) 

(e) 

(d) 

(c) 

(b) 

(a)-__ __ 

70 90 110 130 150 170 190 
Temperature (0 C) 

FIGURE 92. DuPont 1090 DSC heat flow curves of na
tive rice starch at various water contents: (a) starch with 
"as is" moisture of 10 w%; (b through f) starch with mois
ture added to water weight fractions indicated. (From 
Maurice, T. J., Slade, L., Page, C., and Sirett, R., Prop
erties of Water in Foods, Simatos, D. and Multon, J. L., 
Eds., Martinus Nijhoff, Dordrecht, 1985, 211. With 
permission.) 
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The moisture content that is sufficient to com
pletely plasticize starch after gelatinization is 
about 27 w% (i.e., Wg').17,18,158 However, unlike 
gelatin gels, which can be dried to different mois
tures so that water is uniformly distributed 
throughout the amorphous regions,17,18,24 native 
starch starts out typically at 6 to 10 w% moisture, 
and the added water is outside the granule (and 
so initially non-plasticizing), prior to moisture 
uptake and swelling during DSC heating. 20 

The results and conclusions from Figure 92 
have been confirmed by subsequent DSC results 
of Biliaderis et al. 46 on several other varietal rice 
starches. In addition to several composite ther
mograms similar in appearance to Figure 92, they 
have presented a graph of Tg vs. starch concen
tration (w%), for partially crystalline native starch
water mixtures, which starts at about 240°C for 
the dry sample, and decreases with increasing 
moisture to 68°C at about 30 w% total moisture 
("as is" plus added). Beyond this moisture con
tent (i.e., for further additions of (initially non
plasticizing) water outside the granules), and be
fore gelatinization during DSC heating, the initial 
Tg appears to remain constant. (Colonna et al. 417 
have presented an analogous plot of Tgelat [mea
sured by thermal analysis] vs. water content for 
B-type potato starch [see Figure 93], which sim
ilarly shows Tgelat decreasing with increasing 
moisture content, from about 260°C at 0% water 
to about 66°C at about 37.5% water, and then 
leveling off at higher water contents.) The graph 
of the effect of water on the dynamically mea
sured value of Tg for partially crystalline native 
rice starch reported by Biliaderis et al. 46 (and the 
one of Tgelat vs. water content for potato starch 
in Figure 93) should not be confused with the Tg 
curve in a state diagram for a homogeneous starch
water system, i.e., completely amorphous gela
tinized starch-water, shown earlier in Figure 25. 
The latter illustrates the smooth glass curve that 
connects Tg of dry starch with Tg of amorphous 
water, and passes through Tg' (- 5°C) and Wg' 
(27 w% water) for gelatinized starch. 17,18 

Zobel61 has recently remarked that "glass 
transition is an expression familiar to the polymer 
chemist but still somewhat foreign to starch 
chemists" and that "while recognized as a fac
tor in starch characterization, glass transition 
temperatures have been, and to a degree still are, 
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FIGURE 93. Changes in gelatinization temperatures as a func
tion of hydration: -- potato starch (determined by differential 
thermal analysis (filled circles), DSC [diamonds]): - - - wheat 
starch (determined by birefringence [open circles]). (From Co
lonna, P., Buleon, A., and Mercier, C., Starch: Properties and 
Potential, Galliard, T., Ed., John Wiley & Sons, Chichester, 1987, 
79. With permission.) 

somewhat elusive." While the existence of a 
glass transition and measurable Tg in partially 
crystalline native granular starches has only re
cently become established by DSe studies re
ported by Slade and co-workers in the past 5 
years,17-23,35,46 and is therefore still in the process 
of becoming more widely recognized and ac
cepted,47-49,52,53,60,61,63,65,93,94,223,418 the tempera-

ture location of the glass transition associated 
with gelatinization of native starch has become 
a point of contention in the recent litera
ture. 20,21,52,53 

Two recent reports52,53 have explored the va
lidity of the model in which the thermal behavior 
of native starch at 55 w% total moisture in the 
temperature range 50 to 1000 e represents the su
perposition of a second-order glass transition fol
lowed by a first-order crystalline melting tran
sition. Yost and Hoseney52 have presented DSe 
results for gelatinization and annealing by heat! 
moisture treatment of wheat starch in water at 50 
w% total sample moisture content. They have 
concluded that annealing occurs (in samples pre
viously held for 24 h at room temperature) at 
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temperatures 3 to 8°C below the gelatinization 
Tm for wheat starch, but not at lower tempera
tures. These results do not contradict previous 
DSC results and conclusions 17

-
20 about the rela

tive locations of Tg and Tm for gelatinization of 
starch, especially in light of existing knowledge 
about annealing of metastable, partially crystal
line synthetic polymers. 102.104 As mentioned ear
lier, annealing occurs at Tg < Ta < Tm, typically 
at Ta = 0.75-0.88 Tm (OK), for polymers with 
Tg/Tm ratios of 0.5 to 0.8. In this metastable 
rubbery domain defined by WLF theory, an
nealing is another diffusion-limited, non-equilib
rium process for which rate is governed by WLF, 
rather than Arrhenius, kinetics. 15,21,419 As dem
onstrated for various native granular starches in 
excess moisture situations,17-20,48,52,158,419,420 the 
time required to achieve a measurable and com
parable (in a reasonable and similar experimental 
time frame) extent of annealing is shortest at Ta 
just below Tm (greatest d T above Tg) and long
est at Ta just above Tg (smallest dT). The min
imum value of the Tg/Tm ratio for wheat starch 
(at a uniformly distributed excess moisture con
tent "?:-27 w%) is about 0.80 (i.e., Tg'/Tm = 
268/333K), and this ratio increases with decreas
ing moisture content to an anomalously high value 
>0.9. 21 This anomalous situation corresponds to 
conditions of the non-equilibrium gelatinization 
or annealing of native starch upon heating in the 
presence of water added to 50 w%. Conse
quently, the temperature range that encompasses 
the effective locations of Tg, Ta, and Tm for 
native starch heated with excess added water is 
quite narrow, a conclusion also suggested by the 
DSC results of Nakazawa et a1. 419 Zeleznak and 
Hoseney53 have investigated the Tg of both native 
and pregelatinized wheat starches as a function 
of moisture content, and concluded, in seeming 
conflict with the annealing results previously re
ported,52 that their findings "contradicted the 
suggestion that Tg immediately precedes melting 
in starch." In both papers,52,53 Hoseney and co
workers have based their argument, in large part, 
on the failure to observe a glass transition (in the 
form of a discontinuous change in heat capacity) 
in a rescan after gelatinization of native starch in 
excess added moisture in the DSC. Unfortu
nately, their DSC measurements were not ex
tended below O°C, and so the prominent Tg at 
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Tg' "'" - 5°C for gelatinized starch, illustrated 
earlier in Figure 40, was not observed. 

In an effort to resolve any questions raised 
by the conclusions of Yost and Hoseney52 and 
Zeleznak and Hoseney, 53 a subsequent DSC study 
of representative A-type cereal starches21 has ver
ified and further quantified the temperature lo
cation of the effective glass transition that im
mediately precedes the non-equilibrium melting 
transition of amylopectin microcrystallites and 
thereby controls the melting process associated 
with gelatinization. For that study, native gran
ular wheat and waxy corn starches were heated 
at 10°C/min in the presence of water added to 
about 55 w% total moisture to facilitate temporal 
resolution of the thermal events. This practice is 
consistent with the general rule of thumb that 
DSC experiments should be conducted with sam
ples containing about 30 to 70 w% moisture for 
diagnostic evaluation of ingredient structure
function relationships for food materials. 23 The 
diagnostic information about potential ingredient 
functionality can be related to the real-world 
events that would be retarded by moisture con
tents below 30 w% or accelerated above 70 w%. 
Addition of water to less than about 30 w% mois
ture retards the thermomechanical events of ge
latinization and pasting in time and temperature 
to such an extent that all of the thermal events 
occur cooperatively over a higher, narrower tem
perature range, due to excessive plasticization 
and mobilization by heat. 19,20 Addition of water 
to more than about 70 w% moisture accelerates 
all of the thermal events so that they occur co
operatively in a much lower, narrower temper
ature range, due to excessive plasticization and 
mobilization by water. Addition of an equal 
weight of water to starch having" as is" moisture 
content of 6 to 1 0 w% eases the preparation of 
samples for DSC analysis and allows separation 
in time and temperature of the successive, now 
non-cooperative, thermal events to provide di
agnostic thermal profiles. 23 Such diagnostic pro
files are required to isolate and demonstrate the 
contribution of free volume to heat capacity, ob
served as the characteristic step change in DSC 
baseline at Tg.I06 In the absence of such decon
volution of the thermal events, smaller and less 
reproducible changes in heat capacity are ob
served, due to the superposition of vibrational 



and free volume contributions to heat capacity 
and endothermic and exothermic contributions to 
enthalpy for both amorphous and crystalline re
gions of the sample. 106 An exactly analogous be
havior has been observed for the plasticization 
of synthetic high polymers by their compatible 
diluents. 109 Up to about 30 w% uniformly dis
tributed diluent, the solute is incompletely plas
ticized by diluent alone, complete plasticization 
is achieved by a combination of diluent plus heat, 
and the microscopic behavior of the sample is 
dominated by the solute as modulated by the plas
ticizer in the blend. Between about 30 and 70 
w% uniformly distributed plasticizer, complete 
plasticization can be achieved by diluent alone, 
and two distinguishable microscopic behaviors 
of the sample can be observed: solute modulated 
by plasticizing diluent and diluent modulated by 
solute. Above about 70 w% diluent, ambient tem
perature is typically far above the sample Tg, and 
a single microscopic behavior of the sample is 
again observed, that of the diluent modulated by 
the solute, exemplified in the extreme by the 
behavior of dilute solutions. 109 Of course, the 
behavior of solute modulated by plasticizer can 
be observed at diluent concentrations above 70 
w%, but only at the macroscopic level, in the 
form of entanglement and partially crystalline 
networks and gels. 23 It should be noted that this 
description and the particular w% compositions 
of solute and diluent apply to the typical case of 
high MW food materials and synthetic polymers, 
for which Wg' (or the organic equivalent) is about 
30 w%. 25 For those materials with values of W g' 
very different from about 30 w%, appropriate 
ranges of diluent would be used to effect the same 
modulation of the Tg and mechanical behavior 
of the solute-diluent blend. 23 

The experimental DSC protocol used to study 
the A-type cereal starches21 represents a novel 
and critically discriminative extension of proce
dures previously recommended48 and used52.60 to 
analyze starch gelatinization. Definitive DSC ex
periments, involving partial initial heating scans 
to intermediate temperatures in the range from 
30 to 130°C, followed by quench-cooling and 
immediate complete rescans, have revealed the 
operational location ofTg for wheat starch (above 
54°C and completed by 63°C) and waxy com 
starch (above 63°C and completed by 71.5°C). 

Corresponding effective "end of melting" tem
peratures (Tm)60.100.105.161.419 for the non-equilib-
rium melting transition of annealed amylopectin 
microcrystallites in normal wheat (about 92°C) 
and waxy com (about 95°C) starches have also 
been identified. Results of this study have made 
it possible to achieve a deconvolution of the con
tributions of amylopectin and amylose to the non
equilibrium melting behavior of native granular 
starches,21 through DSC analyses of normal wheat 
and waxy com starches. These results have also 
been used to demonstrate the kinetically con
trolled relationship (based on the dynamics of 
plasticization by water) between the operative 
Ta, at which a non-equilibrium process of an
nealing can occur in native granular starches sub
jected to various heat/moisture/time treatments, 
and the effective Tg and Tm which are relevant 
to gelatinization and which bracket Ta,48.102.104 
thereby confirming that the location of Ta 3 to 
8°C below Tm52 is not inconsistent with a Tg 
immediately preceding melting. 

The study has demonstrated that the effective 
Tg associated with gelatinization of native gran
ular starch, most readily resolved as described 
above by heating in excess added moisture at 
nearly equal weights of starch and water, depends 
on the instantaneously operative conditions of 
moisture content, temperature, and time. 21 This 
finding has helped to eliminate any potential con
fusion over the absence of a single, "absolute" 
value of Tg for starch. Location of the effective 
Tg of gelatinization has illustrated the established 
factI07.120,172,250 that the operational designation 
of a particular Tg value for any partially or com
pletely amorphous material is only relevant to the 
instantaneously operative conditions of its mea
surement. This point has been depicted concep
tually by the schematic state diagram for the 
amorphous regions of native granular cereal starch 
in Figure 94,26 which has been used in the context 
of a dynamics map to describe the process of 
gelatinization. Figure 94 traces the route fol
lowed during a DSC experiment, in terms of the 
following path of temperature-moisture content 
loci: (1) initial heating of native starch (N), at 
"as is" moisture and blended with excess water, 
from room temperature, through the instanta
neously operative Tg, into the rubbery region 
(whereupon the rates of moisture uptake and 
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FIGURE 94. Schematic state diagram for the amor
phous regions of granular starch, on which is traced the 
temperature-moisture content path followed during (1) in
itial heating, to T > the instantaneously operative Tg (and 
subsequent instantaneously operative Tm), to gelatinize 
(G) native (N) starch, (2) subsequent cooling, to T < the 
effective Tg (Le., Tg') of gelatinized starch, and (3) re
heating to T > Tg'. (From Levine, H. and Slade, L., Dough 
Rheology and Baked Product Texture: Theory and Prac
tice, Faridi, H. and Faubion, J. M., Eds., Van Nostrand 
Reinhold/AVI, New York, 1989, 157. With permission.) 

swelling increase dramatically with increasing 
temperature19,20.48), through the instantaneously 
operative Tm (not shown, but located along the 
dotted line between Tg and lOO°C) , to G, rep
resenting the gelatinized sample with final uni
form moisture content at the end of the first heat
ing scan (130°C) (see Figure 90a); (2) cooling, 
to T < the effective Tg of the gelatinized sample 
(which has become Tg'), which is accompanied 
by freezing and freeze-concentration to W = 
Wg'; and (3) reheating, from T < Tg', through 
Tg' (whereupon ice melting and starch dilution 
begin), back up to G at the end of the second 
heating scan (see Figures 40b and 90c). The con
cept implicit in Figure 94 is that the glass tran
sition represents a rate-limiting stage of a me-
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chanical relaxation process, for which the 
spectrum of relaxation rates depends on the in
stantaneous magnitude of the free volume and! 
or local viscosity, which in tum depends on the 
relative values of experimental moisture content 
compared to the moisture content (W g) of the 
operative glass, experimental temperature com
pared to the instantaneous Tg, and experimental 
time frame compared to the instantaneous relax
ation rate. 30 Such a relaxation process, described 
by WLF theory, underlies various functional as
pects of starch in food systems, such as gelatin
ization, crystallite melting, annealing, and re
crystallization. The academic distinction between 
the kinetic control of gelatinization with this op
erational Tg as the reference temperature vs. the 



energetic control through Tm might be dismissed 
as a semantic issue were it not for its overriding 
technological importance. 23 Control through Tm 
would dictate that the gelatinization temperature 
and mechanical behavior of a starch system dur
ing the events of gelatinization depend solely on 
the identity of the starch crystalline polymorph, 
without regard to the previous history of the sam
ple. Practical experience related to aging of cereal 
grains prior to industrial processing, variations 
in the wet-milling process to isolate starches, and 
other heat/moisture treatments clearly confirm the 
role of sample history and the kinetic control of 
gelatinization through the path-determined op
erational location of the starch Tg. 22.23 

