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Secondary dielectric relaxations in dried amorphous cellulose and dextran
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Abstract

Cellulose and dextran are biosynthesized polysaccharides, made of glucose repeat units linked toggther-b4) @nd ¢ 1 — 6)

linkages, respectively. Furthermore, cellulose has two hydroxyl groups and one hydroxymethyl group per glucose ring, while dextran has
three hydroxyl groups and no hydroxymethyl group. This work deals with the characterization of dielectric secondary relaxations of

amorphous dextran and cellulose. Dextran exhibits two dielectric secondary relaxations referrgqqteaa® 844 While cellulose has
only one very broad relaxation, e The yq4ex re€laxation process has an average activation energy and a pre-exponential, tine
32 kJmol* and 5% 10~*°s respectively. This weakly cooperative relaxation process should be associated with the rotation of hydroxyl
groups. The3qeexrelaxation has an average activation energy and a pre-exponentiatiofi2 kJ mol ' and 102°s respectively. This
activation energy has both enthalpic and entropic contributions. The comparison with mechanical relaxation data indiégigsebalts
mainly from the motions of main chain segments. The analysis of the two dielectric relaxations of dextran leads to the conclygign that

could result from the overlap of two processes corresponding respectively to the rotation of hydroxyl groups and to the rotation of

hydroxymethyl groups© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction could be a precursor of the main (@f) relaxation process
which is associated with the generalized and cooperative
Cellulose and dextran are biosynthesized polysaccharidesmotions involved in the glass transition [2—6].
made of glucose repeat units linked together Byl (— 4) Mechanical spectroscopy and dielectric spectroscopy are
and @ 1 — 6) linkages, respectively. Furthermore, cellulose two complementary techniques classically used for the
has two hydroxyl groups and one hydroxymethyl group per analysis of subF; molecular mobility [7]. Mechanical
glucose ring, while dextran has three hydroxyl groups and spectroscopy is mainly sensitive to the anisotropy of the
no hydroxymethyl group (see Fig. 1). They can be processedvolume involved by the motion of molecular groups.
in such a way that they are amorphous. They exhibit Dielectric spectroscopy is sensitive to orientation changes
secondary relaxation processes in their glassy state. of dipole moments in material submitted to a sine wave
The subTy molecular mobility in amorphous materials is  electric field. Thus the rotation of small groups such as
generally attributed to localized, thermally activated hydroxyl groups which have a large dipole moment can
motions. It leads to macroscopic mechanical or dielectric be revealed by dielectric spectroscopy but they do not
behaviour, so-called secondary relaxations (referred 8y as lead to any effect detected by mechanical spectroscopy.
v, 6, etc.) [1]. This work is focused on their analysis, not Thus the combination of mechanical and dielectric spectro-
only because it is of interest to understand the exact scopies appears to be a powerful tool for the study of
molecular origin of such macroscopic behaviour, but also molecular mobility occurring in glassy polymers having a
because recent work indicates that some of this processhigh density of polar groups. For example, cellulose which
contains hydroxyl and hydroxymethyl groups does not
exhibit the same relaxation processes by mechanical and
* Corresponding author. E-mail: cavaille@gemppm.insa-lyon.fr dielectric measurements. Dynamic mechanical measure-
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r groups, but nothing is discussed about the role of the
hydroxyl groups. Thus, in order to determine if they
HO 0 provide any contribution, dextran has also been studied
HO (1= 6) here by_dielectric spef:troscopy. _ _
OH ,/ The first part of this work analyses the two dielectric
o relaxations of dextran. The enthalpy and entropy contribu-
o) tions in the total energy barrier of these processes, as well as
the width distribution of their relaxation times, are evaluated
dextran HO on by fitting experimental data. The second part is a discussion
L ] on the molecular origin of 4o based on the comparison of
@ data obtained from dielectric measurements on dextran and
mechanical measurements on cellulose.

