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Abstract The observation that the hydrothermal
conversion of cellulose Io to cellulose I is irreversible
has been assumed to be due to the relative free energy
of these polymorph phases. We propose an alternative
explanation: when cooling the high temperature phase,
the barrier to forming 1f is much smaller than the
barrier to forming o, so kinetics favor the formation of
I5. This explanation is consistent with all available
experimental data, and is consistent with the general
observation of polymer solid—solid phase transforma-
tions via metastable intermediate states. While cellu-
lose I may be lower in free energy than Ia, this has not
been shown experimentally. Phase transformations of
other cellulose polymorphs may be subject to similar
kinetic effects when converted via metastable inter-
mediate states.
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Introduction and background

Heating cellulose Io or If produces a high temperature
phase (Wada et al. 2003; Wada et al. 2010), which
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upon cooling produces cellulose I (Yamamoto et al.
1989; Sugiyama et al. 1990; Debzi et al. 1991). This
observation has widely been assumed to be evidence
that the If phase is lower in free energy than the Io
phase. However, although the assumed difference in
free energy might be correct, this observation is not a
measurement of relative thermodynamic stability.
Comparing the cellulose Io and 1 crystal structures
to the high temperature phase structure we call I-HT,
we describe a pathway for the conversion of I« to If
via I-HT. This proposed explanation does not depend
on the relative free energy of the Io and If poly-
morphs, which is yet to be determined experimentally.
At the molecular level cellulose I and I share
similar conformation and chain packing in the a-b
planes, but differ in layer packing along the ¢ direction
such that I has P1 symmetry and 1f has P2; symme-
try (Nishiyama et al. 2002; Nishiyama et al. 2003).
Kinetic trapping of P2; symmetry is a possible
explanation for why cellulose If is produced upon
cooling the intermediate high temperature phase
(Cheng and Keller 1998). Consistent with this hypoth-
esis are the structural features of the high temperature
phase we call I-HT (Matthews et al. 2011; Zhang et al.
2011). Figure 1a depicts the observed transformations
between Iff and I-HT, and between Io and I-HT. In
Fig. 1b, we propose a free energy landscape for these
transformations at room temperature and under high
temperature conditions. This proposed landscape
accounts for the observed phenomenon of an irrevers-
ible Io to I transformation through kinetic effects.
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Fig. 1 a A diagram of the hydrothermal conversion pathways
of cellulose I is shown. Cellulose I« is transformed to I through
a high temperature phase intermediate, I-HT, which is more
similar in structure to If than to Ix. b Proposed free energy
landscapes for the transformation of cellulose Io to I at room
temperature and at temperatures near 260-280 °C are shown.
The relative free energy of the cellulose I and If end point
structures is unknown. At high temperature the intermediate
I-HT structure is lower in free energy than both I and If3, and
the barriers to form the I-HT phase are relatively low. The
barriers between I-HT and Io are significantly higher than the
barriers between [-HT and I8 due to the large-scale molecular
motions required to move away from Io-like layer packing.
Therefore, upon cooling we hypothesize the rate to form If is
much faster than the rate to form I« due to the structural
similarity of the I and I-HT phases

This proposal does not hinge upon the relative
thermodynamic stability of cellulose Io and If.
However, polymorph stability remains of practical
interest for chemical modification or hydrolysis of
cellulose, where Io is found to be more susceptible
than I (Hayashi et al. 1997a, b; Boisset et al. 1999;
Sassi et al. 2000). It is unclear if this difference in
susceptibility is due to differences in crystal surface
morphology, a different surface versus interior distri-
bution of these phases, or if it reflects a real difference
in the reactivity of the polymorphs (Wada and Okano
2001; Horikawa and Sugiyama 2009; Beckham et al.
2011).

The conversion of cellulose Io to If is an activated
process, requiring high temperatures and slow large-
scale molecular motions. To effectively transform
cellulose Ia to If, large ~20 nm diameter Ix rich
microfibrils must be held at 260 °C for 30 min in
0.1 N NaOH, or at 280 °C for 60 min in nonpolar
media or in inert atmosphere (Horii et al. 1987,
Yamamoto et al. 1989; Debzi et al. 1991). In this
temperature region, a high temperature structure of
cellulose I is formed (Wada et al. 2003; Wada et al.
2010; Matthews et al. 2011; Zhang et al. 2011). This
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suggests that the high temperature phase is an
intermediate state in the conversion of I« to I (Wada
et al. 2003). The timescale for converting from Io to
the high temperature phase suggests a significant
barrier for this transformation. This transformation
proceeds from the surface to the interior of large
microfibrils over 30-60 min (Horikawa and Sugiyama
2009).