Conceptual descriptions of the kinetically 
controlled relaxation processes of annealing in 
native granular cereal starch and recrystallization 
in gelatinized cereal starch, analogous to the de
scription of gelatinization according to the dy
namics map in Figure 94, have been illustrated 
by the schematic state diagrams in Figures 95 
and 96, respectively.23 These in tum have been 
based on the idealized state diagram shown ear
lier in Figure 83 for a plasticizer (component 3)
solute (component 2) system in which both com
ponents are crystallizable, as exemplified by the 
starch-water system. Figure 95 traces the route 
followed during a DSC experiment, in terms of 
the following path of temperature-moisture con
tent loci: initial heating of native granular A-type 
cereal starch (N), at "as is" moisture and blended 
with excess water, from room temperature, 
through the instantaneously operative Tg, into the 
rubbery region, through the instantaneously op
erative Tm for A-type microcrystalline regions 
«100°C), to G, representing the gelatinized 
sample with final uniform moisture content at the 
end of the heating scan (130°C). Annealing in 
such a metastable, partially crystalline polymer 
system, subjected to such a heat/moisture treat
ment, can occur within the experimental time 
frame, during heating along the portion of the 
dotted path within the temperature range between 
the instantaneously operative Tg and Tm. If the 
initial DSC heating scan had been stopped some
where between the effective Tg and Tm, or if 
the original starch-water mixture had been sub
jected to a heat/moisture/time treatment within 
the" crystal 2 " domain in Figure 83 (as described 

earlier with respect to Figures 90b and 91b and 
c), the consequences of annealing would be man
ifested during subsequent DSC analysis. Crystal 
growth and/or perfection would be evidenced by 
a narrower melting endotherm (indicative of a 
more cooperative transition) of higher peak Tm 
and possibly higher enthalpy. 23 

The schematic state diagram in Figure 96 
illustrates the process of recrystallization in ge
latinized cereal starch. Figure 96 traces the route 
followed during a DSC experiment, in terms of 
the following path of temperature-moisture con
tent loci: (1) initial heating, to T > the instan
taneously operative Tg (and subsequent instan
taneously operative Tm, not shown), to gelatinize 
(G) native (N) starch (as described in Figure 94 
and illustrated by Figure 90a) , (2) subsequent 
cooling to room temperature (Le., to T > the 
effective Tg (Le., Tg') of gelatinized starch), in 
contrast to the cooling path of step 2 in Figure 
94, (3) storage at room temperature to allow ge
lation and recrystallization of B-type microcrys
talline regions, and (4) reheating from room tem
perature to T > the instantaneously operative Tm 
ofB-type crystalline starch at >27 w% moisture, 
to melt the retrograded B-type starch gel (see 
Figure 90d). 

The composite diagram of DSC heat flow 
curves for native wheat starch, shown in Figure 
97,21 has demonstrated conclusively that initial 
heating to at least 92°C is required (for a heating 
rate of lOoC/min, to a final sample moisture con
tent of 50 w%) to complete the non-equilibrium 
melting process associated with gelatinization and 
pasting of this native granular starch. Partial in
itial scanning to temperatures 2=.72°C but <92°C 
results in only partial melting, as evidenced in 
the rescans by a remnant of the melting profile, 
compared to the thermal profile of the complete 
melting process shown at the top of Figure 97. 
This remnant decreases in area with increasing 
maximum temperature (in the 72 to 92°C range) 
of the partial initial scan, but only disappears 
completely (yielding a featureless thermogram, 
as evidenced by a flat baseline, from 30 to lOO°C) 
after initial heating to 2=.92°C. From these pre
liminary DSC measurements, it was concluded 
that 92°C represents the effective Tm at the" end 
of melting" for native wheat starch heated at 
lOoC/min with 50 w% total moisture. The tem-
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FIGURE 95. Schematic state diagram for the amorphous and A-type 
crystalline regions of granular cereal starch, on which is traced the 
temperature-moisture content path followed during heating, to T > the 
instantaneously operative Tg and subsequent instantaneously oper
ative Tm, to gelatinize (G) native (N) starch. Annealing during initial 
heating can occur along the portion of the dotted path between the 
instantaneously operative Tg and Tm. (Reproduced with permission 
from Reference 23.) 

perature at which melting begins was deduced 
from the DSC results shown in Figure 98,21 which 
also reveal the temperature location of the effec
tive glass transition that must precede the onset 
of this non-equilibrium melting process for wheat 
starch with water added to 55 w% total moisture. 
On the time scale of the DSC measurement, these 
two temperatures are essentially identical. Im
plicit in the results shown in Figure 97 is the fact 
that, at temperatures within the range from the 
effective Tg to the end-of-melting Tm, the extent 
of gelatinization is temperature-dependent. As 
mentioned earlier, this condition prohibits the ap
plication of Arrhenius kinetics to model the ge-
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latinization process65 ,222.224 and emphasizes the 
applicability of WLF kinetics. 17,18,20,21,30 

The composite diagram of DSC heat flow 
curves for native wheat starch with 55 w% water 
in Figure 98 shows the complete non-equilibrium 
melting process as an initial scan in curve A; the 
partial initial scans, with their end-of-scan tem
peratures indicated, as solid lines in parts B 
through K; and the complete rescans as dashed 
lines in parts B through L. For parts B through 
L, the T ADS computer on the Perkin-Elmer DSC-
2C was instructed to display simultaneously the 
initial and rescans and allowed to confirm that 
the same instrumental baseline response of heat 
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FIGURE 96. Schematic state diagram for the amorphous regions of 
granular starch, on which is traced the temperature-moisture content 
path followed during (1) initial heating, to T > the instantaneously 
operative Tg (and subsequent instantaneously operative Tm, not 
shown), to gelatinize (G) native (N) starch, (2) subsequent cooling to 
room temperature (i.e., to T > the effective Tg (i.e., Tg') of gelatinized 
starch), in contrast to the cooling path of step 2 in Figure 94, (3) storage 
at room temperature to allow gelation and recrystallization of 8-type 
microcrystalline regions, and (4) reheating from room temperature to 
T > the instantaneously operative Tm of 8-type crystalline starch at 
>27 w% moisture, to melt retrograded 8-type starch gel. (Reproduced 
with permission from Reference 23.) 

uptake (in mcal/s) at the instrumentally "equi
librated" starting temperature of 20°C occurred 
in both scans. This data processing step evidences 
successful experimental execution by the near
perfect superposition of the 20 to 50°C baseline 
portions of the initial scans and corresponding 
rescan segments in parts B, C, and D, and the 
90 to lOO°C baseline portions of the scans and 
rescans in parts J, K, and L. This step is critical 
to the identification of the effective Tg that gov-

ems gelatinization of commercially isolated na
tive cereal starch in excess moisture during heat
ing from room temperature to lOO°C. The results 
in Figure 98 have been used to deduce the lo
cation of the effective Tg as the temperature by 
which there had occurred, in the initial scan, a 
characteristic and diagnostic baseline shift in heat 
capacity, during the time scale of the experi
mental measurement, for heating at lOoC/min. 
As an example, within the temperature range 30 
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FIGURE 97. Perkin-Elmer DSC-2C heat flow curves of wheat 
starch:water mixtures (50:50 by weight): top - initial scan at 
10°C/min for native starch; others - rescans at 10°C/min, 
immediately following partial initial scanning, at 10°C/min, 
from 20°C to maximum temperatures indicated and then im
mediate cooling, at nominal instrument rate of 320°C/min, to 
20°C. (From Slade, L. and Levine, H., Carbohydr. Po/ym., 8, 
183, 1988. With permission.) 

to lOOoe in part L, comparison of the 30 to 600e 
baseline portions of the initial scan and rescan 
demonstrates such a diagnostic difference in heat 
capacity, thereby documenting that a glass tran
sition had occurred during the initial scan. Be
cause of the previous occurrence of the change 
in heat capacity, the featureless (at T < lOO°C) 
res can is superimposed on the initial scan only 

after the latter returns to baseline after the end 
of the endothermic melting process at Tm = 92°e. 
As expected, this effective end-of-melting Tm is 
the same as shown in Figure 97, since both 50 
and 55 w% water represent conditions of large 
excess moisture for gelatinized starch. This ef
fective end-of-melting Tm is also suggested by 
Figure 981, for which the initial thermal profile, 
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FIGURE 98. Perkin-Elmer DSC-2C heat flow curves of 
wheat starch:water mixtures (45:55 by weight): (A) initial 
scan at 10°C/min for native starch; (8 through L) solid 
lines = partial initial scans for native starch, at 10°C/min, 
from 20°C to maximum temperatures indicated, dashed 
lines = rescans at 10°C/min, immediately following partial 
initial scanning and then immediate cooling, at nominal 
320°C/min, to 20°C. (From Slade, L. and Levine, H., Car
bohydr. Polym., 8,183,1988. With permission.) 

upon heating to 89°C, stops just short of a return 
to baseline. The reason for the apparent absence 
of a Tg in the rescan of part L was explained 
earlier by reference to Figure 40. After complete 
gelatinization upon heating to 130°C and 55 w% 
final moisture content, Tg = Tg' = - 5°C. 

The effective Tg preceding and controlling 
the non-equilibrium melting process associated 
with gelatinization is identified as that minimum, 
narrow temperature span in the initial scan, below 
which the change in heat capacity had not yet 
occurred (as reflected by superimposed baselines 
for scan and rescan), but at and above which it 
already had (as reflected by a displacement of 
baselines, at T < Tg, between scan and rescan). 
It can be seen in Figure 98 parts B, C, and D 
that the scans and corresponding rescan segments 
are essentially identical up to 54°C, and the heat 
capacity change had not yet occurred before the 
rescans, because initial heating to 37,47, or 54°C 
had not yet reached the uniform requirements of 
time, temperature, and moisture for cooperative 
relaxation at Tg. In contrast, in parts E through 
K, the scan and rescan baselines, at T < Tg, are 
displaced, because initial heating to T 2:: 63°C 
had allowed the amorphous regions of the native 
granules to undergo a glass transition. By the 
convention described above, the effective "end 
of softening" Tg preceding crystallite melting is 
thus identified as >54 and :563°C, as illustrated 
in Figure 98E. This upper limit for Tg corre
sponds to the temperature at the "peak mini
mum" in the characteristic DSC thermal profile 
for wheat starch gelatinization shown in Figure 
98A. As mentioned earlier, the narrow 55 to 63°C 
temperature span of the effective Tg occurs along 
the leading edge of the "gelatinization endoth
erm. "17,18 Figure 98E represents a temporal and 
thermal deconvolution of the melting transition 
of microcrystalline regions from the preceding 
glass transition of amorphous regions of water
plasticized starch. Nakazawa et al. 419 have al
luded to a similar differentiation between the mo
bile amorphous regions and immobile crystalline 
regions with respect to the time frame of their 
DSC results for normal rice starches analyzed at 
50 w% total moisture, but they have implausibly 
suggested that the elevated Tm observed in an
nealed starches is due to increased stability in the 
amorphous regions. Rather, for this case of starch 
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in excess moisture, annealing allows a relaxation 
in the amorphous regions from a more to a less 
(kinetically meta-) stable state, while the crys
talline regions perfect from a less (meta-) stable 
state to a more stable state with higher Tm. 106 

The rescan of Figure 98 part E exhibits the fol
lowing features, compared to the typical appear
ance of curve A below 100°C; a more symmet
rical melting endotherm with essentially no 
baseline shift, an onset temperature (essentially 
coincident with the initial effective Tg) of 63°C, 
a peak minimum of 70°C, and an effective end
of-melting Tm of 92°C. The essentially unde
tectable baseline shift in heat capacity associated 
with the crystalline melting transition at the in
strumental settings that allow ready demonstra
tion of the large change in heat capacity asso
ciated with the glass transition is expected, as 
explained by Wunderlich (Reference 106, Fig
ures l3 and 16), due to the free volume contri
bution to heat capacity. The appearance of the 
thermal profile in the region of the glass transition 
is analogous in shape to an endothermic hyster
esis peak, a common characteristic manifested 
by partially crystalline polymers. 106 An endoth
ermic hysteresis peak is indicative of some jump, 
during the sample history, in temperature, plas
ticizer content, or pressure at a rate exceeding 
the relaxation rate of the appropriate process and 
is observed during subsequent DSC analysis as 
a "stress relief" via "enthalpic relaxation." 106 

The apparent enthalpic relaxation of starch,53 with 
a peak minimum at 63°C, is superimposed on the 
universal step-change in heat capacity. One can 
further imagine summing the glass and melting 
transitions, superimposed on one another in the 
temperature range 50 to 100°C, by adding to
gether the scan and rescan in Figure 98 part E, 
thus reconstituting, with no discernible loss of 
total heat uptake below the baseline, the char
acteristic DSC thermal profIle (curve A) for wheat 
starch gelatinization in excess water. 