o/

HO

CH,OH OH

HO 0 o 2. Experimental
OH K CH,0H
B-(1—4)

cellulose (b) 2.1. Sample preparation

Fig. 1. Chemical structure of dextran (a) and cellulose (b). Cellulose, from Buckeye (UK), with an average degree of
polymerizationDP of 600, was dissolved in monohydrate
called hereafteryqe, is observed [10-14] by dielectric  N-methyl morpholineN-oxide (NMMO) with a cellulose
spectroscopy. concentration of 10% (w/w). Then the solution, which is
As is usually done, the secondary relaxation processes aresolid at room temperature, was extruded at 363 KQ0
characterized by their average activation endt@nd their and precipitated in anhydrous methanol in order to completely
pre-exponential time, using the Arrhenius analysis. The remove NMMO. In previous work [22—24], these conditions
activation energy corresponds to the free energy barrier were optimized so that no trace of NMMO could be detected
which must be jumped during the conformational transition by mass spectrometry. Thus, wholly amorphous cellulose
involved in a relaxation process. The pre-exponential time films were obtained [22]. The samples were then dried for
7, is defined as the inverse of the vibration frequency of a 24 h at 373 K and thereafter cut into discs of area 100Pmm
particle in a potential well. Relaxation peaks measured on The thickness of the films was 0.1 mm.
polymers are generally broader than a Debye peak [15,16], Commercial dextran powder from Sigma (with
which means that there is a distribution of relaxation DP= 1000) was dissolved in water. Solutions containing
times. The complete characterization requires the fit of the 20% (w/w) were dried slowly at room temperature to obtain
relaxation time distribution, which could result from homogeneous films with a thickness of 0.1 mm suitable for
the distribution of the activation energy and/or of the pre- study of the dielectric behaviour. The films were then dried
exponential time. Furthermore, secondary relaxations at 373 K for 24 h.
involve motions which can be more or less cooperative.
The concept of cooperativity is often associated with a 2.2. Dielectric spectroscopy
non-zero entropy in the total energy barrier involved
in the conformational changes [17,18]. If the entropy Dielectric measurements were carried out with a
contribution is negligible compared to the enthalpy con- dielectric spectrometer (Hewlett-Packard HP 4284A)
tribution, the relaxation process corresponds to localized, operating in the frequency range of 0.5 to 70 kHz and at a
non-cooperative motions. This is generally the case of heating rate of 2 K min'. Interfaced with a PC compatible
side-group motions [19]. On the contrary, if the entropy computer including home-made software, this instrument
contribution is large, motions are cooperative and probably provides the realse’ and imaginary &” parts of the
involve segments of the main chain [19,20]. complex relative permittivity. The relaxation time
In previous work [21], it was shown that.c, which was determined as a function of temperaflitssing the rela-
is detected at 150 K for 1 Hz and corresponds to the rotation tionshipwr = 1 wherew is the angular frequency and tie
of hydroxymethyl groups, has an activation energy temperature for whicl” passes through a maximum [7].
mainly due to its enthalpic contributionS e, Which
appears at 220 K for 1 Hz and probably corresponds to
localized motions of the main chain, has both enthalpic 3. Results
and entropic contributions for its activation energy. Other
work available in the literature [10] concluded thpgce The study of dextran by dielectric spectroscopy shows
and ymeen have the same molecular origif.gce Would the existence of two relaxation processes. Fig. 2 shows
therefore correspond to the rotation of hydroxymethyl dielectric thermograms for different frequencies. At first
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Fig. 2. Dielectric data for anhydrous dextrafiversus temperature. From right to left: (a) 0.5, (b) 1, (c) 3, (d) 5, (e) 10 and (f) 30 kHz (see also Figs 6 and 7).

the low temperature relaxationgexappears as a large peak
of &” at 170K for 1 kHz. A second dielectric relaxation
process referred to g%y appears at 300 K at 1 kHz. Its
amplitude is smaller than foyqgex A plot of In 7 versus 1T
exhibits linear behaviour for both relaxations. As shown in

relaxations of dextran are rather broad. This means that the
relaxation timesr, gqex aNd 7 g40ex are distributed.

The molecular understanding of both mechanisms requires
that precise characterization of the distribution of the relaxa-
tion timesr., qgexandr ggex0€ Made. This may be done by fitting

Fig. 3, our data are in agreement with those available in the the experimental curves of the complex relative permittivity

literature [10,25]. Thus, the temperature dependence of
can be fitted by the Arrhenius equation:

d d Esdex
Tydex = T0ydex EXP RT (1)
Ed
ngex: Tgﬁdex eXp( éti;_ax) (2)

whereE. ggexandEggqex@re the apparent activation energies and
7 0yddex@NAT ggg0exthe pre-exponential factors @figexands ggex
respectively E., 44 Was found to be 32 kJ mot and T 0yddex
around 10" s.E gygexWas found to be 82 kJ mot andrggggex

of the order of 10%s.

