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ABSTRACT: A supercritical ammonia treatment has been used to trap an amntatlislose complex during

the conversion of cellulose | to cellulose|llThe crystal and molecular structure of this complex, designated
ammonia-cellulose |, has been determined by using X-ray fiber diffraction data (space B&up = 4.47 A,
b=28.81A,c=10.34 A,y = 92.7). Although the existence of ammoriaellulose | has been known for some

time, this is the first report of its crystal structure. A one-chain monoclinic unit cell has an asymmetric unit that
contains only one glucosyl residue and one ammonia molecule. The ammonia molecule acts as a bridge between
hydrogen-bonded sheets, forming extended chains of cooperative hydrogen bonds. The sheets are similar to those
found in cellulose I, with O2:--O6 intrasheet hydrogen bonds and gteonformation of the hydroxymethyl

group providing potential bifurcated @305 and O3--O6 intrachain hydrogen bonds. This new structure provides

a number of insights into the structural transition pathway followed during the conversion of cellulose | to cellulose

Introduction

An important property of the linear poly{#4) 5-D glucan
cellulose chain is that it can be incorporated into a number of
distinct crystal phases that differ in chemical reactivity and
material characteristics. Two crystal phasgs(dne chain in
space grougPl: a = 6.717 A,b = 5.962 A,c = 10.400 A,

o =118.08, f = 114.80, andy = 80.37) and k (two parallel
chains in space group2;: a = 7.784 A,b = 8201 A, c =
10.38 A, o = 8 = 90°, y = 96.5),1 4 are found in naturally
occurring cellulose, collectively designated cellulose 1, in
proportions that depend on the origin of the celluloseThe

|« phase is considered to be less stable tharythhdse because
it can be irreversibly converted tg by hydrothermal treat-
ment?:10

The cellulose | allomorphs can be transformed into cellulose
Il (two antiparallel chains in space grol®2;: a = 8.10 A,
b=9.03Ac=1031A0a=8=90,y=117.10)11120r
cellulose 1} (one chain in space group2;: a = 4.450 A,
b=7.850 A,c=10.31 A,a = =90, y = 105.10)1314py
treatment with appropriate solvents or swelling agents. Cellulose
Il can be further transformed into a less well-characterized form,
cellulose 11}.15 Yet another phase, cellulose 1V, has been
reported from conversion of cellulose Il or cellulose i’ A
recent reinvestigation of cellulose IV suggests that, rather than

spectroscopié?—22 and modeling studie® less is known about

the mechanisms involved in their interconversion. The processes
of regeneration or caustic mercerization used to convert cellulose
| to cellulose Il destroys microfibrillar morphology:2° In
contrast, although the ammonia treatment used to convert
cellulose | to cellulose 1|l damages and degrades the mi-
crofibrils, their overall morphology is preservédThe cellulose

| < cellulose ll} interconversion is essentially a solid-state
reversible reaction. It may therefore be possible to characterize
a structural pathway between the two phases.

Cellulose I} is obtained from cellulose | by treatment with
liguid ammonid@™~3! or various amine% -3¢ followed by
removal of these reagents. The cellulose | fibers become inflated
as the ammonia or amine molecules penetrate the cellulose
crystallites, forming crystalline complexes with the cellulose
chains. After evaporating or washing away the guest molecules,
the cellulose Il fibers look deflated and are substantially
decrystallized’~*° These fibers can be reverse transformed into
Iz by heating in water or aif!

