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ABSTRACT: Conformational contributions to the heat capacity of the interacting system of polymer—
water have been studied on the example of starch with and without low concentrations of water. This
work continues a series of thermal analyses of biological materials. The heat capacity has been linked to
its vibrational, external, and conformational contributions. The conformational part is evaluated from a
fit to a one-dimensional Ising model for two discrete states, characterized by parameters linked to stiffness,
cooperativity, degeneracy, and various interactions. The changes in heat capacity within the glass-
transition region are interpreted, thus, as contributions of different conformational heat capacities arising
from the changes in interaction of the carbohydrate chains with water. The vibrational contribution was
calculated as the heat capacity arising from group and skeletal vibrations. The external contribution
was computed as a function of temperature from experimental data of the mobile state of the thermal
expansivity and compressibility. The stiffness, cooperativity, and degeneracy parameters are discussed
in terms of monolayers and clusters of water about the starch. The calculated and experimental heat
capacities of the starch—water system are compared from 8 to 490 K, the range of measurement. The
system is shown to have a glass transition of at least three steps which begin at about 250 K and are not
completed at 500 K, where decomposition starts. Water plasticizes the steps of the transition differently.
The proposed approach should also be usable for a more realistic description of heat capacities of other
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biological materials, such as the cellulose—water or protein—water systems.

Introduction

For the study the conformational heat capacity of the
polymer—water system we evaluated the heat capacity
in their solid, liquid, and partially mobile states within
the glass transition. The conformational heat capacity
is most directly coupled to the liquidlike behavior and
is one of the three contributions to the total heat
capacity. The other two are the vibrational contribution,
which is always the largest and most important for the
description of the solid state, and the so-called external
contribution, which arises from the expansion of the
system with temperature. For biopolymers, decomposi-
tion occurs often before the amorphous samples com-
plete their glass transition. In these cases is not possible
to measure the liquid heat capacity; rather, an estimate
must be made from low-mass models, or in some cases,
it may be possible to extrapolate information from the
partial molar quantities of solutions in water. Water
itself has a glass-transition temperature of about 140
K,! so that in solutions the glass-transition temperature
of the polymers decreases substantially.

A number of properties of the polymer-small molecule,
especially polymer—water systems, have been investi-
gated.2~* Extensive calculations for the conformations
of polymer—solvent systems were carried out by Flory,
Ptitsyn, Volkenstein, and co-workers.5 In the Flory—
Huggins treatment of polymeric solutions,® the volume
difference between polymer and solvent and an interac-
tion parameter y are introduced. The interaction pa-
rameter y is related to the heat and entropy of mixing.
In cases of phase segregation, nonrandom distribution,
or clustering of the small molecule, different approaches
were tried by using additional functions for the descrip-
tion of the clustering effect.6~8 Tomka and co-workers®’
have combined both approaches, using the Flory—
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Huggins treatment for delocalized mixing and Freun-
dlich’s isotherm function to examine localized clustering
in cellulose—water® and starch—water’ systems. Com-
puter simulations were also used to study the heat
capacity of polymer/solvent systems.®10 The magnitude
of the solvation contribution to the heat capacity is well
characterized experimentally in several studies.'1~14

To characterize the thermodynamic properties of
polymer—small molecule systems, quantitative thermal
analysis needs to be performed. The discussion in this
paper is based on quantitative calorimetry of carbohy-
drates without water and with two different low con-
centrations of water. The data analysis is based on the
advanced thermal analysis system (ATHAS).1® In ad-
dition to the description of the solid and liquid states,
the quantitative thermal analysis establishes proper
baselines for the discussion of phase transitions, such
as the glass transition as well as ordering and disorder-
ing transitions.

