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Abstract The heat capacity of wood and its constituents
is important for the correct evaluation of many of their
thermodynamic properties, including heat exchange
involved in sorption of water. In this study, the dry state
heat capacity of cellulose, hemicelluloses and lignin are
mathematically described by fundamental physical theories
relating heat capacity with molecular vibrations. Based on
knowledge about chemical structure and molecular vibra-
tions derived from infrared and Raman spectroscopy, heat
capacities are calculated and compared with experimental
data from literature for a range of bio- and wood polymers
in the temperature range 5-370 K. A very close corre-
spondence between experimental and calculated results is
observed, illustrating the possibility of linking macroscopic
thermodynamic properties with their physical nano-scale
origin.

Introduction

The heat capacity of biopolymeric substances such as wood
and its constituent polymers is one of the basic thermo-
dynamic properties, which is important for correctly cal-
culating other thermodynamic parameters such as enthalpy
and entropy in processes. For instance, knowing the heat
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capacity is fundamental for evaluating heat exchange
involved in sorption of water. Thus, a correct mathematical
description of heat capacity underpins the evaluation of a
whole range of other important properties of wood. Heat
capacity is a macroscopic property of materials; however,
its physical origin is molecular vibrations at the nano-scale.
This makes it a property that is perhaps easier to accurately
measure experimentally than to accurately describe theo-
retically, since the latter requires fundamental knowledge
of chemical structure and nano-scale behaviour of the
material. The heat capacity of wood and its variation with
moisture content and temperature has for more than a
century been examined experimentally and several math-
ematical regression lines have been proposed for predicting
it [1]. While such regression lines can be useful for engi-
neering purposes, they offer no explanation or hint to the
physical nano-scale origin of heat capacity, and the
mechanisms causing its variation with moisture content
and temperature. Several researchers have tried to examine
the subject closer, e.g. Hatakeyama et al. [2] investigated
heat capacity of cellulose, and Karachevtsev and Kozlov
[3] attempted a mathematical description of it by some of
the theories presented in this study. Nonetheless, a math-
ematical description of the heat capacity of wood and its
constituents linking heat capacity with its physical nano-
scale origin has hitherto not been presented.

In this study, the heat capacity of wood polymers will be
examined from available experimental data from various
literature sources. Based on knowledge about chemical
structure and molecular vibrations derived from infrared
and Raman spectroscopy, the heat capacity will be theo-
retically described using the approach of Wunderlich and
co-workers [4-7]. For decades, they have examined the
heat capacity of various polymers and explained their
results by fundamental physical theories. This study reports

@ Springer



1318

J Mater Sci (2014) 49:1317-1327

the theoretical basis and heat capacity of dry wood con-
stituents, whereas forthcoming publications will examine
the heat capacity of wood itself and effects of moisture.

Heat capacity and molecular vibrations

The heat capacity of solid materials, i.e. the amount of
energy needed to increase the temperature of a material,
depends on the capacity for storing vibrational energy for
instance as molecular vibrations in covalent bonds. The
heat capacity of solid materials is often measured experi-
mentally under constant pressure and denoted c,. It is
typically reported as (J/mol K) or (J/g K). The heat
capacity of metals and some other materials can be
described purely by molecular vibrations. For polymers,
the situation is more complex since the heat capacity is
based on both molecular vibrations as well as large-
amplitude conformational motion, e.g. internal rotation of
flexible polymers [4]. In general, the overall heat capacity
at constant pressure, ¢, (J/mol K) can be determined as the
sum of three contributions

Cp = Cvib + Cext + Cconts (l)

where Cyjp, Coxt and c.one are the vibrational, external and
conformational contributions, respectively. All of these
have the same unit as c,,.

The vibrational contribution, c.;, is related to molecular
vibrations of the solid material. Einstein [8] described these
vibrations by an assembly of one-dimensional harmonic
oscillators; each atom having three motional degrees of
freedom and thus each atom corresponding to three oscilla-
tors. For such assemblies the heat capacity as function of
temperature is found as