We note that it has not been shown definitively by
experiment that I and Iff heated to high temperature
are structurally equivalent. This has likely not yet been
demonstrated due to short holding time at the required
temperature. Results from 2D-MWIR spectroscopy
(Watanabe et al. 2007) indicate that the spectra might
converge if, during the experiment in inert atmo-
sphere, I was held at 280 °C for 60 min instead of at
260 °C for 5 min (Debzi et al. 1991). Changes in
spacing between layers during heating and subsequent
cooling, as measured by X-ray diffraction, also
indicate that convergence might occur if I were held
at sufficient temperature longer than 15 min (Wada
et al. 2003). The alternative possibility, that heated Io
and If maintain different structures when held for long
enough time at sufficient temperatures to transform I«
to If upon cooling, seems unlikely. The large-scale
motions required to convert Io-like to If-like layer
packing are most likely to occur when kinetic energy is
highest.

Cellulose I structure and symmetry

Cellulose Iz and If differ mainly in the stacking
arrangement of hydrogen bonded layers, with I« layers
always displaced along the molecular axis by +c/4,
whereas hydrogen bonded layers in cellulose If
alternate between +c¢/4 and —c/4 displacement (Sug-
iyama et al. 1991; Imai and Sugiyama 1998; Nishiy-
ama et al. 2002; Nishiyama et al. 2003). This
alternating layer arrangement in I makes half of the
inter-layer interactions identical to those in Io. A
combined 1f and Io microfibril model showing this
difference in relative layer stacking is shown in Fig. 2.
For a homopolymer, a monomer is defined to be the
smallest repeating constitutional unit. In cellulose, the
monomer unit is anhydroglucose. In Fig. 2, two
anhydroglucose monomers in each layer are shown
in black larger than the rest of the chain. These
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Fig. 2 A model microfibril containing both cellulose I and I8
constructed to illustrate layer packing, as viewed across
hydrogen bonded layers with the chain axis vertical. Layers in
I are displaced along the molecular axis by +4-c/4, whereas
layers in cellulose If alternate between +c/4 and —c/4
displacement. Black spheres indicate monomers where the
primary alcohol group is facing out of the page. For each
monomer, a translation by =c¢/4 or a rotation by 180° about the
c-axis would effectively switch the direction each primary
alcohol group faces. Fig. 3 shows in detail the effect of a crystal
rotation by 180° on the relative orientation of monomers within
neighboring layers of cellulose I and Io. Layers 4 and 5 cannot
be unambiguously designated as belonging exclusively to either
the Io or If phase. Unit cell axes are shown to scale. Hydrogen
atoms are omitted, and oxygen atoms are colored red. Layer
numbers at top are used to describe an example I to If
transformation pathway in the main text

indicated monomers have the primary alcohol O6
group facing out of the page, and the monomer
between these indicated monomers has the primary
alcohol group facing into the page. Two layers cannot
be unambiguously classified as Iz or Iff based on
relative layer displacement alone. Additionally,
hydrogen bonds within layers of both cellulose If8
and Io at room temperature can be assigned one of two
competing networks, but it is not clear whether this
hydrogen bond disorder is static or dynamic, or
whether it is an artifact due to other kinds of structural
disorder (Nishiyama et al. 2002; Nishiyama et al.
2003, Langan et al. 2005).

To convert cellulose I to 1f5, either some layers
slide relative to the others by ¢/2 or some chains rotate
by 180° (Hardy and Sarko 1996; Vietor et al. 2000;
Nishiyama et al. 2003; Wada et al. 2003). For
example, in the model microfibril containing both

cellulose I and I8 shown in Fig. 2, if chains in layers
6,7, 10, and 11 were to slide by £ ¢/2 or to rotate by
180° around the chain axis (c-direction), the entire
microfibril would have If layer packing. Many
pathways are possible to accomplish this transforma-
tion. The experimentally determined layer spacing at
elevated temperature is more consistent with the
hypothesis of a layer slip I« to IS conversion
mechanism than with a mechanism of chain rotation
(Wada et al. 2010). Chain rotation by 180° would
likely require a lattice spacing increase of the differ-
ence between the maximum and the minimum width
of a cellulose chain, approximately 1.5 A (5-3.5 A).
The observed increase in layer spacing at 280 °C is
approximately 0.5 A.