The heat capacity is a macroscopic, thermodynamic
guantity that is based on the molecular motion. The
main contributions to the experimental heat capacity
come from vibrations and large-amplitude molecular
motions. The latter are mainly conformational; i.e., for
flexible polymers they are caused by internal rotation.
In small, rigid molecules, such as water, translational
and rotational motions are the large-amplitude motions.
At low temperatures, usually below the glass or melting
transitions, practically only vibrations contribute to the
experimental heat capacity. The vibrations in solids are
separated into an approximate group vibrational spec-
trum, which can usually be described by a normal-mode
calculation based on force constants derived from in-
frared and Raman spectra, and the skeletal vibrations,
which can be approximated by the Tarasov equation
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that is based on Debye functions of different dimen-
sionality.® The thus-determined vibrational heat capac-
ity is then extended to high temperatures and serves
as the baseline for quantitative thermal analysis of dry
polymers and polymer—water systems. The description
of the liquid heat capacities is more complicated.
Empirically, it was found, however, that the heat
capacity of liquid polymers is often a linear function of
temperature. Furthermore, an empirical addition scheme
based on contributions of the constituent chain seg-
ments could be derived within the framework of
ATHAS.S For polymer—solvent systems, an empirical
addition scheme, UNIFAC, was also developed by
Prausnitz and co-workers.16

There are no fully adequate and simple microscopic
theories of either pure polymeric liquids or liquid
polymer—small molecules system. Lattice theories are
usually used for the representation of liquid struc-
tures.’~1° Flory,2°=22 Sanchez,2® and Simha?4~26 devel-
oped the intermolecular interactions as an external
contribution. Furthermore, a flexibility parameter was
introduced by Prigogine?” and then used by Flory,?°
Sanchez,223 and Simha?4 to describe the effect of the
intramolecular interactions as a conformational contri-
bution of the polymer. A large number of calculations
of conformations of macromolecules were carried out by
Flory and co-workers.?8 O'Reilly?® considered the exter-
nal and conformational contributions to the heat capac-
ity of liquid polymers for a larger number of polymers
using the rotational isomers model without a coopera-
tive effect. Both the external and conformational con-
tributions to heat capacity were also considered by
Gibbs and DiMarzio.3931 They described the vibrational
contribution using an Einstein term with changes in
frequencies during the glass transition. This accounted,
however, only for 20% of the measured change. The
approach presented here involves the calculation of the
conformational contribution to the heat capacity of the
amorphous polymer above glass transition and in its
simplest form was first attempted for liquid polyethyl-
ene (PE)32 and then developed further for polyethylene,
polypropylene, poly(methyl methacrylate), poly(n-butyl
methacrylate), and polystyrene.3® Good agreement be-
tween calculated and experimental data could be
achieved, and a more realistic picture of the conforma-
tional behavior in linear macromolecules with longer
side chains emerged. This approach is the starting point
for the present analysis, and an effort will be made to
estimate the liquidlike heat capacity of the polymers in
the presence of low-molar-mass molecules. The starch—
water system will serve as an example.

Amorphous starch was used as obtained and after
various treatments, as described in the literature.6-840
Concisely, amorphous starch was prepared by extruding
native potato starch obtained from Blattmann AG,
Switzerland (lot 51128). In the presence of water, a
process of gelatination dissolves the crystalline regions
of the native starch. For potato starch this structural
transformation occurs in water solution between 329
and 339 K (56 and 66 °C), in contrast to melting, where
the starch crystallites would require a temperature
above 443 K (170 °C). The delivered amorphous starch
contained 10—12 wt % of water. It is composed of linear
amylose (~20%) and branched amylopectin (~80%).
Amylose is based on o-1,4-p-glucose units and has a
molar mass from 105 to 10 Da. Amylopectin, in con-
trast, branches about once every 20—25 glucose repeat-
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ing units (mainly at the C6 position, a-1,6 link) and has
a typical molar mass from 107 to 10° Da. The repeating
unit of starch (CgH100s) has a molar mass of 162.142
Da.

To obtain dry starch, the sample was held in a
vacuum oven at 353 K (80 °C) for a minimum of 48 h.
To introduce fixed amounts of water, either small
amounts were added to the dry starch or the dry starch
was kept for 2—3 weeks in contact with the constant
saturated vapor pressure of the following salt solutions
of appropriate concentration: lithium chloride (10%
RH), magnesium chloride (33% RH), sodium bromide
(57% RH), sodium chloride (75% RH), and potassium
chloride (86% RH). The uptake of water by the starch
was measured by weighing the sample with a microbal-
ance (Cahn C-33). The dry sample had the same mass
before and after the DSC measurements with a margin
of error of £0.005 mg. The heat capacity of starch—
water with samples containing 53 mol % (11 wt %) and
65 mol % (17 wt %) of water was measured and analyzed
for this paper. The samples were sealed in high-pressure
stainless steel pans (HPS) from the Perkin-Elmer Corp.,
Norwalk, CT, to prevent water loss during measure-
ments by standard DSC.