Or\2 O 2
ZE) "exp (£ NR (©® e
Cyib = NR—( T ) o p( T )2 = T (TE> CSCh2 (2—;>,
(exp() — 1)
(2)
where cyj, (J/mol K) is heat capacity at constant volume,
N is number of oscillators, 7 (K) is absolute temperature

and @ (K) is Einstein temperature related to the average
oscillator frequency by

h
Op = % — 1.4388

(3)

where v (cm™') is vibrational wavenumber, & (J s) is
Planck’s constant, ¢ (m/s) is the speed of light and k£ (J/K)
is Boltzmann’s constant. This model fits experimental data
for simple materials quite well above 50 K [9]. The theory
of heat capacity of solid materials was further advanced by
Debye [10] who described the solid by a distribution of
vibrational frequencies. This theory fits the experimental

1 v,
cm
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data better than Eq. (2) at low temperatures. The heat
capacity of the Debye model is given as

¢ = NR - Ds <%)
— 3NR (@%) 3 % d (?) , )

where @p (K) is Debye temperature corresponding with
the maximum vibrational frequency found in the material,
but otherwise calculated similar to @g. The function Dj
denotes in this study the temperature derivative of the
three-dimensional Debye function which also exists in a
one- and two-dimensional form. The general form of the
temperature derivative of Debye functions is

2 (7)=(6) [

%
T\" [x"*! 5 (X
0

where n represents the dimension (1, 2 or 3). The right hand
side of Eq. (5) shows a convenient mathematical
rearrangement for numerical computational purposes. Often
Egs. (2) and (4) are fitted to experimental data for obtaining the
average vibrational frequency or distribution of vibrational
frequencies. For many polymers, however, the distribution of
vibrational frequencies is already partly known from infrared
and Raman spectroscopy at least in the 400-4000 cm ™' range
(& = 576-5755 K). These techniques provide insight to parts
of the vibrational spectrum in which vibrations of various
chemical groups, e.g. vibrations related to C—-H and O-H
groups, are located. The lower frequency spectrum, i.e. below
400 cm™' mainly contains vibrations related to skeletal
deformations, e.g. deformation of aromatic rings, and can
for instance be found by molecular modelling [11]. If not, the
contribution of skeletal vibrations can be adequately described
by the general Tarasov equation Eq. (6) [12]

cvib(skeletal)_T O, 0, O;
NR o T 'T'T

o (3)-5n(5) -0 (%)
b))

which assumes a distribution of vibrational frequencies in
three parts - (1) at low frequencies: a second-order frequency
distribution equivalent with the three-dimensional Debye
function and a characteristic Debye temperature (frequency),

<
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O3, (2) at intermediate frequencies: a linear distribution
equivalent with the two-dimensional Debye function with a
Debye temperature @, and (3) at higher frequencies: a
constant distribution equivalent with the one-dimensional
Debye function with a Debye temperature @,. The three
Debye temperatures, @3, @, and @, describe the maximum
frequency (Debye temperature) of the corresponding
distribution. For linear macromolecules it is often found that
©3; = 0,, which implies that only two frequency distributions
are needed to describe the skeletal vibrations. The total
number of skeletal oscillators can be separated into the
different domains of the Tarasov distribution as [5]

0, 0, 63
Ni =Ng|1—=—="), Ny=Ng|=———=—2],
=Na(1-92) M= na(G- g

o3
N; = N; 3 ).
’ “‘(@1@2)

The contribution of known vibrations, for instance group
vibrations found by infrared and Raman spectroscopy, can be
calculated by Eq. (2) if a single frequency can be assigned to
the vibration. For some vibrations, however, a frequency
range is needed to describe a particular vibration. In this case,
a uniform distribution is often assumed between an upper
limit (@) and a lower limit (©y)), and the contribution to the
heat capacity can be found as

() (303

Oy - 6y
(8)

where D, is the temperature derivative of the one-dimen-
sional Debye function Eq. (5). For narrow frequency dis-
tributions, this reduces to the Einstein model Eq. (2).

The external contribution, ce 1S due to thermal
expansion of the material. Since the other contributions
relate to heat capacity at constant volume, c.,, takes into
account the deviation between ¢, and c,. Analogous to the
constant difference between ¢, and ¢, of R (= 8.3145 J/
mol K) for ideal gases, the deviation between ¢, and ¢, for
solid materials can be found as

(7)

¢vin(group) = NR

TV o?