Figure 9921 contains the analogous composite 
diagram of DSC heat flow curves for waxy corn 
starch with 55 w% total moisture. As in Figure 
98, Figure 99 shows the complete non-equilib
rium melting process as an initial scan in curve 
A; the partial initial scans, with their maximum 
temperatures indicated, as solid lines in parts B 
through G; and the complete rescans as dashed 
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FIGURE 99. Perkin-Elmer DSC-2C heat flow curves 
of waxy corn starch:water mixtures (45:55 by weight): 
(A) initial scan at 1 DOC/min for native starch; (8 through 
H) solid lines = partial initial scans for native starch, 
at 1 DOC/min, from 2DoC to maximum temperatures in
dicated, dashed lines = rescans at 1 DOC/min, imme
diately following partial initial scanning and then im
mediate cooling, at nominal 32DoC/min, to 2DoC. (From 
Slade, L. and Levine, H., Carbohydr. Polym., 8, 183, 
1988. With permission.) 

lines in parts B through H. In contrast to Figure 
98, amylose-lipid melting transitions above 100°C 
are absent for this essentially amylose-free starch. 
Based on the same analysis and logic described 
for Figure 98, and equally successful superpo-



sition of the instrumental baseline response of 
initial and rescans (e.g., Figure 99 part B in the 
temperature range from 30 to 60°C and H from 
95 to 130°C), the following results have been 
obtained from Figure 99. Parts C through H man
ifest displaced baselines, in the temperature range 
30 to ::S 65°C, for the initial and rescans, while 
part B shows superimposed baselines in the same 
temperature range. Accordingly, the effective 
end-of-softening Tg preceding crystallite melting 
is identified as >63 and ::s71.5°C from Figure 
99C. As for wheat starch in Figure 98, this upper 
limit for Tg corresponds to the temperature at the 
"peak minimum" in the typical DSC thermo
gram for waxy com starch gelatinization shown 
in Figure 99A. The narrow temperature span of 
this Tg occurs within the range 64 to 71.5°C, 
along the leading edge of the endotherm. Part H 
reveals an effective end-of-melting Tm = 95°C, 
where the initial scan returns to baseline after 
gelatinization. This is corroborated in part G, 
where the thermal profile, upon initial heating to 
94°C, stops just short of a return to baseline. As 
in Figure 98E, Figure 99C illustrates a separation 
of the melting transition of A-type microcrystal
lites from the glass transition that must precede 
it. However, in this case, the melting transition 
can be unambiguously assigned to the micro
crystalline, clustered amylopectin branches, and 
the glass transition to the contiguous amorphous 
regions of water-plasticized amylopectin. The 
rescan of Figure 99C shows a nearly symmetrical 
melting endotherm with the following features: 
onset temperature of 71.5°C, coinciding with Tg; 
peak minimum of about 78°C; and end-of-melt
ing Tm at 95°C. Waxy com starch in Figure 99C, 
like normal wheat starch in Figure 98E, shows 
an undetectably small baseline shift from its lead
ing to trailing end for the isolated melting tran
sition associated with gelatinization in excess 
moisture. Thus, these DSC results demonstrate 
conclusively that the change in heat capacity, 
illustrated in Figures 98 and 99, is associated 
entirely with the glass transition that immediately 
precedes the crystalline melting endotherm. In 
contrast, Yost and Hoseney52 have also observed 
such a change in heat capacity (between an initial 
partial heating scan, to a single intermediate tem
perature, and a complete rescan) for native wheat 
starch in 50 w% water, but because they did not 

observe a Tg (at the subzero Tg') in the DSC 
rescan, Zeleznak and Hoseney53 have suggested 
instead that it "merely indicates that the heat 
capacity of a starch-water suspension is lower 
than that of gelatinized starch. " Figures 98E and 
99C demonstrate the actual explanation for their 
observation. 

Russell60 has published DSC thermo grams 
(showing initial complete heating scans and su
perimposed immediate complete rescans) for na
tive wheat and waxy com starches at 57 w% total 
moisture content that are very similar in appear
ance to Figure 98 (curves A and L) and Figure 
99 (curves A and H), respectively. He also ob
served and recognized the characteristic change 
in heat capacity (dCp) as signifying a glass tran
sition immediately preceding crystallite melting. 
However, because ofthe "very small dCp (about 
0.1 ]/oC g sample)" associated with this baseline 
shift, Russell' s60 concluding remarks stopped 
short of a wholehearted endorsement (' 'it is likely 
that a glass transition is associated with starch 
gelatinization") of the conceptl7

-
21 by subse

quently referring to "the putative glass transi
tion". With respect to the magnitude of dCp for 
the glass transition exhibited in Figures 98 and 
99, it has been demonstrated,23 as mentioned ear
lier, that the magnitude of the baseline shift for 
the glass transition of amylopectin is equivalent 
in magnitude to the dCp that would be observed 
for a comparable weight of completely amor
phous pure polystyrene at its Tg. 

With the aim of deconvoluting the contri
butions of amylopectin and amylose to the non
equilibrium melting behavior of native granular 
wheat and waxy com starches in 55 w% mois
ture, the effective values of Tg and end-of-melt
ing Tm have been compared: for wheat starch, 
Tg = 63°C and Tm = 92°C, while for waxy com 
starch, Tg = 71.5°C and Tm = 95°C. These 
effective end-of-melting Tm values, rather than 
the corresponding onset or peak values, have been 
chosen for comparison,21 because they would 
represent melting of the largest and/or most per
fected microcrystals,I00,105 and so would be most 
relevant to the comparison of Tg/Tm ratios.60,161 
For both starches, the Tm values are similar. In 
contrast, the effective Tg for wheat starch is sig
nificantly lower than the value for waxy com 
starch. The values of the ratio of effective Tg/ 
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end-of-melting Tm, relevant to gelatinization of 
these native granular starches in 55 w% water by 
DSC heating at 10°C/min, are 0.92 for wheat and 
0.94 for waxy corn. For water-compatible poly
mers other than starch, such anomalously high 
Tg/Tm ratios >0.9 have been attributed to the 
influence of metastable supramolecular structure 
with non-uniform moisture distribution. 15,383 

The effective values of Tg identified as de
scribed earlier, which are associated with first
stage swelling of native granular starches heated 
in 55 w% water, do not represent the Tg of amor
phous regions of native granules at about 10 w% 
total moisture. Recent evidence has suggested 
that the value for that operative Tg is > 100°C 
for several different normal and waxy cereal grain 
starches. 19,46,53 Nor do they represent the Tg of 
completely amorphous gelatinized starch at 55 
w% moisture, which is actually Tg' of - 5°C. 
The values of Tg reported are those manifested 
by the amorphous regions of native granules dur
ing the dynamic process of plasticization by heat 
(increasing at 10°C/min in the temperature range 
from 20 to 130°C) and moisture uptake (increas
ing in the range from 10 to 55 w%) and represent 
particular, intermediate values, within a contin
uum, which depend on the instantaneously op
erative temperature and content of plasticizing 
water. 21 

As discussed earlier, when the experimental 
history with respect to heating rate, temperature 
range, and total sample moisture content is the 
same, the thermal profiles of amylose-containing 
normal wheat starch in Figure 98 and essentially 
amylose-free waxy corn starch in Figure 99 do 
not differ qualitatively below 100°e. The major 
qualitative difference is the presence of a melting 
transition above 100°C for crystalline lipid-amy
lose complex in the initial scans of normal wheat 
starch (also seen in immediate rescans as a result 
of recrystallization from the self-seeded melt), 
and th« absence of this transition in the thermal 
profiles for waxy corn starch. The qualitative 
similarity of the thermal behavior of normal and 
waxy starches below 100°C indicates that the 
thermal profiles represent non-equilibrium melt
ing of microcrystals composed of hydrated clus
ters of amylopectin branches in both cases, with 
no significant contributions from amylose. 21 Thus, 
the quantitative differences between the values 
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of the operative end-of-softening Tg and end-of
melting Tm for normal wheat vs. waxy com starch 
should be explained on the basis of structure
property differences in their amylopectin com
ponents. Sample history (path dependence, such 
as jumps in moisture, temperature, or pressure) 
is often more important than inherent equilibrium 
thermodynamic properties, and as important as 
chemical structure for the explication of struc
ture-property differences in non-equilibrium sys
tems. 26,30 Moreover, the starch-water system is 
neither spatially nor molecularly homogeneous, 
and the greater anomaly in Tg/Tm ratio for waxy 
corn starch compared to normal wheat starch will 
also depend highly on contributions of sample 
history as well as the structural biochemistry of 
the starch.21 

For a similar initial operative level of water 
plasticization in both the normal wheat and waxy 
corn starch systems, the quantitative differences 
seen for Tg, non-equilibrium Tm, and Tg/Tm 
ratio associated with gelatinization and pasting, 
can be explained by the previously mentioned 
fact that, for homologous amorphous polymers, 
Tg increases with increasing average MW.21 Sig
nificantly lower average MW of the amorphous 
regions of the starch granule would allow a greater 
rate of water uptake and greater values for the 
instantaneous extent of water plasticization at each 
time point in the DSC experiment. The under
lying basis for the difference in operative average 
MW of the amorphous regions of the native amy
lopectins was described earlier. Disproportiona
tion of more mobile branches with lower linear 
DP to the microcrystalline domains leads to higher 
average MW in the residual amorphous regions, 
and, consequently, to higher effective values of 
Tg and kinetically constrained Tm. 20 For this rea
son, the relative extents of crystallinity, ranging 
from 15 to 45%, of native starches from various 
sources and with both A- and B-type diffraction 
patterns, are directly related to their gelatiniza
tion temperatures. 160,413,421 The "high amylose" 
starches that result from the amylose-extender 
mutation, and which give misleading blue value 
determinations of60% amylose content,422 are an 
apparent exception to this rule of thumb. But 
even in the case of this so-called high-amylose 
starch, it is the anomalous amylopectin, with its 
long, unclustered, non-crystalline branches, that 



produces the dramatically elevated values of Tg 
and, indirectly, of Tm, in spite of the inherently 
low Tm of (isolated) B-type crystals. 21 (B-type 
crystals, isolated to remove kinetic constraints on 
melting due to amorphous surroundings, would 
melt at a lower temperature than isolated A-type 
crystals. 21) Like the silo-aging process for rice 
and high-humidity drying process for potato,421 
the wet-milling process for corn provides an op
portunity for annealing of starch420 and concom
itant elevation in extent of crystallinity, average 
MW of residual disproportionated amorphous re
gions of amylopectin, and gelatinization Tg.21 

The study of the gelatinization process by 
Slade and Levine21 has dealt exclusively with A
type cereal grain starches rather than B-type tuber 
and root starches, such as from potato. The same 
is true of earlier studies: (1) by Slade and co
workers,17-20,46 (2) of Tg and annealing by Yost 
and Hoseney52 and Zeleznak and Hoseney ,53 and 
(3) of annealing by Krueger et a1. 420 and Naka
zawa et al. 419 In addition to possible differences 
in extent of crystallinity due to process varia
tions,421 B-type native granular starches often have 
higher "as is" moisture contents in both the 
amorphous and crystalline regions than A-type 
starches (i.e., overall, but likewise heteroge
neously distributed, moisture contents of about 
18 to 20 w% for B-type vs. about 6 to 10 w% 
for A_type).153,400 Thus, the initial instanta
neously operative extent of plasticization of the 
continuous amorphous matrix, which subse
quently governs the non-equilibrium melting of 
the disperse microcrystalline regions, can be sig
nificantly different for B- vs. A-type starches20 

and can contribute to the observed lower gela
tinization temperature of potato starch.421 How
ever, the generic description of the gelatinization 
process for cereal starches17,18 is still valid for 
potato starch. Less extensive drying subsequent 
to starch biosynthesis results in greater preexist
ing moisture content in the amorphous regions 
of commercial potato starch, greater free volume, 
and depressed effective Tg, and in the crystalline 
regions, depressed effective end-of-melting Tm.23 
The functional attributes and physical properties, 
including extent of crystallinity and X-ray dif
fraction pattern, of potato starch can be altered 
by deliberate drying226.421 or heat/moisture 
treatmentI58,421.423 to resemble those of cereal 

starches. As a consequence of preexisting plas
ticization by water, depressed initial Tg, greater 
initial mobility, and lower end-of-melting Tm, 
the entire heating profile of the gelatinization of 
native potato starch is sharper and narrower than 
for cereal-like treated potato starch at the same 
total moisture content of the sample (moisture 
content of starch plus added water) and is cen
tered at a lower temperature. 21 

It cannot be overemphasized that the glass 
transition in starch, as in any other amorphous 
or partially crystalline material, represents a rate
limiting stage of a relaxation process,l07 for which 
the spectrum of relaxation rates depends on the 
instantaneous magnitude of the free volume and! 
or local viscosity, which in turn depends on the 
relative values of experimental moisture com
pared to Wg of the operative glass, experimental 
temperature compared to instantaneous Tg, and 
experimental time frame compared to the instan
taneous relaxation time. 21 Thus, when DSC heat
ing rates approach the operative relaxation rates 
for a measured process, a lower heating rate would 
result in observation of a lower Tg value. Angell172 

has described the heating-rate dependence of 
thermograms used to define Tg as "the most 
familiar feature of the glass transition." Theo
retically, heating at IOC rather than 10°C/min 
would result in a Tg lower by about 3°C, as 
calculated from the WLF equation for well-be
haved polymers with Tg/Tm ratios near 0.67.~0 
Tg differences of 3 to 5°C per order of magnitude 
are expected over broader ranges of experimental 
rates (or frequencies) for such well-behaved poly
mers, since the relaxation spectrum changes 
gradually from WLF to Arrhenius kinetics over 
a temperature interval of about 100°C above Tg. 30 
Experimentally, this expectation has been con
firmed in the case of polystyrene, for which the 
value of Tg is lower by 15°C when the heating 
rate is decreased from I°C/s to I°C/h, a factor of 
3600. 106 DSC experiments with slow heating rates 
of less than 0.5°C/min, for very dilute aqueous 
potato starch suspensions of about 2% solids, 
have allowed a very small scale micro-reversi
bility, which has been misinterpreted as the abil
ity to achieve and maintain equilibrium through
out the gelatinization process. 424 Loss of temporal 
resolution of the thermal events due to the greatly 
excess moisture content accounted for part of the 
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apparent micro-reversibility. 21 Actually, isoth
ermal treatment of aqueous rice starch slurries 
with excess moisture (50% solids), for more than 
100 h at various temperatures between 40 to 85°C 
(equivalent to infinitely slow heating rates), is 
not sufficient to approach an equilibrium state,419 
as expected, since the melting of partially crys
talline systems is never an equilibrium process. 106 

The dynamic nature of the glass transition is 
also reflected in the non-equilibrium annealing 
process for native starches in the presence of 
moisture which is insufficient for massive sec
ond-stage swelling. For example, recent results 
for annealing (to measurable, but I,lot necessarily 
equal, extents, for different granular starches) at 
different temperatures and times have included 
the following: (1) waxy com at 55 w% moisture, 
70°C for 10 min or 65°C for 30 min;19 (2) wheat 
at 50 w% moisture, noc for 30 min or room 
temperature for 24 h;52 (3) dent com in excess 
added water, 60°C for 15 min, 55°C for 2 h, or 
50°C for 48 h;420 (4) normal and waxy rices at 
50 w% moisture, at from 85°C for 5 min to 40°C 
for 140 h;419 and (5) wheat at 55 w% moisture, 
25°C for 55 d. 17,18 Comparison of these results 
demonstrates a mobility transformation with re
spect to time, temperature, and effectively plas
ticizing moisture content and has led to the con
clusion that significant annealing at lower 
temperatures for longer times is controlled by a 
lower operative Tg (resulting from a longer ex
perimental time frame) than the Tg that precedes 
crystallite melting by heaUmoisture treatment in 
the DSC.21 In other words, the operative Tg rel
evant to annealing at Tg < Ta < Tm decreases 
with increasing holding time in excess added 
moisture at lower temperatures, due to the effect 
of dynamic plasticization. This situation can be 
visualized in the dynamics map in Figure 95. As 
the extent of plasticization increases (i.e., as W g 
increases toward Wg'), the effective Tg de
creases toward Tg', and so the temperature range 
for annealing between the operative Tg and Tm 
broadens. Under conditions where the operative 
Tg has clearly fallen to Tg' at - 5°C (and Wg 
has increased to Wg'), significant annealing has 
also been observed in retrograded starch gels and 
baked bread aged at storage temperatures well 
above room temperature, and thus much closer 
to Tm than Tg.95,425 The unifying explanation lies 
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in the fact that the progressively resultant events 
of plasticization, mechanical relaxation above the 
glass transition, and functional manifestation (in
cluding starch gelatinization, crystallite melting, 
annealing, and recrystallization) are all dynamic, 
non-equilibrium processes, the kinetics of which 
are governed by WLF theory for glass-forming 
systems. 21 