Calculation Scheme

Conformational Contribution to the Heat Ca-
pacity of Dry Polymer. Generally, the heat capacity
of the liquid polymer is calculated from the standard
thermodynamic relationship:3336

C, = C, + TVa?B, ~ C,p(poly) + Cyni(poly) +
Ceox(poly) (1)

where C, represents the liquid heat capacity at a
constant pressure, C, the heat capacity at constant
volume, V the molar volume, o the thermal expansivity,
and j. the compressibility. All quantities must be known
or estimated as a function of temperature. The experi-
mental heat capacity C, of dry polymer is, thus, sepa-
rated into a vibrational heat capacity Ci(poly), the
conformational heat capacity Cgonf(poly), and the so-
called external contribution Ce(poly). For the heat
capacities of polymeric solids below about 150 K, eq 1
is reduced to C,ip(poly) since the chain conformation is
largely rigid, and Cex(poly) is small. At somewhat
higher temperature, the small Ceq(poly) for the solid
state can often be estimated using the Nernst—Linde-
mann equation or similar approximations if expansivity
and compressibility are not known.3738 Both of these
contributions yield the baseline above which Ceon(poly)
is found. Above about 50 K, crystalline and amorphous
polymers, as well as polymers of intermediate crystal-
linity, have similar heat capacities. They can be calcu-
lated as®3

Cuin(poly) = C,(group) + C,(sk)[0,,0,,0;]  (2)

where C,(group) is the heat capacity based on the group-
vibrational spectrum and C,(sk) is the heat capacity for
the skeletal vibrations, estimated using the ATHAS
scheme.153435 The parameters 01, ©,, and O3 represent
the characteristic one-, two-, and three-dimensional
Debye frequencies for continua, which are expressed in
kelvin (@ = hv/kg). The internal rotation which is
involved in the conformational motion changes its heat
capacity only very slowly from the limit of torsional
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oscillation (8.314 J K~ mol~! = R) to a free rotator (C,
= R/2) but may involve larger changes in potential
energy, which will be discussed next using a simple
energy-level scheme.

Calculation of the conformational contribution to the
liquid heat capacity of polymers Cconi(poly) in eq 1 is
based on the earlier calculation3® of the conformational
contribution of the dry polymer, using one-dimensional
Ising model®® with the following simplifying assump-
tion: The conformational states of the bonds can occur
in only two discrete states, a ground state and an excited
state, with the energy difference between the two states
B, which can be modified with a parameter A, depending
on the state of the next-nearest neighbors; depending
on the cooperative interactions, it may be positive or
negative. Thus, the parameters B and A account for
stiffness and cooperativity. The conformations of the
whole chain of a polymer with a total of N rotatable
bonds are then described by the one-dimensional Ising
model333° with the total potential energy:

N N
E, = Aijij + Bij (3)
i= i=

The conformation number m; = 0 applies to the ground
state with energy zero and degeneracy go. The confor-
mation number m; = 1 corresponds to the excited state
with energy B and degeneracy g;. The ratio of the
degeneracy of the conformational states gi/go = I', and
the energies A and B are determined by the fit to the
experimental conformational heat capacity calculated
from eq 1.

Knowing E,, as given by eq 3, one can calculate the
partition function and the free energy per bond using
the transfer-matrix method,3® and finally, the confor-
mational heat capacity can be expressed in closed form
asSS

Cconf(pOIy) =
(9,/90)[B/(kg T)]’e ®'keD
R "D 1+ »(ABIT)] (4)
[(9:/90)e + 1]

where the first part of the equation is identical to the
rotational isomers model;2°33.36 the second expression
?(A,B,I',T) is too extensive to be shown in detail but
gives contributions from the interaction of the nearest
conformational neighbors. In eq 4, R is the gas constant,
kg is the Boltzmann constant, and T is the temperature
in kelvin. A full description of this calculation was given
earlier® and will be used to calculate the conformational
contribution to the heat capacity of pure, amorphous,
dry starch. The total heat capacity of the pure liquid
polymers is then estimated from eq 1, using the experi-
mental data for Cey(poly).