Pr '
where V (m*/mol) is molar volume, o (K™!) is thermal
expansivity and fr (Pa~") is isothermal compressibility. If

©)

Cext = Cp — Cy =

these parameters are not available, it is possible to describe
Cext DY the Nernst-Lindemann approximation [13] modified
by Pan et al. [14]
2

Cext = Cp — Cy =3RA0£T—7;1, (10)
where Ay = 0.0039 mol K/J [14], and T,, (K) is equilib-
rium melting (glass transition) temperature of the chemical
substance. A is given per mole of vibrating atoms. Based
on experimental data for ¢, at given temperatures, Eq. (10)
can be rearranged and c¢, and subsequently c.,, can be
calculated.

The conformational contribution, c.qyy is related to large-
amplitude conformational motion of polymeric segments, e.g.
rotation of chemical groups or the polymeric backbone [4],
and it can be found by statistical mechanics [15, 16]. The basic
simplifying assumption is that the conformational states of
bonds, flexible segments or repeating unit can exist in two
different states: the ground state and an excited state of higher
energy than the ground state. From this assumption, the
conformational contribution can be calculated. For non-
cooperative rotations in polymers, i.e. where rotation of one
bond or segment does not influence that of its neighbours, the
conformational contribution [16, 17] is given by

I(%) exp (%)
Ceonf = NR———"———"5_ (11)
(exp (%) + 1)

where I' is degeneracy ratio, i.e. ratio of number of
available excited states to that of available ground states, n
is number of mobile chain units per repeating unit and @¢
(K) is temperature associated with change in conformation
given as
_ey—e

Oc =——,

Nok (12)

where e, and e¢; (J/mol) are energies of excited and ground
states, respectively, and N (mol™ 1) is Avogadro’s constant.
For cooperative rotations, i.e. where neighbouring segments
influence rotations of the segment in question, the heat
capacity contribution can be described by [15]
d (—kT2 d(Fconf/kT)> 7

Ceonf = Na — a7

T (13)

where

1 —Op— 0O -0
Fconf = —kTIn (2 |:1 + EXP(ATB)F+\/<1 +CXP(7
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Table 1 Overview of experimental data used in this study

Material Data used for assessing Temperature range (K) T (K) References
Microcrystalline cotton cellulose Cellulose 5-370 515 [30]
80-370 [31]
Wood sulphite cellulose Cellulose 5-370 515 [30]
Straw cellulose Cellulose 80-370 515 [30]
Amorphous wood cellulose Cellulose, hemicelluloses 80-370 515° [30]
Crystalline o-p-glucose Hemicelluloses 7-350 312 [32]
Crystalline sucrose Hemicelluloses 5-340 343 [33]
Crystalline a-p-xylose Hemicelluloses 2-300 285 [34]
Cupro-ammonium lignin Lignin 8-370 461 [35]
Sulphuric lignin Lignin 80-370 461 [35]

The equilibrium melting (glass transition) temperature, 7, is taken from [20, 36—40]

? Despite its amorphous nature, molecular modelling and experimental results [41] indicate that the glass transition temperature is similar to that

of crystalline cellulose

where @4 = ﬁ and O = N%k, where B (J/mol) is dif-
ference in energy level between excited and ground states,
and A (J/mol) takes into account the cooperativity of
neighbouring segments.

Experimental data and calculation method

The experimental data used in this study to correlate heat
capacity and molecular vibrations are taken from various
literature sources and shown in Table 1. No experimental
data could be found for wood hemicelluloses. Therefore, a
range of variously sized sugar oligomers are included,
Table 1. The computer software MATLAB R2012b was
used for all numerical calculations.

For all substances, a proper molecular unit representing
each polymer is selected. For cellulose, half a cellobiose unit
is used, whereas lignin is attempted modelled using a simple
coniferyl alcohol. For hemicelluloses, the molecular units of
galactoglucomannan and arabinoxylan as given by Sjostrom
[18] are used. For the small sugar oligomers, the entire mol-
ecules are selected as molecular units. Based on molar mass of
each molecular unit, the experimental data are converted to
(J/mol K). The first step in evaluating the different heat
capacity contributions is conversion of experimental c;, to ¢,
by Eq. (10) using Ty, given in Table 1.

The vibrational contribution from group vibrations,
Cyip (group) is determined from vibrational spectra for each
molecular unit. These are illustrated in Fig. 1 for the four
main wood polymers: cellulose, glucomannan, xylan and
lignin. The various vibrations have been selected in
accordance with literature sources quoted in Table 2. In
Fig. 1 and Table 2, vibrational frequencies along with the
number of oscillators for each molecular unit are given. For
cellulose, the selected molecular unit (C¢gH;9Os) contains
21 atoms, and therefore its total number of oscillators is 63.