2. Effect of Sugars on Starch 
Gelatinization 

The description of the effect of water as a 
plasticizer on native starch, from the perspective 
of starch as a partially crystalline glassy polymer 
system, has been extended to the next level of 
complexity, i.e., three-component model sys
tems of native starch, water, plus added sug
ars. 17,18,20 This extension is based on a recogni
tion of gelatinization of granular starch in aqueous 
media as (1) a diffusion-limited, mechanical re
laxation process with non-Arrhenius kinetics that 
depend on the mobility of the added plasti
cizer;21,30 and (2) a non-equilibrium melting pro
cess (as a consequence of heaUmoisture treat
ment), which becomes cooperative and occurs at 
a significant rate at a characteristic gelatinization 
temperature corresponding to the instantaneous 
Tg (i.e., Tgelat = Tg) of the water-plasticized 
amorphous regions of amylopectin.21 Gelatini
zation in concentrated aqueous solutions of com
mon small sugars begins at a higher Tgelat than 
in water alone; a retardation effect that has been 
suggested to result from "antiplasticization" (as 
defined for synthetic polymers109) by sugar-water 
cosolvents, relative to the extent of plasticization 
by water alone. 17,18,20 Sugar-water, of higher av
erage MW than water alone, causes a smaller 
depression of starch Tg than does pure water. In 
fact, isothermal treatment of starch in sugar-water, 
at a temperature that would result in non-equi
librium melting of amylopectin in water alone, 
results instead in antiplasticization by annealing 
and crystallite perfection. 20 

It has been known empirically for decades 
that various sugars, including sucrose, fructose, 
and glucose, raise the temperature of gelatini
zation of starch in water and delay the increase 
in viscosity (pasting), and that this effect in-



creases with increasing sugar concentra
tion. 48 ,65,230,413 This effect of sugars on the ge-
latinization and pasting behavior of native and 
modified starches is also well known to be im
portant to the processing and properties of food 
products such as baked goods, in that the effect 
influences the extent of wheat starch gelatiniza
tion, its retardation, or even inhibition during 
baking of, e.g., high sugar cookie doughs and 
cake batters. 26,47,49 The elevating effect of sugars 
on Tgelat had been attributed in the past in part 
to a depression of "water activity" ("Aw") by 
sugars and in part to an unexplained interaction 
(called "sugar bridges" by Ghiasi, et a1. 426 and 
said to involve hydrogen bonding427

) of sugars 
with the amorphous areas of starch granules. As 
illustrated in Figure 100,427 Spies and Hoseney 
suggested that "Aw" affects Tgelat to some ex
tent, such that Tgelat increases with decreasing 
"Aw" of various sugar solutions, yielding straight 
lines of different slope for mono-, di-, and tri
saccharide sugars. However, these workers noted 
that the mechanism of this effect was not com
pletely understood and that other factors were 
also important. 427 There had been no successful 
attempt to show how the two purported aspects 
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("Aw" and "sugar bridges") of the effect on 
Tgelat might be related, or to explain the mech
anism of elevation of Tgelat, prior to the de
scription of the anti plasticizing effect of sugar
water cosolvents. 17,18,20 

The effect of sucrose on Tgelat of wheat starch 
is illustrated in Figure 101.20 For convenience, 
Tgelat is taken as the temperature at the peak of 
heat uptake, as measured by DSC (see Figure 
101 inset). Figure 101 shows that as the weight 
of sucrose is increased in a ternary mixture with 
constant equal weight ratio of starch and water, 
Tgelat increases monotonically for samples up to 
a 1: 1: 1 mixture. The DSC heat flow curve of this 
I: 1: 1 mixture (shown in the inset of Figure 10 1), 
in which 50 w% sucrose is the added fluid outside 
the· granules, exhibits a glass transition (evi
denced by a characteristic baseline shift, asso
ciated with the free volume contribution to Tg, 106 

at the leading edge of the gelatinization endoth
erm) at an effective Tg > 30°C higher than that 
seen for a 1:0:1 mixture, when the added fluid 
is water alone. Immediately following and su
perimposed on the elevated glass transition is a 
relatively narrow crystalline melting transition, 
similar to that seen for native starch annealed 

0·80 0·90 1-00 
WATER ACTIVITY 

FIGURE 100. "Water activity" of sugar solutions vs. gelatini
zation temperature. F = fructose; G = glucose; M = maltose; 
S = sucrose; T = maltotriose. (From Spies, R. D. and Hoseney, 
R. C., Cereal Chern., 59, 128, 1982. With permission.) 
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FIGURE 101. (A) Gelatinization temperature as a function of added 
sucrose content for three-component mixtures of native wheat 
starch:sucrose:water (100: x :100 parts by weight). Inset: DSC heat flow 
curve of 100:100:100 mixture. (From Slade, L. and Levine, H., Industrial 
Polysaccharides - The Impact of Biotechnology and Advanced Meth
odologies, Stivala, S. S., Crescenzi, V., and Dea, I. C. M., Eds., Gordon 
and Breach Science, New York, 1987,387. With permission.) 

under various time/temperature conditions (see 
Figure 91).18,20 

The effect of sucrose on Tgelat has been ex
plained, within predictions of the conceptual 
framework of starch as a partially crystalline 
glassy polymer, on the basis ofWLF free volume 
theory.20 If a sugar-water solution is viewed as 
a plasticizing cosolvent, it is evident that such a 
coplasticizer, of greater average MW than water 
alone, would be less effective in mobilizing and 
increasing the free volume of the amorphous 
fringes in the "fringed micelle" structure of a 
starch granule. Less effective plasticization would 
result directly in less depression of Tg, and thus 
indirectly in less depression of non-equilibrium 
Tm. In this sense, in comparing the efficiencies 
of aqueous solvents (including solutions of non
ionic solutes such as sugars and polyols) as plas
ticizers of the glassy regions of native starch, 
water alone is the best plasticizer, and sugar
water co solvents are actually antiplasticizers rel
ative to water itself. By most effectively depress
ing the requisite Tg that initiates gelatinization, 
added water results in the lowest Tgelat. Increas
ing concentrations of a given sugar result in in-
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creasing antiplasticization and Tgelat vs. water 
alone. 

Of course, increasing the concentration of a 
given sugar in an aqueous co solvent also de
creases "Aw" (actually RVP), but it has been 
established that the effective Tg of native starch 
in the presence of added water is independent of 
total sample moisture above about 30 w% total 
water content (i.e., :<::Wg').17-19 Moreover, ac
cording to WLF theory, it would be expected that 
the extent of anti plasticization would increase with 
increasing Mw of the cosolvent, within a ho
mologous series of co solvent components, from 
monomer to dimer to oligomer to polymer. Yet, 
in such a case, the RVP of co solvents at equal 
weight concentrations would generally increase 
with increasing cosolvent Mw. For example, for 
the homologous series glucose, maltose, malto
triose, 10 DE maltodextrin, RVPs of 50 w% so
lutions increase from 0.85 to 0.95 (for both mal
tose and maltotriose) to 0.99. 16 

Experimental results for the effect of this ho
mologous series of co solvents on Tgelat of starch 
have confirmed the prediction based on WLF 
theory, as illustrated in Figure 102,18,20 and thus 
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demonstrated that the underlying basis of this 
effect is not a depression of "Aw" by sugars. 
Figure 102 shows that as the Mw of the anti
plasticizing cosolvent increases, free volume de
creases, and the resultant Tg of the cosolvent 
increases. Consequently, the cosolvent becomes 
less efficient in depressing the effective Tg that 
initiates the gelatinization transitions in native 
starch, so Tgelat increases with increasing co 
solvent Mw, despite a corresponding increase in 
cosolvent RVP.20 

A comparison of the degree of elevation of 
Tgelat of native wheat starch, for 1: 1: 1 sugar
water-starch mixtures of a larger and non-ho
mologous series of sugars, has also been reported 
recently.20 DSC results showed that Tgelat in
creases in the following order: water alone < 
galactose < xylose < fructose < mannose < 
glucose < maltose < lactose < maltotriose < 
10 DE maltodextrin < sucrose. It has been sug-

gested that the same structure-property relation
ships that act as determinants of coplasticizer mo
bility (as opposed to "Aw") in the water dynamics 
domain of the dynamics maplS.16 appear to Influ
ence the elevation of Tgelat. It has been con
cluded that no single parameter (e.g., Tg, Wg', 
MW, or TmlTg ratio) can explain completely the 
mechanism of elevation of Tgelat by sugars, but 
a combination of these parameters that predicts 
the contributions of free volume and local vis
cosity provides useful clues to explain why the 
elevating effect on Tgelat is greater for sucrose 
than glucose than fructose. 20 

As pointed out earlier with respect to the 
effect of water content in binary starch-water sys
tems, previous attempts to analyze the effect of 
sugar content in ternary starch-sugar-water sys
tems on the observed Tm of starch by the Flory
Huggins equilibrium thermodynamics treatment 
of melting-point depression by diluents (e.g., 
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Reference 161) have been recognized to be un
justified on a rigorous theoretical basis.15.18.48 
Aside from theoretical problems introduced by 
the facts that the interaction parameter "chi" is 
concentration-dependent and amylopectin micro
crystallites are not a monodisperse system, Flory
Huggins theory is only appropriate to describe 
an equilibrium melting process. Regardless of the 
amount of water or sugar solution added to native 
starch, initial melting of a native granule remains 
a non-equilibrium process, in which melting of 
the microcrystallites is controlled by previous 
plasticization of the glassy regions ,;,ia heaUmois
ture treatment to T > the effective Tg.20 

As mentioned earlier, in general, mechanical 
relaxations depend on both translational and ro
tational mobility. 107 For a typical, well-behaved 
amorphous polymer-plasticizer system, an in
crease in free volume (which is related to rota
tional mobility) would be expected to go hand
in-hand with a decrease in local viscosity (which 
is related to translational mobility and reflects the 
molecular-level environment).107 However, de
pending on the underlying mechanism of a spe
cific mechanical relaxation, either the rotational 
or translational relaxation time can be the limiting 
aspect for a particular glass-forming system. The 
gelatinization of native granular starch in three
component starch-sugar-water model systems has 
been shown to be a mechanical relaxation process 
that appears to depend on both translational and 
rotational diffusion, but can be completely con
trolled and limited by the translational mobility 
of aqueous sugar solutions. 30 

Use of the dynamics map, in the form of the 
mobility transformation map in Figure 21, as a 
new conceptual approach to the study of non
equilibrium thermomechanical behavior of glass
forming food polymer systems, has facilitated the 
identification of a discriminating experimental 
approach and conditions that are capable of sep
arating the effects of translational and rotational 
mobility on different mechanical relaxation prop
erties, and thus elucidating the underlying basis 
of the differences in behavior of sugars during 
starch gelatinization. 30 The experimental ap
proach developed to analyze the gelatinization 
process has utilized high-polymeric starch as a 
reporter molecule (probe) to study the relative 
translational mobilities of aqueous solutions of 
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different sugars. Results of the study30 have also 
demonstrated that investigation of the non-equi
librium relaxation behavior of different supra
glassy sugar-water solutions, in the context of 
the effect of their translational mobility on the 
diffusion-limited Tgelat of partially crystalline 
starch, is greatly enhanced by the simultaneous 
investigation of their rotational mobility, as mea
sured by dielectric relaxation experiments. 200·204 

The response to microwaves in a microwave 
dielectric dispersion experiment is a rotational 
response. 202 The dielectric relaxation time, 'T, for 
a sugar in aqueous solution is directly related to 
the rotational diffusion time. Maximum absorb
ance of electromagnetic radiation by pure water 
at room temperature occurs at a frequency of 
about 17 GHz in a microwave dielectric disper
sion experiment. Microwave absorption maxima 
at lower frequencies result when free volume be
comes limiting and relaxations occur at lower 
frequencies due to hindered rotation. For com
parison, the commercial frequency used for do
mestic microwave ovens is 2.45 GHz. In the case 
of a dilute solution, when free volume is not 
limiting, the dielectric relaxation time is deter
mined mainly by the intrinsic hydrodynamic vol
ume of the solute. 200-202 As mentioned earlier, for 
each sugar solute in water at a given temperature, 
there is a limiting concentration below which the 
mobility shows a simple dependence on the av
erage molar volume and above which the free 
volume limitation would begin to contribute to 
hindered rotation and increased local viscosity 
(which is equivalent to macroscopic solution vis
cosity only for solute MWs below the entangle
ment limit). At 20oe, this limiting concentration 
has been shown to be about 33 w% for sucrose 
and about 38 w% for glucose. 89 In other words, 
the hindered mobility characteristic of WLF be
havior in the rubbery domain would be observed 
when d T = 52°e and d W = 31 w% above the 
Tg'-Wg' reference state for a sucrose solution 
and when d T = 63°e and d W = 33 w% above 
the Tg'-Wg' reference state for a glucose 
solution. 30 