Conformational Contribution to the Heat Ca-
pacity of the Polymer—Small Molecules Systems.
The calculation of the heat capacity of the liquid solution
of amorphous polymers and small molecules is based
on the evaluation of

Cp(poly—sm) = Cvib(pOIy_Sm) + Cconf(pOIy_Sm) +
Cext(pOIy_Sm) (5)

where Cp(poly—sm) represents the total heat capacity
at constant pressure for the system polymer/small
molecules, Cyip(poly—sm) is the vibrational heat capacity
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at constant volume, Cex(poly—sm) stands for the exter-
nal heat capacity, and Cconi(poly—sm) denotes the con-
formational heat capacity.

The major part of the total heat capacity, again, comes
from the vibrational motion as given earlier.*° The value
of Cyip(poly—sm) can be estimated by adding the con-
tributions for the polymer C,ip(poly) and the small
molecules, C.ipn(sm), according to the equation

C.ip(poly—sm) = XsC,;,(poly) + X\, C,ip(sm) (6)

where Xs and Xy are the molar fractions of polymer
repeating units and small molecules, respectively.*® The
external contribution to the heat capacity, Cexi(poly—
sm) of eq 5, is calculated using the experimental molar
volume V, the thermal expansivity o, and the compress-
ibility ¢, as before. The calculation of the conforma-
tional contribution to the liquid heat capacity of the
polymer—small molecules complex is based on the
description for pure polymers33 and is presented next.

Calculation of the Conformational Heat Capac-
ity of the Polymer—Small Molecules System. As a
starting point for the calculation of the conformational
heat capacity of the polymer—small molecule system,
let us first consider monolayers of small molecules
surrounding the polymer chain. This will be followed
by a model involving clusters of small molecules which
interact with the flexible macromolecule. The assump-
tions are again that the conformational states of the
polymer are discrete and can be represented by only two
states as in a simplified rotational isomers model.29:33.36
Each of the conformational states can be degenerate in
multiple ways, and we neglect any excluded-volume
effects.> To describe the conformational energy of the
chain, the one-dimensional Ising model is used again,3°
but with the following change: The conformational
states of each chain segment depends besides on the
adjacent segments also on the interaction with the small
molecules in the immediate neighborhood. Conse-
qguently, if the conformations of different polymer seg-
ments are mutually dependent, the small molecules can
interact indirectly with other small molecules through
the conformations of the chain segments. This interac-
tions leads to cooperative effects which should be
reflected in the heat capacity of the system.

According to the above assumption there are, again,
N identical segments of the polymer, and there are also
N centers for the small molecules. Each segment can
be found in one of two conformational states, and each
state can be degenerate. The ground state has the
degeneracy go and is characterized by a zero energy,
while the excited state has the degeneracy g; and has
the energy B > 0. The ratio is I' = gi/go as before. The
value of B is modified by A but depends not only on the
states of neighboring segments but also on the coopera-
tive behavior of the monolayer of the small molecules
on the polymer, having the energy E < 0. In the case of
clusters of small molecules, the second and higher layers
have the same energy K;, where K; < 0 and s is the
maximum number of molecules in the cluster. Each
interaction energy of the small molecules with the
segment of the polymer, E, can be modified by a
parameter C, if the next segment of the chain is in the
excited state. The energy C describes then the coupling
between the conformational states and the small mol-
ecules. If the segment of the chain and its neighboring
small molecule are considered as one center, the energy
of the whole system can be represented as follows:
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(a) for monolayers (s = 1):

N N N
E, (poly—sm) = Aijij + Bij + Cijnj +
i= i= i= 3
(S #)an (7)
£

(b) for cluster (s > 1):