@ Springer

Of these, Table 2 identifies 42 group vibrations, whereas
the remaining 21 vibrations are skeletal vibrations. Group
vibrations designated in Table 2 by a frequency range are
modelled by Eq. (8), while those with a single assigned
frequency are modelled by Eq. (2). By subtracting
Cyip (group) from the converted experimental c,, the
vibrational  contribution from skeletal vibrations,
cyip (skeletal) is evaluated. At temperatures below 200 K,
the skeletal contribution dominates and this is found by
fitting Eq. (6) to the ¢, — ¢y, (group) data in the 5-200 K
range in accordance with Pyda [4]. If the remaining dif-
ference ¢, — cyjp (group) — cy;p, (skeletal) is significant at
temperatures above 200 K, conformational contributions
are calculated. As a last step, the total calculated c,
including group, skeletal vibrations and potentially con-
formational contributions is converted to ¢, by use of
Eq. (10) for direct comparison with experimental ¢, data.

Results and discussion

In the following, the experimental data points are so close
that they are illustrated by continuous lines rather than by
individual markers.

In Fig. 2, experimental and calculated heat capacities of
microcrystalline cotton cellulose are shown along with
contributions from group and skeletal vibrations; the latter
based on Debye temperatures from Table 3. A very close
correspondence between experimental and calculated
results is seen similar to that found for organic polymers
[19]. It is clear that skeletal vibrations mainly contribute in
the 5-200 K range, whereas the change in heat capacity
with temperature above 250 K is due to group vibrations.
This change in behaviour from one dominated by skeletal
to group vibrations is typical [5, 19], since the previous
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Fig. 1 Vibrational spectrum of selected molecular units for a cellu-
lose, b galactoglucomannan, ¢ arabinoxylan and d lignin illustrating
both skeletal and group vibrations. *For galactoglucomannan an
average value for the number of vibrators for each vibration is used
based on an equal distribution of R = CH3CO and R = H

have vibrational frequencies in the lower frequency range.
Therefore, these vibrations are excited before the group
vibrations. No conformational contribution is needed to
accurately describe the heat capacity in Fig. 2, presumably
due to restrictions on conformational motions of aggre-
gated crystalline polymers.

The very close correspondence between experiment and
theory is also seen for heat capacities of other types of
cellulose and lignin shown in Fig. 3. Skeletal vibrations of
cellulose in Fig. 3b, d have been calculated using average
Debye temperatures for microcrystalline cotton cellulose
and wood sulphite cellulose, given in Table 3, while
skeletal vibrations of lignin in Fig. 3f have been modelled
by Debye temperatures for cupro-ammonium lignin, also in
Table 3. This is because the experimental data for these
substances include the temperature range 5-80 K, and
therefore presumably yield more reliable estimates of
skeletal vibrations. This does not, however, affect the
calculated results significantly. Debye temperatures in
Table 3 for skeletal vibrations of the crystalline polymers
share many similarities. For instance, they are all domi-
nated in terms of fraction of vibrations by @, and have
0, = O3 which is typical for linear macromolecules [5].
This is somewhat surprising for lignin, which is not a linear
polymer. Furthermore, the Debye temperatures are rea-
sonably similar between the different polymers with
0, =28735+418K, O, = O3 =97.8 £ 17.4 K for all
crystalline polymers.

The only significant deviations between experimental
and calculated results are seen for amorphous cellulose in
Fig. 3¢ above 235 K, where the experimental ¢, is
increasingly larger than calculated results as temperature
increases. This is in line with observations made by
Hatakeyama et al. [2] and Uryash et al. [20]. Furthermore,
experimental data for amorphous cellulose in the 80-200 K
temperature range is best fitted with skeletal vibrations
described by only a uniform frequency distribution, i.e.
O, =03 =0, and ©; = 895.2 K. Similarly, Pyda [21]
found that the skeletal vibrations of amorphous, dry starch
deviated from @, = @3, however, three non-zero Debye
temperatures were needed to describe the skeletal contri-
bution. These deviations from the behaviour of crystalline
polymers can perhaps be ascribed to the amorphous nature
of the starch and cellulose investigated. However, since
experimental data for the latter lacks below 80 K, the fit is
uncertain. Nonetheless, if Debye temperatures for micro-
crystalline cellulose are used, little difference is seen in the
fit to experimental data, Fig. 4. In both cases, some of the
experimental data remains unexplained which is also the
case for amorphous, dry starch above 250 K [21]. The
unexplained part, ¢, (other) is illustrated in Fig. 5 and is
attributed to conformational motion due to a greater
mobility of bonds and/or polymer segments [4, 15] of
amorphous cellulose compared with crystalline cellulose.