In the case of cellulose, a single very broad relaxation pro-
cess (Fig. 4) occurs around 205 K at 1 kHz. The linear plot of
In 7 versus 1T (Fig. 5) leads to the apparent activation energy
E. dcen Of 50 kJ mol ! and the average pre-exponential time
Toyacen OF 1077 s, which is in agreement with data available in
the literature [11,13,14]. This relaxation is thus closer to the
mechanical relaxation of cellulose (40 kJ mol) than to its
mechanical3 relaxation (80 kJ mol*) [21]. For this reason,
this relaxation peaks will be referred toyage in the following.

4. Discussion

4.1. Analysis of the dielectric secondary relaxations of
dextran

As is clearly shown in Fig. 2, the two secondary dielectric

e* of amorphous dextran versus temperature for several fre-
guencies. First, it is assumed that thg.,and yqexprocesses
act independently each other. Thus, the total permittivity
should be the sum of bothiygex and B4¢ex CONtributions, so
that the real and imaginary partsif,e, can be written:
saex: Slydex+ Slﬁdex

Sgex: 8,:ydex‘i‘ S%dex 3
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Fig. 3. Comparison of andg dielectric relaxation of anhydrous dextran:
In 7 versus 1T for the y dielectric relaxation M, our results;¢, [10]; @,
[25]) and for theg dielectric relaxation({, our results;, [10]; O, [25]).
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Fig. 4. Dielectric data for anhydrous cellulogg:versus temperature. From right to left; (a) 0.5, (b) 1, (c) 5, (d) 10 and (e) 50 kHz (see also Fig. 9).

The distribution 0f7,qgex @Nd 7gggex CanN result from the  and 7qgagex Were found to be 82 kJ mot and 3x 10 s
distribution of the activation energieB, gex and Eggaex respectively. Bgggex Was estimated around 10 kJ mal
and/or from the distribution of the pre-exponential times Values for(E,q4e2 and(Egqes are close to the previous
Toyadex @Nd Togadex [15—20]. In this study and for the sake values determined directly from the data. This indicates
of simplicity, we assume thatg,qgex @Nd 7ggqgex are not that the overlap between thg and 8 relaxation can be
distributed. Thus, the distribution of the relaxation times neglected. Furthermore, this fit allows the width of each

Tddex@NAT gygex reSUIts from the distribution functiors, ggex relaxation to be determined separately, which will be used
and ®gqgex Of the activation energie&. qgex and Egggex in the following sections.
Assuming further that these activation energies have a Once the activation energy of a relaxation process is
Gaussian distribution® ., ggex and ® gyqex caAN be written as: precisely determined, it is possible to discriminate its
1 Eyddex_(EyddeQ z
P, ddex ddx)=7exp—(— 0
veee Ey ¢ B«yddexﬂ'l/2 B'yddex
1 Esddex— (Esdden) * 2
Ppaded Epade) = 5775 EXP| — (—
fdext=pade Bﬁddexﬂ'l/2 Bdeex .
(4
where B.ggex @nd Bggeex are the corresponding Gaussian -6 1
distribution widths s, ande 4 are the unrelaxed permittivity =
of cellulose for each process. The fit requires that the follow- = g
ing parameters are determined;,(— &,), ey, (€15 — €us), £ A