N N N
E, (poly—sm) = Aijij + Bij + Cij(l —
= = =

N s N s
6njo) +(E — Kl);nzanjn'j + (K, — ﬂ);nznjénjn’j (8)

In egs 7 and 8, K; = K — AK is the energy at the
intermediate state related to the condensation energy
K of a small molecule, and u is the chemical potential
of small molecules. Each site of the model is described
by the pair of numbers (m;,n;), where conformational
number m; = 0 corresponds to the ground state with
degeneracy go, and m; = 1 corresponds to an excited
state with degeneracy g; for the jth segment. In eq 7,
the occupation number for small molecules n; can only
take the value O for an empty center and 1 for an
occupied center (s = 1 for monolyers). For cluster of
small molecules in eq 8, the occupation number n; = 0,
1, 2, 3, ..., s refers to an empty center (0) or the center
occupied by 1, 2, 3, ..., and s small molecules with
energies states 0, E, E + Ky, ..., E + (s — 1)Ky,
respectively. Each site of the system can be in (g1 + go)-
(s + 1) states. In eq 8, ¢ is the Kronecker delta. Several
sites of the possible conformational states of the poly-
mer—small molecules system are presented schemati-
cally in Figure 1.

The conformational free energy Fens per site for
the systems is calculated using the transfer matrix
method:3°

F kgT In E = —KgT In[Tr e”E@lmsmikeT] (q)

conf —

where E is the partition function and E,(poly—sm) is
given by eqgs 7 or 8. The result has the form

I:conf = _(ﬁN)71 In PN

max

= (A In3[U + (U - 4v)*9] (10)

where

1 - (k¥)?

U=1+ab + klk2X(1 + ab’c) m] (1la)
2

V = (ab' — b')

L+ kgkox( + abrey— 42y
+ 12X( + al C)l——|(2)( +

1 — (kpx)?

Ck1k2X(1 + ab'C)m] (11b)
2

The parameters ki, kp, a, b, and c are defined by the
following relationships:

a=exp(—pA); b’ =Tb =T exp(—fB); c = exp(—pC)
k, = exp[=B(E — KI; k, = exp[—B(K — K})]
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n=3

Figure 1. Schematic diagram of conformational states of
several sites in the polymer surrounded by small molecules.

with 8 = (keT)™t and T" = gi1/go; Tr exp[—BE (poly—sm))
in eq 9 denotes the trace of the matrix. The quantity x
= exp[—pB(K — «)] has the meaning of an activity of small
molecules.

Knowing Feont from eq 10, it is possible to calculate
all thermodynamic quantities of the system. The con-
formational heat capacity Ccone(poly—sm) is given by

Cconf(pOIy_Sm): d_CIEm
A(F onifksT d(in =
Upont = —kBTZ% S gt ) (12)

where Ugns is the conformational enthalpy of the
system.

The calculation of the heat capacity is rather tedious
because of the double differentiation of the partition
function. This calculation was done using the Math-
ematica 3.0 software. The final results can be expressed
in a closed form as the conformational heat capacity,
but the expression is too long to be shown here.

The conformational heat capacity in eq 12 is a
function of temperature with many parameters, i.e.,
Ceont (poly—sm) = (T, B, A, C, E, T', Ky, K, s) where B,
A, T, C describe the polymer and E, K, K, s the small
molecules. These parameters can be estimated from
experimental data or from additional models generated.

The heat capacity in the liquidlike state of the
polymer—small molecule system is then estimated
similar as for the pure polymer, by finding the sum of
the vibrational, external, and conformational contribu-
tions. The experimental conformational heat capacity
is fitted to the calculated Ccone(poly—sm) obtained from
eq 12 of the Ising model to obtain the parameters B, A,
C, E, T, Ky, K, and s for the system of polymer and small
molecules.