Suggett and elark202 have assessed the ro
tational diffusion behavior of concentrated 
aqueous solutions (24.0 to 33.5 w% solute) of a 
series of sugars, including the pentoses ribose 
and xylose, the hexoses glucose and mannose, 



and the disaccharides sucrose and maltose. They 
determined dielectric relaxation times from mi
crowave dispersion measurements made over a 
frequency range from 100 KHz to 35 GHz at 
5°C, where these supra-glassy sugar solutions 
would be expected to exhibit hindered rotation 
and the WLF behavior mentioned above. As 
mentioned earlier, the effect of the same sugars 
on starch gelatinization has been assessed from 
DSC measurements of Tgelat for native granular 
wheat starch suspensions in 50 w% aqueous sugar 
solutions. 20 The relative effects of the different 
sugar solutions on translational diffusion in the 
sugar-water-starch suspension have been esti
mated from these measurements of Tgelat, which 
reflect the relative deficit in depression of Tg of 
the amylopectin component of starch by sugar
water compared to water alone. 30 As revealed by 
the graph of Tgelat vs. dielectric relaxation time 
(in picoseconds) in Figure 103,30 the effects of 
these sugars on starch gelatinization are highly 
linearly correlated (r = 0.97) with their rotational 
diffusion times in solution, as measured by die
lectric relaxation. It is especially interesting to 
note that the surprising behavior of glucose and 
its dimer, maltose, which showed very similar 
rotational diffusion times, was reflected in ex
actly the same way by their very similar effect 
on Tgelat for the mechanical relaxation process 
reported by starch. 
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It has been suggested that the underlying ex
planation for this correlation is revealed by the 
graph in Figure 104,30 which shows the funda
mental relationship between the measured rota
tional diffusion times from the dielectric relax
ation experimentz02 and the calculated relative 
mobilities of the supra-glassy sugar-water solu
tions. A mobility transformation map has been 
constructed for each sugar solution, and the rel
ative mobility has been estimated from the rel
ative distance between the experimental condi
tions and the reference glass curve, normalized 
with respect to the inherent mobility of the sugar. 
The inherent mobility of a sugar is related to the 
distance (in units of temperature) required by its 
dry glass to achieve the mobility of an Arrhenius 
liquid. 30 Thus, the relative mobility scale shown 
in Figure 104, calculated from the ratio of (T -
Tg')/(Tm - Tg) for each sugar, has been defined 
in terms of the temperature difference between 
the experimental temperature T (5°C) and Tg' of 
the freeze-concentrated glass as the reference 
state, compared to the magnitude of the temper
ature difference in the WLF domain between Tm 
and Tg of the dry solute as a measure of inherent 
mobility. (As described earlier in Section ill. A. 7, 
there is a similarity between this relative mobility 
scale and the reduced temperature scale104 that 
defines mobility in the temperature range from 
Tg to Tm with respect to the kinetics of polymer 
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FIGURE 103. Variation of the gelatinization temperature of native wheat starch suspended in 50 w% aqueous 
sugar solutions with the corresponding dielectric relaxation time measured at 5°C for concentrated aqueous 
solutions of the same sugars. (From Slade, L. and Levine, H., Pure Appl. Chem., 60, 1841, 1988. With 
permission.) 
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crystallization, another mechanical relaxation 
process that depends on both translational and 
rotational mobility. 30) Both dielectric relaxation 
times and translational diffusion coefficients of 
a broad range of glass-forming systems, includ
ing polyvinyl acetate and glucose, have been 
shown experimentally to follow the WLF equa
tion near Tg.177·362 The factor (Tm - Tg) has 
been chosen, in this case as a preferred alternative 
to the Tg/Tm ratio, for the comparison of mo
bilities, at T ~ Tg, of different sugars with dif
ferent values of dry T g. 30 Figure 104 illustrates 
the excellent linear correlation (r = 0.99) be
tween the mobility, expressed in terms of WLF 
behavior, and the dielectric relaxation behavior 
of the aqueous sugar solutions in their non-equi
librium, supra-glassy states. As expected, in the 
absence of anomalous anisotropic requirements 
of free volume for mobility, both translational 
and rotational mobility depend correlatively on 
free volume, but translational motion becomes 
limiting at a higher temperature and determines 
Tg.30 It should be noted that the calculated trans
lational mobility for xylose is significantly lower 
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than expected, based on its rotational relaxation 
time. The relatively low value of Tg/Tm for xy
lose accounts for the low calculated mobility, 30 
which was previously confirmed experimentally 
by demonstrating the anomalous ability of xylose 
to retard the recrystallization of starch. 20 

3. Starch Retrogradation, the Kinetics of 
Staling, and the Effect of Sugars -
Moisture Management Aspects of 
Staling 

As introduced in Sections III.A.6 and 7 and 
discussed further in Section V. D.1, starch retro
gradation exemplifies a polymer gelation-via
crystallization process, for which the kinetics have 
been described as illustrated in Figure 105. 23 This 
diagram has been specifically adapted for B-type 
starch, from the generic diagram for crystalliz
able synthetic polymers shown earlier in Figure 
37. As noted in Section IILA. 7, the overall crys
tallization rate curve in Figure 105 is not sym
metrical like the one in Figure 37, but rather is 
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FIGURE 105. Crystallization kinetics of 8-type starch as 
a partially crystalline polymer system, expressed in terms 
of crystallization rate as a function of temperature. (Re
produced with permission from Reference 23.) 

skewed toward the Tg (Le., Tg' = - 5°C) that 
limits the recrystallization process for gelatinized 
B-type starch or pure amylopectin. Thus, in 
agreement with previous experimental 
results94,95,238 and theoretical calculations, 94 the 
maximum recrystallization rate at a single tem
perature occurs well below room temperature, in 
the 4 to 14°C range. This fact has been noted as 
a clear indication that the recrystallization pro
cess for B-type starch is strongly nucleation
limited. 18,20,94 

The rate and extent of staling in high moisture 
(>Wg' = 27 w% water), lean (low sugar/fat 
ratio), wheat starch-based baked products (e. g. , 
breads, rolls, and English muffins) are well
known to be correlated with the rate and extent 
of starch retrogradation during storage.63,233,238 
Retrogradation has been demonstrated to typify 
a non-equilibrium recrystallization process in a 
completely amorphous but crystallizable polymer 
system, which exists (around room temperature) 
in a kinetically metastable rubbery state and is 
sensitive to plasticization by water and heat. 18,20 
The rate and extent of starch recrystallization are 
determined primarily by the mobility of the crys
tallizable outer branches of amylopec-

tin. 18,20,92,94,219 In their retrogradation behavior, 
the baked crumb of wheat starch-based breads 
and experimental starch model systems (e.g., 
elastic amylopectin gels) are known to be anal
ogoUS. 233 If adequate packaging prevents simple 
moisture loss, the predominant mechanism of 
staling in bread crumb or concentrated aqueous 
starch gels is the time-dependent recrystallization 
of amylopectin from the completely amorphous 
state of a freshly heated product to the partially 
crystalline state of a stale product,18,20 with con
comitant formation of network junction zones, 
redistribution of moisture (Le., both microscopic 
and macroscopic migration), 65,428 and increased 
textural firmness. 63,219,233,429 (It is important to 
note the sharp distinction between this use of the 
word "staling" with respect to textural firming 
due to starch recrystallization in bread and an
other common use of the word "staling" to de
scribe the loss of food product quality during 
storage. In low moisture, starch-based, baked or 
otherwise cooked [e.g., extruded or puffed] prod
ucts [e.g., cookies, crackers, breakfast cereals] 
with initial moisture contents well below 27 w%, 
staling refers to the plasticization of the amor
phous starch structure [initially in a glassy state 
at room temperature], due to moisture uptake/ 
migration, with resulting progressive textural 
changes from crisp to firm/leathery to soggy.) 
The recrystallization of amylopectin depends 
strongly on sample history, since both initial 
heating during baking and subsequent aging dur
ing storage are non-equilibrium processes. 18,20,92 
The local moisture content in the amorphous re
gions of a native granule determines the effective 
Tg that precedes melting of the crystalline regions 
(A-type in wheat) during gelatinization; complete 
melting of amylopectin crystallites during typical 
baking eliminates residual seed nuclei available 
for subsequent recrystallization. 18,20 The extents 
of swelling and release of protruding and extra
granular polymer available for subsequent three
dimensional network formation by recrystalli
zation depend on total moisture content during 
gelatinization and pasting. 215 ,413 

Immediately after baking, the amylopectin 
in the central crumb is completely amorphous, 
and the gelatinized starch network in white pan 
bread begins to recrystallize to a partially crys
talline structure, upon cooling to room temper-
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ature. 18,20 Concomitantly, freshly baked bread 
begins a process of mechanical firming (mani
fested by increasing modulus) and moisture re
distribution,65,428 which is perceived sensorily as 
a loss of "softness and moistness". 233 As de
scribed earlier, the early stages of these concur
rent processes are dominated by amylose: for
mation of entanglement networks (followed 
closely by crystallization) by high MW amylose 
alone, and partially crystalline networks or chain
folded crystals by lower MW amylose-lipid com
plexes. Crystallization of amylose-lipid is fa
vored over retrogradation. 20 The baking process 
is insufficient to melt the seeds' of pre-existing 
amylose-lipid crystals, and homogeneous nu
cleation of new amylose-lipid crystals should oc
cur somewhat above room temperature, while 
nucleation of retrograded amylose crystals in a 
high-moisture environment would be most rapid 
near - 5°C (Le., Tg').18,20 

The later stages of these concurrent pro
cesses, and the overall aging of bread, are dom
inated by recrystallization of amylopectin to a 
partially crystalline structure containing disperse 
B-type crystalline regions (see, for example, Ref
erence 20 and references therein). As noted ear
lier, the B-type polymorph is a higher moisture 
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crystalline hydrate than A-type starch. 152-154,400 Its 
recrystallization requires incorporation of water 
molecules into the crystal lattice, 154 which must 
occur while starch chain segments are becoming 
aligned. Thus, this recrystallization necessitates 
moisture migration within the crumb structure, 
whereby water (previously homogeneously dis
tributed) must diffuse from the surrounding 
amorphous matrix and be incorporated as struc
tural components in crystalline regions. 18,20 One 
manifestation of this moisture migration during 
amylopectin recrystallization is illustrated in Fig
ure 106. This plot of percent freezable water (Le., 
maximum grams of ice per 100 g sample, mea
sured by DSC) vs. days after baking, for white 
pan bread samples hermetically sealed in DSC 
pans immediately after baking to prevent any 
changes in total sample moisture content during 
aging, demonstrates the progressive decrease in 
percent FW (from 21 % on day 0 to 16% by day 
11) with increasing extent of starch retrograda
tion that results from the migration of "freeza
ble" water from the amorphous crumb matrix to 
the crystalline hydrate of recrystallized B-type 
wheat starch, wherein this crystalline hydrate 
water is structurally immobilized and thus ren
dered unfreezable. Since crystalline hydrate water 
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FIGURE 106. Plot of percent freezable water (measured 
by DSC) vs. days after baking for hermetically staled white 
pan bread, illustrating the decrease in percent FW with in
creasing extent of starch retrogradation that results from the 
migration of "freezable" water from the amorphous crumb 
matrix to the crystalline hydrate of recrystallized 8-type wheat 
starch. 



can plasticize neither amorphous regions of the 
starch network nor other networks (glutenin, pen
tosans) of the baked crumb matrix and cannot be 
perceived organoleptically, 20 the overall conse
quence of this phenomenon is a drier and firmer 
texture characteristic of stale bread. 65,233 An im
plicit requirement of starch recrystallization is 
availability of sufficient moisture, at least locally 
within the matrix, both for mobilizing long 
polymer chain segments (by plasticization) and 
being incorporated in B-type crystal lat
tices. 18,20,63,65,94,210,219,425 For the propagation step 
of crystallization, plasticization by heat may suf
fice for growth of A- or V -type crystals, but the 
negative temperature coefficient of the nucleation 
step limits the nucleation process to plasticization 
by water. 23 For gelatinized wheat starch, a mois
ture content ;;::;27 w% (Wg') represents the min
imum requirement for the nucleation process, 18,20 
because W g' establishes sufficient d T above the 
reference Tg' for mobility at typical staling tem
peratures and 27% is the water content of B-type 
crystals. 152·154,400 In fact, in low moisture baked 
goods, native starch granules in dough are not 
even gelatinized during baking. 47 Slade re
ported,18 from DSC results for model wheat starch 
gels, that the percent recrystallization of com
pletely amorphous (unseeded) amylopectin at 
room temperature increases monotonically with 
increasing percent total moisture in the range 27 
to 50 w% (due to increasingly effective plasti
cization), then decreases with further increases 
in moisture up to 90 w% (apparently due to a 
dilution effect). These results were subsequently 
confirmed by Zeleznak and Hoseney, as shown 
in Figure 107430 by their plot of the area of the 
DSC staling endotherm as a function of starch 
concentration during aging, for both model wheat 
starch gels and baked breads. Marsh and 
Blanshard94 have recently reported that' 'no crys
tallization of (unseeded) starch-water systems that 
contain < 15% water is predicted to occur when 
they are stored at temperatures <40°C. For gels 
containing 20% moisture, no crystallization 
should occur at storage temperatures below room 
temperature. Thus, as is found in practice, no 
crystallization of starch is predicted when low 
moisture-content systems are stored below room 
temperature. " 

Investigations to relate the concurrent pro-
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FIGURE 107. Effect of the moisture present during 
aging on the enthalpy (~H in calories per gram starch) 
of retrograded starch in starch gels (solid circles) and 
in bread baked with "antistaling" agents (Le., various 
lipids). (From Zeleznak, K. J. and Hoseney, R. C., Cer
ea/ Chern., 63, 407, 1986. With permission.) 

cesses of entanglement/network formation, B-type 
partially crystalline network formation, and 
moisture migration, in order to assign their roles 
in the overall process of bread aging and firming 
are complicated by the presence of many con
tributing polymer components with poorly char
acterized interactions, non-uniform local mois
ture, and multiple thermaVmechanical relaxation 
transitions. 20 Blanshard47 has suggested that the 
textural changes observed at room temperature 
immediately after baking, before the onset of re
trogradation, result from product cooling and 
transformation "through a continuum of rubbery 
states", to possibly a glassy state. At a typical 
moisture content of baked bread (>Wg'), the 
glassy state occurs at Tg', = - 5°C, which cor
responds to the limiting relaxation temperature 
for mobile polymer segments. 18,20,61 However, as 
mentioned earlier, in this case of a morpholog
ically heterogeneous, supramolecular network 
(i.e., the crumb matrix containing networks of 
starch, gluten, and pentosans plasticized by 
water), the effective network Tg responsible for 
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mechanical fmnness of freshly baked bread would 
be near room temperature for low extents of net
work formation, well above room temperature 
for mature networks, and equivalent to Tgel near 
600 e for staled bread, even though the underlying 
Tg for segmental motion, responsible for the pre
dominant second-order thermal transition, re
mains below ooe at Tg'. 26 An additional com
plicating feature is introduced by the 
disproportionation of mobile short branches from 
water-plasticized amorphous regions upon retro
gradation of amylopectin. The average DP of 
these outer branches402 is well above the mini
mum chain length required for recry
stallization92,221,399 at the effective local concen
tration of clustered branches. 153 While 27 w% is 
the maximum moisture content of B-type crys
tals, it is the limiting moisture content (Wg') for 
segmental relaxation of completely amorphous 
starch above Tg', and higher moisture would be 
required to achieve the same segmental mobility 
in the absence of mobile amylopectin branches. 20 
Because network Tg (Tfr) is higher than seg
mental Tg (Tg'), an even higher moisture content 
is required to maintain sufficient ~ T for mobility 
and softness in staled bread than in freshly baked 
bread. 23 Although currently available data are in
sufficient, it is likely that the use of NMR to 
investigate changes in water mobility during ag
ing of bread and starch gels152 will be especially 
complicated by these phenomena, so that it will 
be necessary to explore further the effects of in
itial moisture content, storage temperature, 
branching density, and branch length on the time 
course of the variation in relaxation times. 20,92,94 
Moreover, NMR relaxation times for water do 
not reflect contributions from network Tg super
imposed on contributions from segmental Tg.23 
It is likely that solid state NMR,431 to examine 
the changing mobility of starch and crumb matrix 
networks directly, will provide a more complete 
understanding of the mechanism of firming dur
ing staling. 