Conformational motion is often linked with glass transi-
tion, where polymer mobility increases significantly seen as
viscous mechanical behaviour and an increase in heat
capacity. However, even below the glass transition point,
secondary transitions can be seen with mechanical and

@ Springer



1322

J Mater Sci (2014) 49:1317-1327

Table 2 Group vibrations in the 400-4000 cm ™' range assigned by experimental infrared and Raman spectroscopic studies [21, 42-49]

Vibration mode ~ Wavenumber (cm ™)) Frequency, © (K)

Group vibrations, N,

Cellulose  Glucomannan  Xylan Lignin
O-H stretch 3200-3450 4604-4964 3 15 12 2
C-H stretch 2700-2975 3885-4280 7 41 40 10
C=0 stretch 1758 2529 0 3 0
C=C stretch 1600 2302 0 0 0 4
C—C stretch 1050-1100 1511-1583 5 31 27 5
C-OH stretch 1000-1150 1439-1655 3 15 12 2
C-OC stretch 900, 1097-1122 1295, 1578-1614 1,3 10, 10 12, 12 1
C-H bend 1050-1100, 1075, 1373, 1511-1583, 1547, 1975, 1,4,4,1 21,20,20, 21 20,20,20,20 7,3,3,7
1390-1440 2000-2072
O-H bend 1026, 1338, 1373, 1423-1475 1476, 1925, 1975, 20472122 1,1,1,3 7,7,7,9 6,6, 6,6 1,1, 1,1
C=0 bend 584-681 840-980 0 6 2 0
C-0O-C bend 490-540 705-777 4 20 24 2
Ny 42 263 246 50
Nykeletal 21 94 81 25
300+ & EpaAED o T.able. 3 Debye temperatures and associated number of skeletal
p . vibrations
& 250 ¢, (calculated) 1.5 Material e, 0, O3 Ng N1 N, N;
E 200+ ¢ (group+skeletal) L 1.2 ﬁ (K) K) )
= ' g Microcrystalline 918.1 103.2 1032 21 186 0.0 24
% 150 1 / v 109 B cotton cellulose
4 cy (skeletal) Z Wood sulphite 9142 1019 1019 21 187 0.0 23
S 1001 ’ - 0.6 = cellulose
E 50- / L o3 % Amorphou: wood 895.2 0.0 0.0 21 21.0 0.0 0.0
_________ Cv (group) cellulose
0 pd snpszeeets : ) 0.0 Crystalline o-p- 846.6 103.1 103.1 23 202 0.0 238
0 100 200 300 400 glucose
Temperature [K] Crystalline sucrose 850.1 121.1 121.1 44 37.7 00 6.3
Crystalline o-p- 816.0 695 695 18 165 00 1.5
Fig. 2 Calculated c;, and c, for cellulose based on contributions from xylose
group and skeletal vibrations. Experimental data included for Cupro-ammonium 896.1 88.1 881 25 225 00 25

microcrystalline cotton cellulose from [30]

dielectric spectroscopic techniques [22]. Whereas glass tran-
sition itself is referred to as the o-relaxation, secondary
relaxations are termed f3-, y- and J-relaxations dependent on
their temperature proximity to the o-relaxation. Secondary
relaxations have been found in both cellulose and lignin in
their native form [23]. For the latter, S-relaxation is found in
the 153-223 K temperature range centred around 187 K [23],
and can be attributed to OH-group mobility [24]. Thus, this
motion may already be at least partly included as OH-vibra-
tions in the heat capacity calculations, and might explain why
no conformational contribution is needed to explain the
experimental data of lignin. Crystalline and amorphous cel-
lulose exhibit two secondary transitions in the 103-273 K
range [23]: y-relaxation around 150 K and f-relaxation
around 213-253 K [25-27]. These are related to rotational