Results and Discussion

The quantitative thermal description of the starch—
water system starts with the analysis of the experimen-
tal heat capacities. Figure 2 shows these as specific heat
capacities, measured by adiabatic calorimetry and dif-
ferential scanning calorimetry from 8 to 490 K.*° The
detailed data are also available through the ATHAS
Data Bank.!®> A comparison with the expected values
for the liquid samples has clearly shown that the glass
transitions between about 200 and 372 K are only
partial and occur in stages and that even the dry starch
shows the first of these stages.*® The heat capacities
below the glass transition were linked to the vibrational
motion.*° The additional large-amplitude motions and
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Table 1. Fitting Parameters for the Conformational Heat Capacities of Starch and Starch—Water Systems?

water content

(mol %) B (K) A (K) r S K — u (K) E — K;i (K) K — Kz (K) temp (K)
dry starch 2400 364 113 380—436
starch—water

53b 2400 364 148 0.74 —1343 690 1156 305—355

53¢ 2400 364 1890 0.74 —1680 —1398 1378 1367 390—-436

65 2400 364 224 2.8 —1567 —1347 1234 1177 330—-380

aThe values of B, A, C, K — 4, E — Ky, and K — K; are in terms of temperatures, given in kelvin. ® Describes the range of lower
temperature in the fitting as shown in Figure 4. ¢ Describes the range of higher temperature in the fitting as shown in Figure 4.

= |Starch - Water
§, 3 C,(exp) - starch with water
= 17 wt -%
> (65 mol %)
g %
=41 LS g
c L
s | £ 2
jq:') C Starchy, .
1] o (vib)
L
=
o
@
Qo
w
0

100 200 300 400 500
Temperature (K)

o

Figure 2. Experimental specific heat capacities of the starch—
water system. The water concentrations are listed in the
figure; C,s2eh(vib) is the vibrational, calculated, specific heat
capacity of dry starch.*°
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400 1 (5=2400 Kgi A = 364 kgi [ =113)
L

0% of H,0

300 | Cplexp)
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Figure 3. Comparison of the experimental and calculated
heat capacities for dry starch.

increased external contribution after each of the partial
glass transitions are the subject of the present discus-
sion.

Heat Capacity of Amorphous Dry Starch. The
heat capacity of the amorphous, dry starch above the
partial glass transition can be analyzed with eqs 1—4,
as is shown in Figure 3. The fitting parameters are
listed in Table 1. Figure 3 shows a good agreement of
experimental and calculated Cp. The experimental data
in the temperature range from 320 to 436 K were
separated as indicated by eq 1. The vibrational heat
capacity was calculated as before.3340 For the external
heat capacity contribution, Cex(poly), eq 3 was used with
the expansivity (o. = —d In V/dT) and the compressibility
(Bc = d In V/dP), derived from the experimental P—V—-T
diagram.6~8 The conformational contribution to total
heat capacity of dry starch was then fitted to eq 4 after
subtracting the vibrational and external portions of heat
capacity to find the three characteristic parameters, B,
A, and T which are listed in Figure 3 and Table 1.

300

C,(calc) Starch-Water|
(B = 2400 ky; A = 364 k,; C = -1680 kg
$=0.74; T'=1890) ‘\\ _ 53mol-%
\\Mw (11 wt -%)
B = 2400 ky; A = 364 kg C = -369 k' 3

200 A

2
°
£
5 $=074, 1‘=\148)
2 Tg=372K e
3] " . .
® 100 s " Cy{vib)
© h —
O L-—7"<
put C,(exp) Ceonf (b)
5} —
£ Ceonf (@) __ _ -
— e T —
— ... S TN Cext
0 e
300 400 500

Temperature (K)

Figure 4. Comparison of the experimental and calculated
heat capacities for starch with 53 mol % of water.

Adding calculated Cconi(poly), vibrational, and external
heat capacities, the total, calculated heat capacity was
computed, as is illustrated in Figure 3. Note that the
parameters A and B are given in terms of © tempera-
tures in kelvin, so that the energy B of 2400 K is
obtained in units of J mol~! by multiplication with the
gas constant R = 8.314 J K™ mol~! (= 20 kJ mol™1).
The effective energy between the two conformational
states B + A = 23 kJ mol™! is rather high, which
suggests that the segments or bonds in the glucose unit
are rather stiff, as expected from the abundant hydrogen
bonds. The value of the degeneracy ratio I' = 113 for
dry starch refers to the number of conformational
isomers of four bonds (3#) from the total of 12 potentially
mobile bonds in a residue of glucose. This is a similar
value as derived from the experimental change of the
heat capacity at Ty (32.7 kJ mol~* K™1). This value
corresponds to three mobile bonds in the glucose repeat-
ing unit when applying the empirical rule that each
bond that becomes mobile at the glass transition
contributes about 11 J K~ mol~! to AC,.3340