Retrogradation/staling has been stud
ied extensively in bread crumb and model 
starch gels (e.g., wheat, potato, com, pea) 
using DSe, mechanical compression tests, and 
X-ray crystallography to monitor formation and 
aging of the recrystallized starch net
work. 18,20,63,94,210,215,218,219,230,233,425,429,432 A quan-
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titative DSe method has been developed and 
widely used to measure the rate and extent 
of starch (or pure amylopectin) recrystalliza
tion, as functions of additional ingredients, 
time, temperature, and moisture content during 
gelatinization and storage, in terms of 
increasing content of retrograded B-type 
crystalline starch (measured from the area 
of the characteristic melting endotherm at 
Tm = 600 e associated with crystalline amylo
pectin). 17,18,63,95,215,218,225,232,235,396,429,430 (These 

studies have recognized that this so-called staling 
endotherm does not represent the melting of V
type crystalline retrograded amylose that may also 
be present.) Typical DSe results are illustrated 
in Figure 10820 for two commercial bakery prod
ucts: part A shows white pan bread, immediately 
after baking (completely amorphous = "fresh") 
and after 7 d storage at 25°e (extensively re
crystallized amylopectin = "stale"); part B 
shows progressively increasing amylopectin re
crystallization in English muffins after 1, 7, and 
13 d ambient storage after baking. 

As described earlier, sugars, acting as anti
plasticizers relative to water alone, raise Tgelat 
and retard pasting of native starch. Sugars are 
also known to function as anti-staling ingredients 
in starch-based baked goods. For example, as 
mentioned earlier, glucose oligomers of DP 3-8 
(Le., non-entangling SHPs), used as anti-staling 
additives, have been reported to be effective in 
inhibiting, and not participating in, starch re
crystallization,403 It has been suggestedl8,20 that 
these two effects are related as follows. Analo
gous to the inefficient depression of Tg and con
sequently Tm of partially crystalline native starch, 
and therefore Tgelat (relative to the plasticizing 
action of water alone), sugar solutions produce 
an elevated Tg of the continuous rubbery local 
environment of the resulting three-dimensional, 
completely amorphous, entangled starch gel ma
trix in a freshly baked product. When W g' of the 
sugar ,solution is similar to that of starch-water 
alone, as is the case for the homologous family 
of glucose oligomers, greater Tg of the local en
vironment effects greater network Tg of the starch 
gel. This elevated Tg of the local environment 
and network Tg (relative to Tg of the correspond
ing network plasticized by water alone) controls 
subsequent recrystallization of B-type starch in 
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FIGURE 108. Perkin-Elmer DSC-2C heat flow curves 
illustrating the rate and extent of starch recrystallization 
in two types of commercial baked goods: (a) white bread, 
immediately after baking (upper curve) and after 1 week 
at room temperature (lower curve); (b) English muffins, 
on days 1 (upper curve), 7 (middle curve), and 13 (lower 
curve) after baking. (From Slade, L. and Levine, H., 
Industrial Polysaccharides - The Impact of Biotech
nology and Advanced Methodologies, Stivala, S. S., 
Crescenzi, V., and Dea, I. C. M., Eds., Gordon and 
Breach Science, New York, 1987,387. With permission.) 

the undercooled rubbery gel, by controlling the 
rate of propagation at ~T above Tg, according 
to WLF kinetics. For storage at T > network Tg, 
there is sufficient mobility for devitrification and 
subsequent formation of crystalline junction 
zones, resulting in a partially crystalline polymer 
system that constitutes the retrograded starch gel. 
Relative to typical storage at ambient tempera
ture, a higher Tg of the local environment and 
of network Tg (due to addition of sugars with 
Wg' similar to starch-water alone) translates to 
smaller values of ~ T and so a lower rate of prop
agation of starch recrystallization at the storage 
temperature. Thus do such sugars act to retard 

the rate and extent of starch staling during am
bient storage. Moreover, WLF theory predicts 
that greater MW of a sugar would translate to 
greater anti plasticization by the sugar solution, 
and so a greater anti-staling effect. 18,20 

The situation is somewhat more complicated 
when W g' of the sugar solution is much greater 
than that of starch-water alone. Tg in the local 
environment of amylopectin branches is still el
evated, relative to water alone, but greater net
work Tg may be compensated by increased plas
ticizing effectiveness of the sugar solution. A 
systematic study of anti-staling by a large and 
non-homologous series of common sugars has 
recently been reported. 20 DSC results have com
pared the degree of elevation of Tgelat of native 
wheat starch, described earlier, with the degree 
of inhibition of recrystallization of gelatinized 
starch, for the same series of sugars. 
Starch:sugar:water mixtures (1: 1: 1) were ana
lyzed after complete gelatinization (Le., heating 
to T ~ Tgelat in each case, whatever the specific 
Tgelat) followed by 8 d of storage at 25°C, and 
the results have shown that the extent of recrys
tallization decreases in the order fructose> man
nose > water alone > galactose > glucose > 
maltose > sucrose > maltotriose > xylose > 
lactose > malto-oligosaccharides (enzyme-hy
drolyzed, DP > 3). For the glucose homologs 
within this sugar series, MW and resultant Tg 
are the apparent primary determinants of anti
staling activity. However, for the other sugars, 
it has been suggested, as it was with respect to 
their effect on gelatinization, that coplasticizer 
mobility (in this case during storage rather than 
during gelatinization), as determined by free vol
ume and local viscosity and reflected by W g' and 
TmlTg ratio, 15 appears to playa key role in their 
anti-staling effect. It should be recognized that 
this suggestion does not contradict the statement 
by Paton225 that "anti-staling agents do not op
erate (primarily) by a mechanism that alters mois
ture availability to the starch during the baking 
process, thus affecting retrogradation". In their 
inhibitory action on starch recrystallization, as in 
their elevating action on Tgelat, sucrose is more 
effective than glucose than fructose. The fact that 
fructose-water, relative to water alone, actually 
accelerates starch staling is a particularly salient 
finding,20 since it supports the previous obser-
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vation of anomalously large translational diffu
sion that promotes mold spore germination in 
fructose solutions, relative to glucose solutions. 30 

As alluded to earlier in the discussion of Fig
ure 105, starch retrogradation can be viewed as 
a time/temperature/moisture-govemed polymer 
crystallization process that can be manipu
lated. 18,20 This perspective has been illustrated as 
described below in the context of Figure 109,23 
wherein the numbered positions along the crys
tallization rate curve represent different process 
approaches, based on the crystallization kinetics 
of B-type starch, for either anti-staling or pro
staling of starch-based foods. ' 

RATE 

OVERALL 

CRYSTALLIZATION 

7c 
1 

*. * 
* • 2 

7b ·.5,6 

I RT I 
Tg - - 5 C Tm - 60 C 

TEMPERATURE 

FIGURE 109. Crystallization kinetics of B-type starch, 
expressed in terms of overall crystallization rate as a 
function of temperature. Numbered positions on the 
diagram denote different process approaches which 
affect crystallization rate, as described in text. (Repro
duced with permission from Reference 23.) 

For partially crystalline syntheticlO4 and food24 

polymers in general, and B-type amylopectin in 
particular,18,20,94,215,232,238 for which the time and 
temperature of superheating above Tm of native 
amylopectin crystallites during baking is suffi
cient to eliminate self-seeding upon subsequent 
cooling,20 the rate-limiting step in the crystalli
zation process is nucleation (which is enhanced 
at lower temperatures) rather than propagation 
(which is enhanced at higher temperatures). The 
dominant role of nucleation in the process of 
thermoreversible gelation-vi a-crystallization for 
gelatinized starch (or pure amylopectin)-water 
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systems (at W > Wg' = 27 W%)18,20 was em
phasized by three earlier points: (1) the calculated 
temperature of about 14°C (position 1 in Figure 
109) for the maximum crystallization rate of B
type hydrated starch crystals at a single temper
ature within the Tg-Tm range from - 5 to 600C ,26 
rather than the expected (warm room) tempera
ture about midway between Tg and Tm;235 (2) 
the temperature of about 5°C for the maximum 
crystallization rate of a B-type, 50% wheat starch 
gel at a single storage temperature, calculated 
from experimental results obtained between 2 and 
37°C;94 and (3) the similarity of these calculated 
temperatures to the sub ambient temperature (in 
the range 0 to 10°C) observed to produce the 
maximum rate of starch recrystallization and con
comitant crumb staling/firming during aging of 
white bread.95,238 Nucleation control of starch re
crystallization is also demonstrated by the DSC 
results in Figures 110 through 112.18,20 
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FIGURE 110. Perkin-Elmer DSC-2C heat flow curves of 
fresh-baked white bread crumb staled at different storage 
temperatures and times: (a) 25°C for 39 d; (b) 25°C for 42 
h, then 40°C for 2.5 h; (c) O°C for 42 h, then 40°C for 2.5 
h; (d) -11°C for 42 h, then 40°C for 2.5 h. (From Slade, 
L. and Levine, H., Industrial Polysaccharides - The Im
pact of Biotechnology and Advanced Methodologies, Sti
vala, S. S., Crescenzi, V., and Dea, I. C. M., Eds., Gordon 
and Breach Science, New York, 1987, 387. With 
permission.) 
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FIGURE 111. Perkin-Elmer DSC-2C heat flow curves 
of wheat starch:water 1:1 mixtures, stored under dif
ferent temperature/time conditions immediately follow
ing gelatinization: (a) 40°C for 4.5 h; (b) 25°C for 3.5 
h; (c) 4°C for 3 h; (d) - 23°C for 2.5 h; (e) -196°C for 
1 min, then - 23°C for 2 h; (f) 25°C for 2 h, then 40°C 
for 5 h; (g) 4°C for 2 h, then 40°C for 6.5 h; (h) -23°C 
for 2 h, then 40°C for 6 h; (i) - 196°C for 1 min, then 
- 23°C for 2 h, then 40°C for 5.5 h. (From Slade, L. 
and Levine, H., Industrial Polysaccharides - The Im
pact of Biotechnology and Advanced Methdologies, Sti
vala, S. S., Crescenzi, V., and Dea, I. C. M., Eds., 
Gordon and Breach Science, New York, 1987, 387. 
With permission.) 

in freshly baked white bread crumb stored at 25°C 
for 39 d are shown in curve a of Figure 110. 
Curves b through d in Figure 110 illustrate how 
the rate and extent of staling can be influenced 
by separating the mechanistic steps of nucleation 
and propagation and maximizing the nucleation 
rate. Compared to nucleation and propagation at 
25°C (curve a), faster propagation at 40°C pro
duces significant staling (curve b) in much less 
time. Initial storage at - 11°C «Tg') inhibits 
nucleation (except during cooling) and so pro
duces less staling in an equivalent time (curves 
d vs. b). However, the greatest rate and extent 
of staling in the shortest time are achieved (curve 
c) by faster nucleation at O°C (for long enough 
to allow extensive nucleation), followed by faster 
propagation at 40°C. 18 These results were re-
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FIGURE 112. Perkin-Elmer DSC-2C heat flow curves 
of wheat starch:water 1:1 mixtures, nucleated for dif
ferent times at O°C, then propagated for 30 min at 40°C, 
immediately following gelatinization: (a) 10 min; (b) 30 
min; (c) 60 min; (d) 180 min; (e) 240 min; (f) 300 min. 
(From Slade, L. and Levine, H., Industrial Polysaccha
rides - The Impact of Biotechnology and Advanced 
Methodologies, Stivala, S. S., Crescenzi, V., and Dea, 
I. C. M., Eds., Gordon and Breach Science, New York, 
1987,387. With permission.) 

cently confirmed in a subsequent study by Ze
leznak and Hoseney. 95 

This DSC study l8,20 has also examined model 
wheat starch:water (1: 1) mixtures exposed to dif
ferent temperature/time storage protocols im
mediately following gelatinization, and repre
sented an exploration of the optimum nucleation 
temperature to produce a maximum rate of re
crystallization. As shown in Figure 111 curves a 
through c, for single-temperature storage con
ditions, the rate of nucleation and thus overall 
crystallization increases with decreasing temper
ature (i.e., 40 < 25 < 4°C, a finding in agree
ment with subsequent results of Zeleznak and 
Hoseney95 and Marsh and Blanshard94), as long 
as the temperature is above Tg'. These results 
demonstrate the negative temperature coefficient 
expected for the nucleation rate in a typical pol
ymer crystallization process. 94 Freezer storage at 
T < Tg' inhibits nucleation (Figure 111 curves 
d and e), and so retards recrystallization, even 
when followed by propagation at 40°C. Zobel61 

has recently reached the same conclusion as Slade 
had from her experimental results. 18 Zobel has 
remarked that "knowledge about glass transi
tions appears to offer a way to control starch gel 
properties in food ... applications" and that "in 
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the context of bread staling, a rational explana
tion of why freezing preserves bread from staling 
is that the bread is held below its Tg." It is 
important to note that, as represented by position 
4 in Figure 1 09, starch recrystallization would 
be inhibited only while bread remains at a freezer 
temperature Tf < Tg', but not during cooling to 
Tf (when fast nucleation could occur) or after 
thawing (when propagation could occur in a pre
viously nucleated matrix).8,18,26 Once again, as 
for white bread crumb in Figure 110 curve c, 
starch gels first held at 4°C to promote rapid 
nucleation, then at 40°C to allow rapid propa
gation (Figure 111 curve g), show by far the 
greatest overall rate and extent of starch staling 
via amylopectin recrystallization. This finding of 
an optimum practical nucleation temperature of 
4°C18 to produce a maximum rate of recrystal
lization (also confirmed by Zeleznak and 
Hoseney95) is critically relevant to high moisture 
(Le., starch gelatinized during baking) baked 
products with coatings, such as chocolate-cov
ered cake donuts. When such a product is run 
through a refrigerated cooling tunnel (at 40°F) 
immediately after baking and coating, in order 
to rapidly solidify ("set") the coating, this pro
cess step can result in accelerated starch staling 
within the crumb matrix during subsequent am
bient temperature storage, relative to the corre
sponding rate of staling in the same product not 
subjected to faster nucleation at subambient tem
perature via the cooling-tunnel treatment. 26 

Figure 112 shows DSC results for model 
wheat starch:water (1: 1) mixtures, examined for 
the effect of increasing nucleation time at O°C, 
immediately after gelatinization, and prior to 30 
min of propagation at 40°C. It is apparent from 
the trend of steadily increasing endotherm areas 
in curves a through f that the extent of nucleation 
and overall crystallization increases monotoni
cally with increasing time of nucleation. More
over, amylopectin recrystallization is already 
measurable after only 1 h of total storage, and 
quite extensive after 5.5 h. The extraordinary rate 
and extent of recrystallization are evidenced by 
comparing the endotherm areas in Figure 112 
with those in Figures 108, 110, and 111, all of 
which are plotted with 1.0 mcalls full scale and 
for similar sample weights. 