Another way to switch between Ia-like and 1f-like
layer packing in a single chain is an unusual confor-
mation of the glycosidic linkage. The glycosidic
linkages of cellulose in the Io and If structures have
the syn conformation. A single anti conformation of a
glycosidic linkage in a cellulose chain would produce
a 180° rotation of the chain. Alternation between Io
and If packing along single microfibrils at ~50 nm
length scale has been observed, which may be partly
explained by occasional chain breaks, or by these
unusual conformations of the glycosidic linkage
(Sugiyama et al. 1991; Debzi et al. 1991; Imai and
Sugiyama 1998).

I-HT structures proposed from simulation (Mat-
thews et al. 2011; Zhang et al. 2011), which are
consistent with diffraction studies (Wada et al. 2010)
and other experimental studies (Horikawa et al. 2009),
show alternating +c¢/4 and —c/4 layer displacement
and approximate P2, screw symmetry similar to the
cellulose I crystal structure. In these structures there
are two chains per unit cell, which are located at the
origin of the unit cell and at the center of the unit cell.
These special chain locations within the unit cell,
combined with P2, symmetry about the chain axis (c-
direction), make each chain have single equivalent
monomers repeating —Borigin—Boﬁgin’— and —Bicper—
Beener — along the length of the chains in I8. In
contrast, in Ia there is P1 symmetry (translational
symmetry only) and one chain per unit cell with two
non-equivalent monomers repeating —A;—A,-A;-
A,'— along the length of each chain (Nishiyama et al.
2002; Nishiyama et al. 2003; Kono and Numata 2006).
There is some conformational disorder in the I-HT
structures reported in Matthews et al. (2011), but in
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Fig. 3 Three chains are shown for If and Ia, belonging to
(110)4 or (100), planes. For If, two origin chains are shown
above and below one center chain. The effect of a 180° rotation
about the chain axis (c-direction) and a translation of ¢/2 on the
topology of neighboring interactions is different for I and Io.
By definition this transformation acting on I, which has P2,
symmetry, preserves the topology of local interactions for a
given orientation and location of a monomer. For I, which has
P1 symmetry, this transformation reverses the orientation of
neighboring monomers related by translational symmetry. This
difference in layer packing is significant at elevated temperature
where chains can tilt cooperatively to form O6cenier—O2origin
interlayer hydrogen bonds when there is P2, symmetry, but not
when there is [o-like P1 symmetry. Hydrogen atoms are omitted

Pkl T
o
P

bove below

similar simulations by Zhang et al. (2011) there is less
conformational disorder at slightly higher temper-
atures.

For each monomer along a given chain in the I-HT
phase, and in cellulose I3, which have P2, symmetry,
approximate 2-fold symmetry in the chains make all
interlayer interactions topologically identical. In cel-
lulose Io, which has P1 symmetry, for each monomer
there is a distinction between the layer ‘above’ and the
layer ‘below’ the current layer. Figure 3 shows this
difference in symmetry, where a rotation by 180°
about the c-axis preserves the topology of local
interactions for I3, but reverses the location of similar
neighbors in Io.

@ Springer

Why cellulose I« is transformed to I by thermal
treatment

Here we propose an explanation of why thermal
treatment transforms cellulose o to cellulose 1, but
not the reverse transformation, by comparing the
experimentally determined Io and 1 crystal structures
to high temperature structures from simulation. Con-
sistent with previously proposed mechanisms of this
transformation (Hardy and Sarko 1996; Vietor et al.
2000; Nishiyama et al. 2003; Wada et al. 2003), we
suggest that chain slip produces the change from Io-
like to If-like layer packing. We hypothesize the
reason this transformation appears to be irreversible is
that Io-like layer packing at high temperature is not
stable, so layers slip to produce If-like packing.
Cooling therefore produces 1f, because pathways
from I-HT leading back to Iw«-like packing are
significantly less kinetically favored than the pathway
to If. This detail differs from previous proposals
where the irreversible conversion was assumed to
reflect lower free energy of the If3 structure, and where
the structure of the high temperature intermediate and
kinetics were not taken into account.