€usr Bradex Bddex Toyddex Togadex (Edded aNA(Egdqed, Where 10
e, and g are the relaxed permittivities for the two
processes. The parameterg, &.,, &, £ are determined

through Cole—Cole diagrams giving” versus &’. By 127 °

neglecting any change 8f;yqexandB, qqexWith temperature, 3

¢’ and &” can be calculated for all the temperature range 4T &

between 100 to 300 K and for different frequencies. Experi- 00

mental and calculated plots ef ande” versus temperature -16 — : : :

for 1 kHz are shown in Figs 6a and 6b. Good agreement 0.002 0003 0.004 0005 0.006 0007 0.008

between experimental and calculated curves is also obtained
for other frequencies (Figs 7a and 7b). The best fit was UT (K)

obtained with (E,gses Of 32kJ mol* and Toyddex Of Fig. 5. Variation of Inr versus 1T. Comparison of dielectric relaxation of
5.10 °s, with B, ddex Of 9 kJ mol* (see Table INEsaden anhydrous cellulosez, our resultsA, [13]; +, [14]; O, [12].
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Fig. 6. Comparison of dielectric data at 1 kHz for dextrain(a) ande” (b) versus temperature: , calculated data( "); - - -, contribution of they gex

relaxation; — —, contribution of thé 4., relaxation; M, experimental data.

enthalpic and entropic contributions. According to mostwork  The thermodynamic origin of the activation energy asso-
on subT relaxations (see, for example, Ref. [2})yex and ciated with each relaxation process may lead to information on
BadexShould be due to localized motions of groups of atoms or the corresponding molecular motions. The entropy contribu-
of molecular segments. In particular, local regions which tion of E,gex@ndEgggexCan be determined using the approach

contain the smallest group capable of reorientation should developed by Starkweather [17,18]. Thus the Eyring theory
lead toyyqexrelaxation and local regions which contain larger [26] can be used to describe a relaxation times follows:

hould lead laxation.
groups should lead t64qex relaxation _ 2xh x| AS ox AH )
=T PR ) P kT

with ASand AH the entropy and enthalpy contributions of
the free activation energy of a thermoactivated motion,

Table 1
Parameters used for the fit of thguex and B4qex relaxation processes of
anhydrous dextran

Parameter ¥ deex Badex respectively k the Boltzmann constant arfd the Planck

(E) (kI mol™) 32 82 constant. On the other hand, the apparent activation energy
B (kI mol™) 9 10 E corresponds to the derivative of trversus 1T:

(er — &) 0.3 0.15

ey 1.7 2.1 d(in 7)

") 5x 1079 3x10°  E=Rym (6)
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Fig. 7. Comparison of dielectric data for anhydrous dextran at 3 kHz (a) and 10 kHz (b):

It is worthy of note that from Eqgs. (5) and (6), &S = 0, groups. Noy mechanical relaxation process is observed on
E=AH+RT and is, in fact, very close taH. According dextran [10,21], probably because its very small size does
to Starkweather [17,18,20], the apparent activation energy not provide a macroscopic effect. Thus, it is confirmed that

of a relaxation occurring at temperatufeand frequency dielectric spectroscopy more is sensitive to motions of
can be written as a function of its apparent activation smaller size molecular groups if they have a dipole moment
entropyAS than mechanical spectroscopy. The large width ofythg,
KT energy distribution could come from the fact that the energy
E=RT|1+In{ — )| +TAS @) barrier to be jumped during the rotation of hydroxyl
2whf X
groups depends mainly on the local balance of hydrogen

Forvygdew ASis found to be negligible (i.erg,qqexiS close to bonds [27,28]. This depends in turn on the local chain
the Debye time). On the contrary, fBg4ex TASwas found conformation in the amorphous material.
to be 100 J mol* K%, As seen above, the entropy contribution Bfge is
Thus, the analysis shows that the activation energy not negligible compared to the enthalpic contribution.
associated withy 44ex has essentially an enthalpy contribu- This indicates that the motions associated with this
tion. As recalled above, this type of relaxation involves relaxation process are cooperative. According to Heijboer
localized, non-cooperative motions and is often associated[18], the apparent activation energy is too high, i.e. the pre-
with the motions of side-groups, i.e. for dextran, hydroxyl exponential time is too short compared to the Debye time,
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for only side-groups to be responsible for this relaxation. On whose motions are known to lead to a macroscopic
the other hand, it is clear that this process does not corre-dielectric effect: hydroxyl groups and hydroxymethyl
spond to the glass transition of dextran and is probably groups. The dielectric analysis of dextran shows that the
associated with localized motions of the main chain. It is hydroxyl group rotations appear at 170 K at 1 kHz. On the
of interest to comparg yqex With the secondary mechanical other hand, the motion of hydroxymethyl groups in
relaxation of dextranBmgex IN previous work [9,21], cellulose is observed by mechanical measurements at
dynamic mechanical measurements have been performedl50 K at 1 Hz [21]. From the knowledge of its activation
on anhydrous dextrarBqex appears at 220 K for 0.1 Hz.  energy, it appears that this motion would lead to a relaxation