@ Springer

lignin

Based on data from [30, 32-35] for the range 1-200 K

* The skeletal contribution for amorphous wood cellulose was eval-
uated both by fitting Eq. (6) to experimental data in the 80-200 K
range and using Debye temperatures for microcrystalline cotton
cellulose

motion of CH,OH-groups relative to the sugar rings and
rotation of the glycosidic C—O—C bond between neighbouring
sugar rings, respectively [22, 25, 26]. The intensity of these
transitions when measured with dielectric spectroscopy is,
however, considerably larger for amorphous than for crys-
talline cellulose. For instance, one study shows that amor-
phous cellulose would have a f-relaxation intensity of 4-5
times greater than that for wood cellulose with 67 % crys-
tallinity [28]. Thus, while crystalline cellulose might
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f [35] 100 4 - A S 0.6
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experience an increase in conformational motion, this effect is
considerably greater for amorphous cellulose. This can then
explain why conformational contributions are only significant
for amorphous and not for crystalline substances.

The two secondary transitions of amorphous cellulose have
been characterised by energy differences between ground and
excited states of 7-9 and 4-8 kJ/mol for the y- and f-relax-
ations, respectively [25-27]. The previous shows no cooper-
ativity and has a degeneracy ratio, I' of 2/1, i.e. two excited
states and one ground state. The latter shows cooperativity
with I' = 4/1 [25]. The influence of cooperative and non-
cooperative motions on the heat capacity was fitted using
I' = 2 and 4, respectively, and varying the energy differences
Oc, O and Oy without constraints. Figure 5 illustrates the
bestfitto ¢, (other) when using Debye temperatures for either
microcrystalline cellulose (Fig. 4a) or amorphous cellulose
(Fig. 4b) to describe the skeletal vibrations. In the latter case,
no good fit to ¢, (other) could be achieved, indicating that
amorphous cellulose is in fact characterised by the same
skeletal vibrations as crystalline cellulose. The best fit was
achieved with a contribution from combined non-cooperative
and cooperative motion with @ = 1358.6 K (11.3 kJ/mol),
O, = —1308.1 K (—109 kJ/mol) and Oy = 21202 K
(17.6 kJ/mol) or with only cooperative motions described by

Temperature [K]

Op=-921.6 K (=7.7kl/mol) and 6y =17453K
(14.5 kJ/mol). In both cases, the overall energy barrier
O 4 + Op was around 818 K (6.8 kJ/mol) in line with values
for the f-relaxation [25]. The value of @ is outside the range
given in Montes and Cavaille [26], however, as indicated in
Fig. 5, the cooperative motion described by only @ 4 and Og
fits the unexplained c, (other) equally well as the combined
cooperative and non-cooperative motions described by @4,
O3 and Oc. Non-cooperative motion alone was unable to
explain ¢, (other) as seen clearly in Fig. 5. Thus, the con-
formational contribution to amorphous cellulose heat capac-
ity is dominated by the cooperative motion of the f-
relaxation, perhaps with a small influence of non-cooperative
motion from the y-relaxation. Figure 6 shows the different
heat capacity contributions and overall fit between experi-
mental and calculated results for amorphous cellulose. A
nearly perfect fit to experimental data is seen in the entire
temperature range.

A significant part of wood is made up by hemicelluloses,
for softwood primarily arabinoxylan and galactogluco-
mannan. Despite lack of experimental data for these
compounds, it is possible to predict their heat capacity
based on estimates of the various contributions from
skeletal and group vibrations as well as conformational
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Temperature [K]

Fig. 4 Calculated ¢, and ¢, for amorphous cellulose based on
contributions from group vibrations as well as from skeletal vibrations
described by Eq. (6) for a microcrystalline cotton cellulose, and b the
amorphous cellulose itself. Experimental data included for amorphous
wood cellulose from [30]. ¢, (other) constitutes the unexplained
difference between experimental and calculated results

16

c, (other) using
skeletal vibrations of
12 crystalline cellulose 4

amorphous cellulose

Coop. + non-coop.(cr. sk.)

Cooperative (cr. sk.) -
* -

Non-cooperative
* cr. cellulose sk.
*am. cellulose sk.