In the high temperature phase I-HT structures from
simulation, chains in each layer are tilted such that the
cooperative formation of O6cener—O2rigin hydrogen
bond interactions is possible, when combined with
changes in hydroxymethyl orientation. In cellulose I,
this inter-layer O6—-02 hydrogen bond interaction is
possible for every second monomer in every chain (such
as those indicated with blue spheres at bottom in Fig. 3),
but not all of these interactions can form at the same
time. Cellulose Io-like layer packing is not likely to be
stable at high temperature because only each second
monomer can form these inter-layer interactions, and
only half of these can form at the same time in a
competitive rather than cooperative manner. In Io, half
of the monomers can act as the O6 hydrogen bond
partner or as the O2 partner, but not as both at the same
time. In contrast, I3-like layer packing at high temper-
ature allows all monomers to form O6¢enier—O2osigin
hydrogen bonds cooperatively and simultaneously.

Figures 4 and 5 show chains from four neighboring
layers of cellulose I (Nishiyama et al. 2002), I-HT
(Matthews et al. 2011), and Io (Nishiyama et al. 2003),
corresponding to (110)gur and (100), planes, high-
lighting similarities and differences in chain and layer
packing. Monomers are colored to indicate
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Fig. 4 Two views of chains belonging to (110)g yr and (100),,
planes in 36 chain microfibril models. As in Fig. 2, two
monomers in each indicated chain (with the primary alcohol
group facing to the right) are illustrated with large black spheres.
At top, viewed with chains into the page, cross-section chain
packing in Iz and I3 is nearly identical whereas chains tilt in the

hydroxymethyl orientation, with TG yellow, GT
green, and GG blue (Matthews et al. 2006). For a
given chain in I and I-HT, interactions with mono-
mers in adjacent layers are identical for each monomer
along the chain due to P2, symmetry. In contrast, for a
given chain in o, every second monomer along the
chain has the same interactions with monomers in
adjacent layers due to P1 symmetry. By comparing
structural features of the high temperature phase and
of cellulose Iz and I3, the mechanism of the irrevers-
ible phase transition from I« to I through hydrother-
mal treatment can be proposed, as detailed in the
following paragraphs.

The same number of O6 groups exist near to O2
groups in neighboring (110)g yr or (100), layers, but
these possible hydrogen bond pairs are distributed
differently. These O6—O2 pairs are distributed as each
second monomer in every chain of Io, whereas in I§ the
06 groups are every monomer in center layers and the
02 groups are every monomer in origin layers, as
indicated by ovals in Fig. 5. At temperatures near
220-230 °C, layer spacing begins to increase. Results
from simulations show this increase in layer spacing is
due to hydroxymethyl rotation coupled with chain
tilting. For Ia at this temperature, we propose that chain
tilt is not stable because it is impossible for all of the

I-HT [+]

I-HT structure. At bottom, viewed with chain axis vertical, layer
packing in I and I-HT is very similar with two chains per unit
cell. The P1 layer packing in cellulose I, when viewed from this
direction, shows a repeating pattern after four layers as opposed
to repeating after two layers in I and I-HT

potential O6-02 interlayer interactions to form at the
same time. In Io, the distribution of these pairs would
tend to cause the O6 side of every second monomer to
tilt towards the O2 side in the layer above, but the O2
side of these same monomers would tend to make the
chain tilt in the opposite direction. This makes these
inter-layer interactions for Ix-like layer packing com-
petitive rather than cooperative as in If-like layer
packing, so at most half of these interactions can form
at the same time for Io-like layer packing. For If at high
temperature, alternating by layer chain tilt with P2,
symmetry does allow all of these potential interlayer
O6enter—O2origin interactions to form simultaneously.
We hypothesize that at sufficiently high tempera-
tures (near 260 °C in 0.1 N NaOH or near 280 °C in
inert an atmosphere), lo-like packing is unstable due to
conflicting requirements of chain tilt when interlayer
06-02 hydrogen bonds form as shown in Fig. 6. Each
second monomer along every chain in Ix can poten-
tially form interlayer O6—-02 hydrogen bonds, but only
to one neighboring layer as the O6 partner or to the
other neighboring layer as the O2 partner. At these
temperatures there is sufficient kinetic energy for Io
layers to slip along the c-axis. This forms alternat-
ing +c¢/4 layer staggered packing as in If3, and allows
for the stable alternating-by-layer chain tilt pattern to
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Fig. 5 Chains from four neighboring layers of cellulose I3,
I-HT and Io. Two monomers in each chain are indicated with
black spheres as in Fig. 4. These chains belong to (110) gt and
(100),, planes. Interlayer O6—-02 hydrogen bonds form at
elevated temperatures. Monomer pairs close enough to form
these O6-02 interactions are circled in the bottom images.
Hydrogen bonds involving both O6 and O2 are shown in red. In
cellulose Iu, it is not possible to form all of these possible
interlayer interactions at the same time. See main text for