Heat Capacity of Amorphous Starch—Water Sys-
tems. Figures 4 and 5 show the comparison of the
experimental and calculated heat capacities of starch
with water in the glass transition region. For both cases
the experimental data of heat capacity at constant
pressure have been separated according to eq 5. The
vibrational heat capacity at constant volume C,n(poly—
sm) [dashed lines in Figures 4 and 5] was estimated by
adding the vibrational heat capacity from dry starch,
C,stareh(vib), and the vibrational contribution from glassy
water, Cpdlassy water(yip), as given in detail earlier:%°

C,(vib) = XC " "(vib) + X,,C I "@*'(vib) (13)

where Xs and Xy are the molar fractions of starch and
water, respectively.

For the calculation of the external heat capacity, Cex:-
(poly—sm), the second part of the center of eq 1 was
used, with V the total molar volume, o the thermal
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300

Starch-Water

Cplcalc)
(B = 2400 ky; A= 364 ky; C = -1567 ky;
5=28, = 224)\ 65 mol -% of H,0
200

Heat Capacity [J/(mol K)]
=
o

400
Temperature (K)

500

Figure 5. Comparison of the experimental and calculated
heat capacities for starch with 65 mol % of water.

expansivity, and . the compressibility for starch with
53 and 65 mol % of water, respectively, as is available
in the literature.6~8 Figure 6a—c shows plots for the data
used. The results of the external heat capacity are
drawn in Figures 4 and 5 as dotted lines.

The conformational heat capacity of starch—water
systems, Ceone(poly—sm) = f(T, B, A, C, E, T, Ky, K, s),
was fitted to the experimental conformational contribu-
tion setting B and A to the values obtained for the dry
starch. From the experimental heat capacities of starch—
water the vibrational and external portions of the heat
capacity were subtracted, and the remaining conforma-
tional part was fitted as outlined above. The parameters
obtained from the fitting are listed in Table 1 and also
shown in part in Figures 4 and 5. Finally, the vibra-
tional, conformational, and external heat capacities
were added, and the total heat capacity was calculated
and shown in Figures 4 and 5 as the heavy lines. The
root-mean-square deviations of the experimental heat
capacity from the calculated values are always less than
+2% and depend on the temperature ranges used.

Specific Volume /C

0.70 of Starch-Water S

0.69

Vsp (Cmslg)

el

320

0.67 @

360 400
Temperature (K)

440
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In Figure 4, from the best fit from 390 to 445 K (region
b), the effective energy difference between the two
conformational states B + A + C = 1084 K (9.01 kJ
mol~1) is reduced from the 23 kJ mol~1 for dry starch—
a result one would expect since the presence of water
should increase the flexibility. Also, the best fit in region
(b) gives a total number of 0.74 molecules of water per
glucose repeating unit (s), a value not far from 1.13
expected for the experimental 53 mol % of water since
no crystallizable water was detected.® The value of the
degeneracy ratio I' is 1890 and corresponds to a number
of conformational isomers of almost seven bonds (37)
compared to the four in dry starch. The added mobility
must be caused by the water. It corresponds also to the
larger experimental change of the heat capacity in this
section of the glass transition [AC,*B = 67.4 J K~ mol 2,
see Figure 6 in ref 40]. The values of other parameters
such as energies of E and K; correspond to water—
carbohydrate and water—water interactions, respec-
tively.