Fig. 8 shows a plot of In versus 1T where the mechanical
and dielectric@ processes of dextran are compared. It
appears that the data conform to a single line, 8.84ex
and Bqgex have similar characteristics (activation energy

phenomenon at 225K at 1 kHz. If we consider the tem-
perature range Ofyqe, the motions of both hydroxyl
and hydroxymethyl groups could be at the origin of this
relaxation. Thusy 4. could result from the overlap of two

and pre-exponential time) and may have the same molecularelaxation processes referred asytgy and ycpoon Where

origin.

4.2. Analysis of the dielectric secondary relaxation of
cellulose

Anhydrous cellulose exhibits only a single, broad
secondary dielectric relaxationyde). Although two
secondary mechanical relaxationggex and Bgqex are
observed [21], the strength of therelaxation is strongly
dependent on water content and, in the dry state,fthe
relaxation is very weak, the peak height being only one-
third of that observed with dextran. It is therefore not
very surprising that the relaxation cannot be observed
dielectrically in dry cellulose.

As discussed above,y. could result from motions of

v on cOrresponds to the rotation of the hydroxyl groups while
vcH2on COMes from the motions of hydroxymethyl groups.
In order to check this hypothesis, the complex permittivity
¢* of cellulose can be calculated assumitg= &* ,crzon+
€*,on, if we neglect all interactions between the two
processesyon can be assumed to have the behaviour of
Yddex SO that the average activation enefgyo), the pre-
exponentialr,,on and the width of the energy distribution
are taken equal to those determined4@g.x Furthermore,
and at a very qualitative level, it is assumed that.on has

the same characteristics as thenechanical relaxation of
dried cellulose. Thusgy,on and &,chzon Which are the
unrelaxed value ok’ oy and relaxed value 0&'ycpoom,
respectively, can be determined from the Cole—Cole
diagram ofvy gcel- &u,croon and e,0n have been evaluated

side-groups. Cellulose contains two kinds of side-groups in order to obtain the best fit of the experimental data. Plots
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Fig. 8. Variation of Inr versus 1T. Comparison of the8 dielectric relaxation an@ mechanical relaxation data of anhydrous dextlng ., dielectric

relaxation;], Bmqex Mechanical relaxation.
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of ¢’ ande” versus temperature are shown in Figs 9a and 9b 5. Conclusion

and the corresponding parameters are displayed in Table 2.

Dielectric thermograms ot” and &' versus temperature Dried cellulose presents only one secondary relaxation
have been calculated for different frequencies. The good process {4c.e) While two relaxation processes @nd 3)
agreement between experimental and calculated plotsare observed by mechanical measurements. The absence
indicates that the hypothesis of two contributions coming of a dielectricg relaxation in dried cellulose may be related

from the rotation of OH and CKDH groups is a possible
explanation for the broadness pf..

Table 2

Parameters used for theyy and+y croon relaxation processes to fityeen
Parameter YOH ¥ CH20H

(E) (kd mol™) 32 34

B (kJ mol™? 9 7

(er — 20 0.04 0.06

ey 0.9 1

76 (S) 5x 1071 9x 1078

to the fact that its mechanicd relaxation is drastically
dependent on the moisture content and nearly disappears
for dried cellulose. On the contrary, dextran keeps a
dielectric and mechanica relaxation, even at very low
moisture content. Furthermorgg. can be analysed from
the comparison of data obtained from (i) dielectric measure-
ments performed on dried dextran and (ii) mechanical
measurements performed on dried cellulose. This broad
relaxation peak could correspond to the overlap of two
relaxation processes involving distinct molecular groups:
the rotation of hydroxyl groups and the rotation of
hydroxymethyl groups. This is the main difference between
the dielectricy relaxation of cellulose and its mechanigal
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relaxation. In fact, the mechanicglrelaxation of cellulose
is mainly due to the rotation of the hydroxymethyl groups,

while dielectric measurements are sensitive to both the

motions of hydroxymethyl and hydroxyl groups.
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