form where all possible O6¢enter—O20rigin hydrogen
bond pairs can form simultaneously. Upon cooling,
kinetic trapping of If-like £¢/4 layer packing can
explain production of I3 regardless of the relative free
energy difference of I and Io.. The symmetry and layer
packing of the high temperature phase is If-like, so we
hypothesize the barrier to re-forming Ia-like layer
packing is higher than keeping 1f-like layer packing.
The reverse pathway of 1f to I via the high temper-
ature intermediate is unlikely due to kinetic limitations.

Discussion and conclusions

Phase transformations via metastable intermediates
may not directly reflect the relative thermodynamic
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layer slip

I-HT lo

description. At elevated temperatures, we hypothesize there is
enough kinetic energy to overcome the barrier to chain slip in Io,
which allows the cooperative alternating-by-layer chain tilt and
O6center—O20rigin interlayer hydrogen bonding to form. Curved
arrows indicate rotation sense of chain tilt as viewed along the
chain axis with the non-reducing end near. Upon cooling, the
barrier to forming If is smaller than the barrier to chain slip and
forming Io, so If is preferentially formed due to kinetic rather
than thermodynamic effects

stability of the end state polymorph forms due to
kinetic limitations, where the timescale of the phase
transformation rate to the more stable phase can be
significantly longer than the accessible timescale of
observation. The existence of metastable states is a
well-known phenomenon in the crystallization and
phase transitions of polymers (Cheng and Keller 1998;
Rastogi and Kurelec 2000). We note that while it is
tempting to conclude that the Io phase is less
thermodynamically stable than If due to the produc-
tion of Iff upon cooling the high temperature phase,
using this observation alone to assume a difference in
free energy between cellulose Iz and If is not
necessarily correct.

Kinetics—not thermodynamics—may govern the
selective crystallization of If rather than Iz when
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Fig. 6 For cellulose Ia-like layer packing with chains tilting as
in I-HT, each chain can potentially form O6—0O2 hydrogen bond
pairs with either the layer above or the layer below, but not with
both at once. Cellulose Ix-like layer packing is non-cooperative
for the formation of O6—02 interlayer hydrogen bonding at high
temperature. If a monomer acts as the O6 partner, the chain will

cooling from the high temperature phase. This is
somewhat analogous to Ostwald’s Rule of Stages
where the least stable polymorph is crystallized first
from nucleation to solution, and can be kinetically
trapped at appropriate experimental conditions (Keller
et al. 1994a; Threlfall 2003). Changing solvent or
temperature can switch the order of relative poly-
morph stability, and are ways phase transformations
can be achieved. Selective crystallization of cellulose
polymorphs by varying temperature can be achieved
by precipitation of a cellulose solution in 85% sulfuric
acid into glycerol (Atalla and Whitmore 1978; Atalla
et al. 1984). This procedure was reported to produce
cellulose II at room temperature, cellulose IV at
150 °C, and cellulose I at 170 °C. Similarly dependent
upon temperature, sharp cellulose I or IV diffraction
peaks have been reported from low degree of

tilt such that the same monomer cannot be the O2 partner for the
next layer. This reduces the maximum number of O6-02
interlayer hydrogen bonds able to form simultaneously. For a
large crystal, at most half of the possible pairs can form at the
same time, whereas If-like layer packing allows all of these
pairs to form cooperatively and simultaneously