As mentioned earlier, these results 18 have been 
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used to design a patented industrial process for 
the accelerated staling of bread (for stuffing) and 
other high moisture, lean, starch-based foods. 36 
By a two-step temperature-cycling protocol in
volving, first, a several-hour holding period at 
4°C (to maximize the nucleation rate) (position 
7a in Figure 109), followed by a second several
hour holding period at 40°C (to maximize the 
propagation rate) (position 7b in Figure 109), a 
much greater overall extent of staling (indicated 
by position 7c in Figure 109) due to amylopectin 
recrystallization is achieved (vs. the same total 
time spent under constant ambient storage), which 
is equivalent to staling bread for several days at 
room temperature. 20 

Returning to Figure 109 for the last time, the 
remaining numbered positions represent anti-stal
ing approaches that are either empirically well 
known or intuitively obvious, but not previously 
explained and understood on the basis of polymer 
crystallization kinetics theory. 23 Position 5 sig
nifies the zero rate of staling achievable at T > 
Tm, for example, by holding bread or English 
muffins above about 60°C (at about 50% relative 
humidity to inhibit moisture loss) during the time 
between baking and arrival at the point-of-sale. 
Similarly, position 6 represents the familiar 
method of refreshening stale baked goods by mi
crowave heating to 60 to 65°C in order to remelt 
B-type retrograded starch crystals. Position 2 de
notes the classic empirical approach to retarding 
the rate of staling by storing products in a warm 
bread box at about 35°C. Lastly, position 3 in
dicates the slower rate of staling achievable, be
tween the extremes of a maximum rate around 
14°C and a near-zero rate below - 5°C, during 
refrigerator storage near 5°C. In practice, the fast 
nucleation rate produced by slow cooling to re
frigerator temperature, followed by the faster rate 
of propagation possible in an extensively pre
seeded matrix warmed slowly from refrigerator 
to room temperature by ambient thawing, may 
obviate the potential anti-staling benefit of re
frigerator storage. 23 

4. Amylopectin-Lipid Crystalline 
Complex Formation at Low Moisture 

It has long been known that amylose forms 



a helical complex with lipids, which crystall
izes readily from water as anhydrous crystals that 
give rise to V-type X-ray diffraction patt
erns. 61 ,401,433-438 The Tm of crystalline amylose-
lipid complex is about 1100 e (see Figure 90 for 
typical DSe thermo grams ) for endogenous lipids 
of cereals such as wheat, corn, and 
rice. 20,35,433,436,437,439,440 Amylose-lipid complex is 
more stable than the well-known amylose-iodine 
complex,435 and linear chain-lipid crystals are 
more thermostable than linear chain-hydrate po
lymorphs (B-type, Tm = 60oe, in retrograded 
amylose gels, or A-type, Tm = 85°e, in low
moisture granular starches).18,20,35;433,440 For a 
given MW of amylose, pure anhydrous amylose 
crystals are most thermostable of all, with Tm > 
140oe. 35,92,219,221,433,440 

Depending on endogenous lipid content, the 
amylose (about 20 to 30%400) in a normal native 
starch granule may exist as a glassy or crystalline, 
hydrate or amylose-lipid complex. 20 Upon heat
ing starch for DSe analysis at total sample mois
ture content ;::.27 w%, preexisting crystalline 
amylose-lipid is seen as a melting endotherm at 
=llOoe. Preexisting glassy amylose, in the pres
ence of, but not necessarily precomplexed with, 
lipid, is evidenced by a crystallization exotherm 
near 95°e. 20 For starches with low endogenous 
lipid, addition of exogenous lipid results in a 
crystallization exotherm on the first heating, and 
a melting endotherm on the second heat
ing. 35,433,438.440 Thus, amorphous amylose, ren
dered mobile and available via gelatinization and 
pasting during baking, may (1) complex with 
endogenous lipid and crystallize, (2) crystallize 
if previously complexed but restrained from crys
tallization, or (3) complex and crystallize with 
exogenous lipid, added as emulsifiers in dough 
conditioners or shortening. 23 In contrast, even 
when endogenous lipid content is high or exog
enous lipid is added, DSe analysis of waxy 
starches (which contain essentially no amylose) 
in the conventional temperature range 20 to 1300e 
and moisture range > 30 w% had not437 until 
recently20 revealed evidence of crystallization or 
melting of amylopectin-lipid complexes. 

It is known that amylose can be precipitated 
with butanol, but typical amylopectin cannot; this 
is the basis for the traditional distinction between 
these two polymers.401.437 The longest accessible 

linear chain segments in amylopectin are outer 
branches of DP = 16 to 20.402 These branches, 
which are responsible for the microcrystalline re
gions of amylopectin, are not long enough to 
form complexes with iodine or butanol437 that are 
stable to dilution at room temperature. It had been 
assumed437 until recently20 that amylopectin 
branches are also too short to form stable com
plexes with lipids, and the absence of DSe 
transitions437 had supported this assumption. The 
most stable complexes of linear amylose with 
iodine are formed by chains of DP > 40.435 De
spite the lack of previous evidence from DSe 
and other analytical methods for interactions be
tween amylopectin and lipid, addition of stearoyl 
lipids (e.g., sodium stearoyllactylate, SSL), is 
known to affect the texture and rheology of waxy 
com starch samples.437 Similarly, while amylo
pectin is believed to be capable of forming in
soluble complexes (via its outer branches) with 
surfactants including monoglycerides such as 
glycerol monostearate, thereby implicating such 
monoglycerides in bread shortenings and emul
sifiers with a possible role as an anti-staling agent, 
the nature of such amylopectin complexes re
mains obscure.441 It was believed possible that 
amylopectin-lipid complexes do occur, but Tm 
of the crystals, if determined by the low MW of 
amylopectin branches, might be well below the 
DSe temperature range usually examined for 
starch-lipid complexes. 20 

Slade used native waxy maize starch, with 
only "as is" moisture «10 w%), as the amy
lopectin source. A starch:SSL (10:1 w/w) mix
ture was heated at 1200 e for 15 min (at 15 Ib 
pressure), to assure comelting of the reactants. 
Starch alone, treated the same way, produces the 
featureless thermogram shown at the top of Fig
ure 113,20 while SSL alone melts at 45 to 50oe. 
The rationale for this experimental approach was 
that, in the presence of only enough moisture 
( < 10 w%) to permit plasticization and melting 
of starch at high temperature, but not enough to 
allow the formation of amylopectin A- or B-type 
crystal hydrates, amylopectin-lipid crystalline 
complex formation would be possible and fa
vored. The starch:SSL comelt was then nucleated 
at 4°e for 24 h, heated to 1200 e at lO°Clmin and 
recooled, then analyzed by DSe. The thermo
gram (bottom of Figure 113) shows a small crys-
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FIGURE 113. Perkin-Elmer DSC-2C heat flow curves 
of (a) waxy maize starch «10 w% water), after heating 
at 120°C (15 Ib pressure) for 15 min; (b) SSL alone, 
same heat treatment; and (c) 10:1 (w/w) waxy maize 
starch « 1 0 w% water) :SSL, same heat treatment, fol
lowed by 24 h at 4°C, then heating to 120°C at 1O°C/ 
min and recooling, before rescanning. (From Slade, L. 
and Levine, H., Industrial Polysaccharides - The Im
pact of Biotechnology and Advanced Methodologies, 
Stivala, S. S., Crescenzi, V., and Dea, I. C. M., Eds., 
Gordon and Breach Science, New York, 1987, 387. 
With permission.) 

tallization exotherm at 55°C, followed by a large 
and narrow melting endotherm at Tm = 70°C. 
This has been presented20 as the first DSC evi
dence of a crystalline amylopectin-lipid complex 
produced at low moisture. The low Tm, relative 
to that for amylose-lipid complex, has been sug
gested to indicate a lower MW complex, formed 
with the short, crystallizable outer branches of 
amylopectin. 

As described above specifically with respect 
to the formation of starch-lipid crystalline com
plexes, and in general throughout Sections V.G 
and H, the processing and storage stability of 
starch-based foods are governed by the effective 
Tg and Tm that control starch structural trans
formations. This perspective has been illustrated 
recently by Colonna (personal communication, 
1988), with specific regard to the physical mod
ification of native granular starches, as shown in 
Figure 114. This diagram illustrates a conceptual 
representation of the temperature paths of various 
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industrial processes used to produce physically 
modified starches. For each process, the heating/ 
cooling treatment to which native granular starch 
is subjected is indicated in relation to the critical 
thermal transition temperatures, Tg and Tm, of 
partially crystalline starch. These transition tem
peratures define the physical and structural states 
of the starch before, during, and after processing: 
(a) partially crystalline glassy solid at T < Tg, 
i.e., the kinetically metastable starting material 
at room temperature; (b) partially crystalline rub
bery liquid at Tg < T < Tm, during or after 
processing; and (c) completely amorphous liquid 
at T > Tm, during processing. After each illus
trated process, the new structural form of the final 
physically modified starch product can be cap
tured and stabilized by fast cooling to the glassy 
solid state at T < Tg. As illustrated by the dis
cussion in Sections V.G and H, the conceptual 
representation exemplified in Figure 114 can be 
extended to describe the processing or storage of 
any starch-based food system. 

VI. CONCLUSIONS AND FUTURE 
PROSPECTS 

In the Foreword to the recent book entitled 
"Food Preservation by Moisture Control", 
Duckworth wrote:442 

"'Those more immediately involved in practical aspects 
of methods of food preservation which depend for their 
effectiveness on control of the aqueous environment within 
a material must remain alive to the fact that newer research 
is currently leading to important changes in our understand
ing of the properties of water in foods, and that some pre
viously widely-held views on the theoretical background to 
their activities are no longer tenable. At the same time, 
methods such as the measurement of relative water vapour 
pressure (Aw) which have long been used for characterising 
the state of water in foods and which continue to prove 
empirically highly useful, should still be exploited to their 
fullest advantage, yet with a greater appreciation of their 
theoretical limitations." 

In the same book, Gould and Christian,72 
commenting on kinetic impediments to metabo
lism and microbial growth via high viscosity and 
glassy states, stated that "one would predict that 
high viscosity states would greatly interfere with, 
and glassy states prevent, the growth of micro-



Physically modified starches 

Temperature 

Heat moisture 
treatment 

Particle 
size? 

Pasting ------t!("~r-+ 
Lipid 

. r-- complexation 
+----1 "r-- Gelation 

-------1<1-- Aggregation 

______ -1Htl-- Hot rolls 
: <:~ . 
. ~ ~ ... 

Staley 
process 

..: ~ 

,( 

:,:.; 
ExtruSion-cooking ~===ItJ======++=~ 

Expansion 

FIGURE 114. Conceptual representation of the temperature paths of var
ious industrial processes used to produce physically modified starches. For 
each process, the heating/cooling treatment to which native granular starch 
is subjected is indicated in relation to the critical thermal transition temper
atures, Tg and Tm, of partially crystalline starch. These transition temper
atures define the physical and structural states of the starch: partially crys
talline glassy solid at T < Tg; partially crystalline rubbery liquid at Tg < T 
< Tm; completely amorphous liquid at T > Tm. (From Colonna, P., personal 
communication, 1988. With permission.) 

organisms in foods, for instance through the re
striction of diffusion of nutrients to, and end
products away from (the microorganisms). This 
is clearly an area where much remains to be done 
in order to identify the potential for deliberate 
use of high viscosity states, and bearing in mind 
that conventional Aw determination will not de
fine these metastable states." Regarding the dor
mancy-resistance mechanism of bacterial endo
spores, they noted that "it is the immobilisation 
and high viscosity in such systems that are the 
determinants of resistance rather than the water 
contents or water activities per se." Speaking 
about anhydrobiosis, they went on to say that 
"desiccation tolerance strategy may (involve) 
. . . the protection of cytoplasmic components 

by high concentrations of solutes that . . . may 

even reduce possibly deleterious chemical and 
enzymic reactions by promoting the formation of 
high viscosity or glassy states. It is therefore 
highly likely that the protective strategies will 
have relevance to the prevention of chemical, 
enzymic and microbiological deterioration reac
tions in stored foodstuffs, but in a way that is 
not necessarily predictable from the more con
ventional sorption isothenn! Aw-relationships that 
are widely used as predictor of stability. " They 
concluded by pointing out that, because "the 
thermodynamic water activity is an equilibrium 
function and therefore takes no account of dy
namic factors, ... there is a danger that we may 
miss phenomena, and opportunities, that have a 
kinetic rather than equilibrium basis, such as those 
that may derive from better directed control of 
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viscosity/diffusivity in foods or from more 
soundly-based exploitation of metastable glassy 
states. " 

In this review, we have described a food 
polymer science approach to the study of struc
ture-property relationships that ranges far beyond 
the limited applicability of the "water activity" 
approach to the assessment of food quality, safety, 
and stability. Investigations that compare, based 
on so-called "Aw" measurements, aqueous food 
systems composed of different water-compatible 
solutes are handicapped by "apples vs. oranges" 
comparisons devoid of predictive capability. In 
contrast, we have demonstrated that investiga
tions based on measured thermomechanical prop
erties, used to define the locations of the con
trolling glass, solidus, and liquidus curves on a 
dynamics map, allow predictive analyses of 
structure-function relationships in food products 
and processes. We have shown how the use of 
a water/glass dynamics map as a new conceptual 
approach to the study of non-equilibrium ther
momechanical behavior facilitates the selection 
of experimental conditions to allow specific food 
systems to be examined at measurable distances 
of moisture content (Le., !1 W) and temperature 
(Le., !1 T) from their respective reference glass 
curves. We have discussed how the most effec
tive use of the dynamics map, as a mobility trans
formation map to elucidate the underlying basis 
of differences in behavior of food materials, has 
necessitated the identification of appropriate ex
perimental approaches that are capable of sepa
rating the effects of translational and rotational 
mobility on different mechanical relaxation prop
erties. We have illustrated interpretations, based 
on the conceptual food polymer science approach 
to water relationships in foods, that have led to 
deeper qualitative understanding and new in
sights to moisture management aspects of sorp
tion isotherms, microbiological stability, enzy
matic activity, collapse phenomena, sugar 
crystallization, drying processes, cereal cooking 
processes, and starch gelatinization and retrogra
dation. In the following subsection, we sum
marize the generic experimental approach sug
gested for future investigations of water dynamics 
and glass dynamics to predict the quality, safety, 
and stability of foods. 
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A. Suggested Experimental Approach 
for Investigations of Water Dynamics 
and Glass Dynamics to Predict Quality, 
Safety, and Stability of Foods 

As mentioned in the Introduction, the 1985 
Faraday discussion conference on Water Activity 
at Girton College, Cambridge, generated (1) a 
set of guidelines (outlined below in updated form) 
for new criteria, based on current knowledge of 
the physical and chemical properties of aqueous 
systems, to assess the technological performance 
of food products and the physiological viability 
of biological systems, and (2) recommendations 
for a more credible quality standard to replace 
the current usage of "Aw". 