Heat capacity, ¢, [J/molK]
o]

150 200 250 300 350 400
Temperature [K]

Fig. 5 Fit to ¢, (other) with conformational contributions from both
cooperative and non-cooperative motions

motion. The external contribution is as for the other com-
pounds found by Eq. (10). In the temperature range
1-400 K, the different contributions have been calculated
and results are shown in Fig. 8. In order to compare the
different wood constituents, contributions are only shown
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Fig. 6 Calculated c,, and c, for cellulose based on contributions from
group and skeletal vibrations and conformational motion. Experi-
mental data included for amorphous wood cellulose from [30]
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Fig. 7 Experimental data for ¢, (J/g K) for variously sized sugar
polymers compared with those of microcrystalline and amorphous
cellulose

as (J/g K). The skeletal vibrational contribution of the
hemicelluloses is found by fitting experimental data for
microcrystalline cotton cellulose in the 5-200 K range with
Eq. (6) after subtraction of the cellulose group vibrational
contribution. This is due to the close similarity of heat
capacities for the various sugar polymers seen in this
temperature range in Fig. 7. This results in almost similar
0, = 166.5-167.2 K and ©; = 61.9-62.6 K while 6,
was found to 666.5 K and 634.1 K for glucomannan and
xylan, respectively. While this fitting is not based on actual
experimental data for any of the two hemicelluloses, the
Debye temperatures are not far from those reported for dry,
amorphous starch [21] of @, = 795.5 K, ©, = 159 K and
0; =58 K.

The group vibrational contribution to the heat capacities
of glucomannan and xylan was calculated based on
vibrational spectra given in Fig. 1 and Table 2. Secondary
transitions attributed to rotation of CH,OH-groups in
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Fig. 8 Predicted heat capacities 2.00 (a) 1.00 1 (b)
(J/g K) for the four major wood
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hemicelluloses have been reported for dry wood around
175 K [29]. The conformational contribution to the heat
capacity is therefore calculated by Eq. (11) using
Oc = 11494 K as for amorphous cellulose. For the glu-
comannan molecular unit, four such groups are found, i.e.
n =4 in Eq. (11), while only one is present in the xylan
molecular unit. No secondary transition related to f-
relaxation is observed in the temperature range 120-280 K
when wood is completely dry [29]. Introduction of slight
amounts of moisture (0.5-0.7 % moisture content) does,
however, result in f-relaxation around 220-240 K. This
indicates that rotation of sugar rings relative to neigh-
bouring rings is restricted for in situ hemicelluloses in
completely dry wood. Nonetheless, an additional confor-
mational contribution is assumed in this study for both
glucomannan and xylan described by similar values of @ 5
and @y as for amorphous cellulose. While the actual values
for glucomannan and xylan undoubtedly differ from these,
the conformational contribution from f-relaxation is likely
of similar magnitude.

The total heat capacity for all four major wood con-
stituents is shown in Fig. 8a, and although the curves look
quite similar, the composition between different contribu-
tions vary slightly between constituents as seen in Fig. 8b—
d. This overall similarity in heat capacity can of course be
attributed to similarity in chemical structure, with the slight
variations being due to small differences in vibrational
spectra seen in Fig. 1. From Fig. 8b—d it is clear that the
skeletal and group vibrations dominate, while the confor-
mational contribution is close to negligible. This is of
course only true for polymers in the solid state, whereas the
contribution is highly significant in the liquid state, i.e.
above the melting temperature of the polymer.

Temperature [K]

In general, the close correspondence between experi-
mental and calculated results shown in this study for a
range of biopolymers in their dry state, illustrates the
possibility of describing heat capacities of complex mac-
romolecules by fundamental physical theories, thus linking
macroscopic thermodynamic properties with their physical
nano-scale origin. Moreover, it provides a baseline for
evaluating effects of water on the heat capacity of wood.

Conclusion

Heat capacities in the dry state of the four major wood
constituents: cellulose, glucomannan, xylan and lignin
have been mathematically described using fundamental
physical theories relating heat capacity with molecular
vibrations. Based on knowledge about chemical structure
and molecular vibrations derived from infrared and Raman
spectroscopy, heat capacities have been calculated and
compared with experimental data from literature for a
range of bio- and wood polymers in the temperature range
5-370 K. A very close correspondence between experi-
mental and calculated results has been observed, hereby
illustrating the possibility of linking macroscopic thermo-
dynamic properties with their physical nano-scale origin.
No experimental data for glucomannan and xylan were
available, but based on findings for cellulose and other
variously sized sugar polymers, the heat capacities of these
substances were predicted.
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