polymerization (15-20 DP) crystals which were
annealed over 2 h from precipitated low DP cellulose
II, but it is not clear whether this material was cellulose
IVior IVy (Atalla et al. 1984). The Raman spectrum of
this low DP cellulose IV material appeared similar to
parts of both cellulose I and cellulose II spectra.
Generalizing this proposed mechanism of solid—
solid phase transformation pathways via metastable
intermediate states provides insight to other cellulose
polymorph transformations. The conversion of cellu-
lose T to cellulose III; proceeds via metastable
intermediates containing guest molecules such as
ammonia or ethylenediamine (Wada et al. 2004a;
Wada et al. 2006; Wada et al. 2009; Wada et al. 2010).
The intermediate states have the GT conformation and
layer packing similar to cellulose I1Ij, so kinetic effects
can favor formation of cellulose III; rather than
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cellulose I when the guest molecules are removed. The
metastable intermediate structures can be viewed as
primed to form cellulose III;. A more complicated
phase diagram for the conversion of cellulose I to
cellulose II via Mercerization exists, where there are
several intermediate states depending upon concen-
tration of NaOH and temperature (Roy et al. 2001;
Dinand et al. 2002; Langan et al. 2005; Porro
et al. 2007; Schoeck et al. 2007; Zugenmaier 2007,
Kobayashia et al. 2011). The transformation of
cellulose I} to If or to IVy is also sensitive to
temperature, and deserves further study (Wada 2001).
One report indicates heating cellulose III; in glycerol
to an intermediate temperature of 180 °C produces a
combination of I and IV diffraction peaks, whereas
heating to a temperature of 210 °C results in sharp
cellulose IV; diffraction peaks only (Sueoka et al.
1973). This is in contrast to more recent investigations,
which suggest broad cellulose IV, diffraction peaks
are artifacts due to lateral disorder or small crystallite
diameter (Wada et al. 2004b; Newman 2008). The
[-HT structure has some similarity to a structure with
lattice parameters like those proposed for cellulose IV,
(Gardiner and Sarko 1985; Matthews et al. 2006). The
presence of three sharp diffraction peaks for materials
produced under certain conditions indicates the exis-
tence of an orthorhombic lattice together with mono-
clinic or triclinic lattices (i.e., both cellulose IV and
cellulose I are present) (Sueoka et al. 1973). Kinetic
trapping under certain conditions may account for
observations of sharp cellulose IV diffraction peaks,
while small microfibril diameter may account for the
broad “cellulose IV;” diffraction peaks observed for
materials produced under different conditions (Sueoka
et al. 1973; Chidambareswaran et al. 1982; Atalla et al.
1984; Chanzy et al. 1986; Helbert et al. 1997; Wada
et al. 2004b).

Predicting the relative free energy of polymorphs
with molecular simulation is challenging (Karamertz-
anis et al. 2008; Price 2008). Using single structures to
calculate the zero point energy of bulk unit cells at 0 K
may not give the best estimate of the relative free
energy ranking of finite sized crystals at higher
temperatures (van Eijck and Mooij 1995; Verwer
and Leusen 2007; van Eijck 2001; van Eijck et al.
2001; Coombes et al. 2002; Woodley and Catlow
2008; Li et al. 2011). Entropic effects may play a role
in the relative stability of polymorphs at a given
temperature. Hydrogen bond and primary alcohol
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conformational disorder exist in cellulose Io and 1,
and may affect the relative stability of these poly-
morphs (Langan et al. 2005; Yamamoto et al. 2006).
With molecular simulation, achieving adequate sam-
pling of conformational space while calculating accu-
rate energies for each conformation can be conflicting
goals. Molecular dynamics simulations of finite size
cellulose crystals with pair-wise additive force fields
can sample many conformations at the expense of
electronic structure accuracy. More accurate quantum
mechanical calculations are practical only for smaller
numbers of atoms, and it is more difficult to account
for the effects of conformational disorder. Crystal size
and morphology can also affect the stability of
polymorphs, so stability predictions from simulation
should take this into account (Keller et al. 1994a; b).

The issue of polymorph thermodynamic stability
can be resolved experimentally by calorimetric studies
where the polymorphs are directly dissolved to a
common solution state (Wadso and Goldberg 2001).
This is challenging for cellulose polymorphs because
of the need to compare polymer crystals with the same
degree of polymerization, and which are arranged into
microfibrils with the same number of chains, and
which have the same cross-section morphology. A
study has been conducted comparing the heats of
crystallization of cellulose I and II, however, it is not
clear whether the above criteria were met (Dale and
Tsao 1982). Comparing cellulose Ioe and I microfi-
brils of a given size and morphology with calorimetric
measurements may confirm the widely held belief that
If is lower in free energy than Ie, but this is still an
open question.
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