Guidelines 

I. Dilute Systems 
1. Probably are (i.e., can be) in chemical 

equilibrium. If so, then vapor pressure 
is a true indication of Aw. 

2. In vivo water stress is, by definition, 
equated with an osmotic imbalance. 

3. Although an osmotic contribution is evi
dent, specific ion/molecule effects can
not be so interpreted. 

4. Where specific effects resemble salting 
in/out, then they probably arise from 
hydration interactions and not from a 
(statistical) osmotic lowering of the va
por pressure. The concept of a "com
patible solute" is incompatible with 
Aw arguments. 

5. There are many instances of specific 
ion/molecule effects at constant Aw, 
e.g., enzyme activity, protein stability. 

II. Intermediate Moisture Systems 
1. Characterized by non-equilibrium 

behavior. 
2. Aw is meaningless, and vapor pressure 

is not a measure of Aw. 
3. Systems are under kinetic control, i.e., 

rate of approach to equilibrium; usu
ally, WLF kinetics apply, instead of 
Arrhenius kinetics. This is true even 
for living organisms under extremes of 
dehydration (caused by freezing, 
drought, or salt). 



4. Factors that govern kinetics/mobility: T, 
composition expressed by Mw. 

5. At constant concentration, a change in T 
changes mobility. At constant T, a 
change in concentration changes 
mobility. 

6. Measurable variables: viscosity, diffu-
sion, relaxation times. Tg(c) is diag-
nostic: defines 'T) = 1012 Pa s locus. In 
the neighborhood of Tg, viscosity and 
diffusion coefficient change rapidly 
with temperature. Usually, Tm - Tg 
= l(X)OC (but not for fructose). 

7. Must establish if water per se is re-
quired as a reactant or plasticizer, or 
whether any low MW species would 
suffice; for example, sugars can main-
tain proteins in their native states under 
conditions of extreme dehydration. 

8. Water is the universal plasticizer; its 
low MW makes it effective as a "mo-
bility enhancer". 

9. Water is not bound. Aqueous mixtures 
are as homogeneous at T < Tg as they 
are at T > Tg. Unfrozen water is not 
unfreezable (provided that the right 
time scale is used [centuries]). 

10. Estimation of shelf-life: determined by 
.:IT (T - Tg) and .:lW (W - Wg) 
(see below). 

III. "Dry" Systems (operational definition), 
T ~ Tg, Arrhenius kinetics 

l. Conventional practice: water vapor sorp-
tion measurements and interpretation 
by means of isotherm models. 

2. Sorption hysteresis implies non-equilib-
rium; Aw cannot be measured (see 
above). 

3. Water is not an inert sorbate, and the 
substrate is not a uniform surface. 

4. What is the significance of a measured 
isotherm, bearing in mind the assump-
tions of the sorption theory? 

5. Calculated "monolayer" coverage val-
ues have no physical significance. 

6. Shelf-life is determined by .:l T (see be-
low); any correlation between a hypo-
thetical monolayer coverage and shelf-
life is due to the relative magnitude of 
.:l T at which the experiment is 
performed. 

Based on these guidelines, the conference 
endorsed a recommendation of the dual concepts 

of water dynamics and glass dynamics, derived 
from the framework of the food polymer science 
approach, as the next step beyond "water activ
ity" in the evolution of criteria for food quality, 
safety, and stability. An experimental approach 
was suggested for investigations of water/glass 
dynamics,14,16 and this approach has undergone 
continued development and refinement since 
1985. The current version is described below, in 
the context of the mobility map shown in Figure 
115. This mobility map is conceptualized as a 
generic isogram for free volume and local vis
cosity. By analogy to an isotherm, an isogram is 
a representation of the measurement of some 
property under a constant condition, such that the 
resulting behavior of a system can be located on 
its mobility map, in terms of temperature and 
moisture content (always with time as the third 
dimension). Such a conceptual representation re
minds us that an increase in temperature or mois
ture content, to a location above the domain be
tween the solidus and glass curves, has an 
important effect on the mobility of the system, 
as reflected in various functional manifestations. 
d T and d W signify vectors of increasing mobility 
above the reference state defined by Tg and Wg . 
The mobility map in Figure 115, for a two-com
ponent glass-forming system of solute (e.g., a 
PHC) and solvent (water), both of which are crys
tallizable, demonstrates that the distance between 
Tm and Tg can vary dramatically, depending on 
the nature of the solute, as illustrated by the band 
of solute-water glass curves for specific PHC sol
utes with different values of dry Tg and conse
quent TmlTg ratios. 

The experimental approach (based on WLF 
kinetics of partially crystalline polymer systems) 
suggested for investigations of (1) water dynam
ics to predict the quality and stability of inter
mediate moisture foods, and (2) glass dynamics 
to predict the quality and stability of low moisture 
foods, is as follows: 

Measure Tg of anhydrous solute. 
Measure Tg' and Wg' of freeze-concentrated 

glass . 
Use literature value of -l35°C for Tg of 

water. 
Construct Tg(c) curve to define reference state 

for kinetic metastability (" = 1012 Pa s). 
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FIGURE 115, Mobility map as a generic isogram for free volume and local 
viscosity. Conceptualized in terms of a schematic state diagram of temperature 
vs. moisture content for a two-component glass-forming system of solute (e.g., 
a PHC) and solvent (water), both of which are crystallizable. The band of glass 
curves includes specific solutes with different values of dry Tg and consequent 
TmfTg ratios . .:1T and .:1W signify vectors of increasing mobility above the ref
erence state defined by Tg and Wg. 

Measure TmlTg to estimate departure from 
typical reference viscosity of TJ = 1012 Pa s. 
Then shelf-life depends on a combination of both 
dT and dW, where 

Measure total moisture content at one time 
point. 

Measure sample weight gain/loss at every 
time point. 

dT = T - Tg for constant water content at W < Wg' 
dW= W - Wg for any constant T at W < Wg' 
dW= W - Wg for constant T at W > Wg' and T > Tg' 
dT = T - Tg' for W > Wg' 
dW= W - Wg' for constant T at W > Wg' and T < Tg' 

For a convenient estimation of relative shelf-life, 
a composite vector can be constructed from the 
individual vectors for dT = T - Tg' and d W 
= W - Wg', as illustrated in Figure 115. 
An alternative experimental approach (alluded to 
earlier, in the discussion of Figures 65 and 74), 
suggested when DSC instrumentation is not 
available, is as follows: 

Document complete history of sample 
preparation. 

Specify and control experimental conditions. 
Measure non-equilibrium RH over broad 

range of temperature. 
Measure non-equilibrium RH over several 

decades of time. 
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Calculate total moisture content at every time 
point. 

Calculate total solids content (solute concen
tration) at every time point. 

Calculate non-equilibrium RVP as non-equi
librium RHIl 00 at every time point. 

Plot non-equilibrium RVP vs. total moisture 
for each temperature condition. 

Construct two-dimensional mobility map of 
temperature vs. w% concentration, with iso-RVP 
contour lines as tiT. 

Construct three-dimensional mobility map of 
temperature vs. w% concentration vs. tiT. 

Recognize that the relative partial pressure 
of water vapor in the gas phase of the sample 
headspace (colloquially referred to as "Aw") is 



certainly not controlling the mechanical relaxa
tion rates and chemical reaction rates in the rub
bery fluid phase or glassy solid phase of an 
aqueous sample matrix. Rather, the observed RVP 
is controlled by the temperature-moisture content 
location of the matrix relative to the location of 
its glass curve on the mobility map. 

Recognize that liquid water as a plasticizer, 
which increases the mobility of a multicompo
nent supra-glassy matrix, is the key to under
standing relaxation rates in restricted water 
environments. 

As described in this review, the·field of food 
science and technology has recently enjoyed a 
seemingly exponential growth of interest in 
glasses and glass transitions in foods and in the 
plasticizing effect of water on Tg. This spurt of 
interest stems from the growing realization of the 
importance of glassy and rubbery states to the 
quality, safety, and stability of foods. This state 
of affairs is evidenced by the fact that over 20% 
of the more than 400 references cited in this re
view were published in 1988, 1989, or 1990. In 
the decade of the 1990s, we expect to witness 
even greater growth and interest in this exciting 
subject area, because it offers so many challeng
ing questions still to be answered, while prom
ising so many opportunities for technological 
advancement. 

GLOSSARY OF SYMBOLS AND 
ABBREVIATIONS 

A 
ARR 
A-type 

Ap 
Aw 
"Aw" 

BET 
B-type 

Angstrom 
Arrhenius 
polymorphic crystalline form 
of starch 
amylopectin 
water activity 
"water activity" (Le., relative 
vapor pressure, p/pO) 
WLF shift factor as a 
function of temperature 
WLF shift factor as a 
function of plasticizer content 
Bru nauer-Epstein-Teller 
polymorphic crystalline form 
of starch 

C 
°c 
CMC 
Ce 
Cg 

Cg' 

Cp 
acp 
C1, C2 

cal 
cm 
cP 
cps 
D 
DE 
Dg 

Dg' 

DM 
DMA 
DMSO 
DNA 
DP 
DPn 

DPw 

DSC 

d 
DTA 
d.b. 
d.s. 
EPR 

e.g., 
endo 
OF 

FW 
f 
G 
aG 
GAB 

GHz 
GR 

concentration 
degrees Centigrade 
carboxymethyl cellulose 
solute concentration at Te 
solute concentration in an 
aqueous glass at its Tg 
solute concentration in an 
aqueous glass at its Tg' 
heat capacity 
change in heat capacity 
coefficients in the WLF 
equation 
calorie 
centimeter 
centipoise 
cycles per second 
diluent concentration 
dextrose equivalent 
diluent concentration in a 
glass at its Tg 
diluent concentration in a 
glass at its Tg' 
dry matter 
dynamic mechanical analysis 
dimethyl sulfoxide 
deoxyribonucleic acid 
degree of polymerization 
number-average degree of 
polymerization 
weight-average degree of 
polymerization 
differential scanning 
calorimetry 
day 
differential thermal analysis 
dry basis 
dry solids 
electron paramagnetic 
resonance 
for example 
endothermic 
degrees Farenheit 
freezable water 
activity coefficient 
Gibbs free energy 
change in Gibbs free energy 
Guggenheim-Anderson-
DeBoer 
gigahertz 
growth rate 
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g gram PHC polyhydroxy compound 
H enthalpy PPG poly(propylene glycol) 
~H enthalpy change PVAc poly(vinyl acetate) 
HFCS high fructose corn syrup PVC poly(vinyl chloride) 
h hydration number PVP poly(vinyl pyrrolidone) 
h hour p vapor pressure 
I ionic strength po vapor pressure of pure liquid 
IMF intermediate-moisture food water 
i.e., that is pH -log of the hydronium ion 
J Joule concentration in aqueous 
J' storage compliance solution 
K equilibrium dissociation pK -log of the equilibrium 

constant dissociation constant 
oK degrees Kelvin p/po relative vapor pressure 
KHz kilohertz ps or psec picosecond 
k rate constant 010 rate expression associated 
kg kilogram with Arrhenius kinetics 
kbar 1000 atmospheres pressure A gas constant 
log10 logarithm, base 10 A.H. or AH relative humidity 
In natural logarithm %AH percent relative humidity 
M molar concentration ANase ribonuclease 
MPa megaPascal AT room temperature 
MW molecular weight AVP relative vapor pressure 
MWD molecular weight distribution r linear correlation coefficient 
Mn number-average molecular S solute 

weight SHP starch hydrolysis product 
Mw weight-average molecular SSL sodium stearoyllactylate 

weight s or sec second 
Mn' number-average molecular T temperature 

weight of the solute-UFW TADS thermal analysis data station 
glass at its Tg' %TM percent total moisture 

Mw' weight-average molecular TMA thermomechanical analysis 
weight of the solute-UFW ~T temperature differential (e.g., 
glass at its Tg' T - Tg) 

Mw/Mn polydispersity index Ta annealing temperature 
m molal concentration Tam "antemelting" transition 
mcal millicalorie temperature 
min minute Tc collapse transition 
mm millimeter temperature 
N normal concentration Tcr crystallization temperature 
NMA nuclear magnetic resonance Td devitrification temperature 
NA nucleation rate Te eutectic melting temperature 
n number Texp experimental temperature 
nm nanometer Tf freezer temperature 
ns nanosecond Tfr flow relaxation temperature 
P pressure Tg glass transition temperature 
~P plasticizer differential Tg' subzero glass transition 
Pa Pascal temperature of the 
Pa s Pascal second amorphous solute/unfrozen 
PEG poly(ethylene glycol) water matrix surrounding the 
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ice crystals in a maximally Xs mole fraction concentration 
freeze-concentrated aqueous of solute 

solution Xw mole fraction concentration 
TgtTm ratio of Tg to Tm of water 

Tgel gelation temperature 11 viscosity 

Tgelat gelatinization temperature 11e viscosity at T e 
Th homogeneous nucleation 11g viscosity of a glass at its Tg 

temperature 11gel viscosity at T gel 

ThtTm ratio of Th to Tm P density 

Tim "incipient melting" fJ. chemical potential 

temperature fJ.i chemical potential of 

Tliq liquidus temperature component i 

Tm crystalline melting fJ.~ chemical potential of water 

temperature fJ.cal microcalorie 
TmtT reduced temperature fJ.m micrometer 
TmtTg ratio of Tm to Tg pg density of a glass at its Tg 
TmtTh ratio of Tm to Th <I> osmotic coefficient 
Tr recrystallization temperature 'l' water potential 
Ts sorption temperature T relaxation time 
Tsol solidus temperature Trot rotational relaxation time 
Tsp sticky point temperature % percent 
Tvap vaporization temperature = equal to 
t time - essentially identical to 
UFW unfrozen water about 
V volume - about equal to 
VO partial molar volume > greater than 
V-type polymorphic crystalline form < less than 

of starch ~ greater than or equal to 
vs. versus :5 less than or equal to 
W water content ~ greater than about 
dW water content differential :$ less than about 

(e.g., W - Wg) ~ much greater than 
WBC "water-binding capacity" ~ much less than 
Wg content of plasticizing water / per 

in an aqueous glass at its Tg 
Wg' content of plasticizing water 

in an aqueous glass at its 
Tg' ACKNOWLEDGMENTS 
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