In addition, the experimental heat capacity of starch
with 53 mol % water was fitted below Ty = 372 K, from
305 to 355 K (region a in Figure 4), using the fixed
values of B, A, and s from above. The best fit gives an
effective energy of 20 kJ mol~ (B + A + C = 2395 K),
which is higher than the value in region b due to the
lower absolute value of the coupling parameter C (=
—369 K). The effective stiffness of the carbohydrate
chain becomes higher than in region b due to some
frozen motion of the starch—water system. The value
of ' = 148 gives the suggestion that only 3—4 bonds
per residue of glucose of starch are mobile. The differ-
ence of conformational contributions between Cgoni(b)
and Cgnni(a) at the lower partial glass transition is,
again, similar to the jump in heat capacity AC, in the
experimental data. The changes of the effective stiffness
of chain carbohydrate below and above the glass transi-
tion can also be related to a change of the population of

The Thermal Expansivity
-2 of Starch-Water
i
’S -4
=
-6 ,
(b}
320 360 400 440

Temperature (K)

24
of Starch-Water

The Thermal Compressivity

s
2 20 e
= LT
o 1.6 M
12 ()
320 360 400 440

Temperature (K)

Figure 6. Experimental specific volume (a), expansivity (b), and compressibility (c) as a function of temperature for starch with

53 mol % of water.5—8



Macromolecules, Vol. 35, No. 10, 2002

secondary bonds between the carbohydrate chain. The
coupling parameter C can indirectly describe this pro-
cess through the secondary subsystem which was fixed
in our model. Figure 4 in the temperature range 305—
445 K demonstrates a good agreement between both
experimental and calculated heat capacity at constant
pressure when assuming two steps of a glass transition
which, however, is still incomplete at 445 K.

In Figure 5 the data for 65 mol % of water are
analyzed. For this sample the water has moved the
second glass transition step more than the first, so that
now both seem to occur at about 300 K. In addition
above about 400 K a further increase in glass transition
seems to signal the last step of the glass transition,
lowered by the water sufficiently to fall below the
decomposition temperature. Again, a good agreement
exists between calculated and experimental data be-
tween 330 and 380 K. For the calculation of the heat
capacity for the partially liquidlike state was estimated
in the same manner as before. The vibrational contribu-
tion according to eq 13 is given by the dashed line in
Figure 5, and the external contribution is plotted as the
dotted line. All parameters are listed in Table 1. As in
Figure 4, B and A parameters were fixed to the dry
starch values. The effective energy difference between
the two conformational states is 10 kJ mol~! (B + A +
C = 1197 K), similar as in region b of Figure 4. This
means that adding water beyond 53 mol % does not
increase the flexibility of the carbohydrate chain. From
the best fit, the value of I" was reduced to 224 compared
to 1890 for starch with 53 mol % of water so that it
corresponds to a number of conformational-isomers of
almost five bonds (3%). This should be related to the
increasing of numbers of water molecules per glucose
unit in the starch—water system. From the best fit, s =
2.8, the maximum number of water molecules that can
interact with one glucose unit is very close to the
expected value: 3.0. This comparison to the experimen-
tal value of 1.9 molecules per glucose residue for 65 mol
% of water in starch shows that still is enough space to
saturate the system.

Conclusions

Attempting for the first time a quantitative thermal
analysis of starch and starch water has led to the
surprising discovery that the glass transition of dry
starch is rather broad and does not occur in its entirety
above the decomposition; rather, it starts gradually at
about 200 K as illustrated in Figure 3. The heat capacity
reaches only an estimated 30% of the total AC, at 400
K. On adding water to the amorphous starch this first
step of the glass transition moves to lower temperature
and develops at 53 mol % a second, somewhat more
prominent step at 372 K, shown in Figure 4. Increasing
the water content to 65 mol % (Figure 5) shows that
this step moves to about 300 K, allowing little of the
intermediate region possible to discern as region a in
Figure 4. Finally, in Figure 5 there is some indication
that the third step begins at this water concentration
at about 400 K.

The vibrational contribution could be assessed from
the low-temperature heat capacity, the external part
measured, and the conformational part was shown to
be representable with a one-dimensional Ising model.
The water was to a large degree accounted for as being
attached to the starch chain, increasing initially its
flexibility. No water is sufficiently free to crystallize. The
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lowering of the glass transition is larger for the higher-
temperature stages of the transition, as expected form
the low level of the water glass transition. Our approach
not only leads to a good fit of the data but also gives a
more realistic picture of the conformational behavior in
the starch—water systems and can probably also be
applied to other synthetic and biological polymer—small
molecule systems.
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