We have previously reported the crystal structures of cellulose
| (I and k) and cellulose lli, determined by using a combina-
tion of X-ray and neutron fiber diffractiod?C CP/MAS NMR,
and FT-IR3413We have also proposed a structural mechanism

corresponding to a distinct new crystal phase, it may correspondfor the reverse transformation of cellulose Ht cellulose I by
to one of the other phases with a greater amount of disorderfollowing this transition by using in situ differential scanning

present®
Although detailed information is available on the crystal
structures of 4, g, Il, and 1ll; from crystallographié; 4114
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calorimetry and X-ray diffractioA! Several crystalline amine
cellulose complexes have been described by Blackwell.€t al

In the work reported here, we have used a supercritical ammonia
treatmenft® on highly oriented and crystalline cellulose | fib&rs

in order to trap an ammontiecellulose transition complex during
the conversion of cellulose+ cellulose Ill. The X-ray crystal
structure of this ammoniacellulose complex, designated am-
monia—cellulose |, provides us with new insights into the
structural transition pathway followed during conversion of
cellulose 1— cellulose Il}.
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Table 1. Experimental Details

crystal data

- chemical formula @H20010
cell setting, space group monoclink2;
a(h) 4.470(10)
b (A) 8.810(13)
c(A) 10.340(19)
o (deg) 20
/3 (deg) 90
y (deg) 92.7(2)
data collection
' A (A) 1.5418
independent reflections 38
reflections> 20(1) 27
Omax (deg) 11.08
range ofh 0—2
range ofk —4—4
range ofl -5—5
refinement
S refinement on F2
- - R[F? > 20(F?)] 0.1040
wR(P) 0.2934

. ) ) ) ) 111,14 A total of 38 reflections were used to refine 35 parameters
Flgurgld. X-ra)I/ Ebertd'ﬁr%Ct'?QQ pattern from ammontecellulose | with 43 applied constraints on those parameters. The data-to-
recorded on a faboratory Lu.fa-ray source. parameter ratio was therefore only 2.3, significantly lower than in

) ) the refinement of other cellulose structures recently reported from
Experimental Section synchrotron X-ray crystallographic studies, and the accuracy of the
Preparation of Oriented Cellulose | Samples.Green alga conformational parameters will be qorrequndlngly IoWe‘r%vl“The
Cladophorasp. collected at the sea of Chikura, Chiba, Japan, were subsequent refinement of all atomic positions resulted in values of
used in this study. After removing calcite by boiling in 0.1 N HCI, 25-59% and 53.35% fdR andRuw,*® respectively (“parallel-up®?
the cellulosic algal cell walls were further purified by repetitive H atoms on hydroxyl groups excluded; global scaling and thermal
treatments with 5% KOH and 0.3% NaGl@queous solutiorfs. parameters; 35 parameters and 43 restraints). A density peak in
The purified samples were then hydrolyzed into cellulose micro- e Fo—Fc map clearly revealed the position of an ammonia

crystals by a sulfuric acid treatment, followed by reconstitution into Molecule and incorporation of this molecule into the refinement as
oriented films as previously reporté. a single nitrogen atom resulted in values of 10.4% and 29.34% for

Conversion into Ammonia—Cellulose I. To compensate forany ~ RandRw, respectively. Refining the chains in the “parallel-down”
preferential orientation about the fiber axis within the films, the configuration produced a significantly inferior structure.
sample was bundled (thus ensuring cylindrical symmetry about the 1" coordinates of the final structure are given in Table 3 and
fiber axis). The bundles were then inserted into a steel pressurefépresented in Figure 2. Selected conformational features of
vessel, which was cooled in a dry ice and methanol bath. Ammonia @mmonia-cellulose | and other cellulose allomorphs are given in
(NH5) gas was introduced into the cooled vessel, and the sampIeTab|e 4 Interatomic dlstancc_es and angles of interest, including those
was immersed in liquid ammonia. The vessel was hermetically Of Possible hydrogen bonds in ammonizellulose |, are represented
sealed and maintained at room temperature for 30 min, then heated? Table 5. Two over-short contacts were present in the final
in an oil bath at 140C (a few degrees over the critical temperature  Structure between H5 and H6B (2.12 A) and between H4 and H3
of ammonia, i.e., 132.8C) for 1 h13144346After removing it from (2.31 /3\). Becau_se the_se contacts |nvo_Ived only H atoms _that ride
the oil bath, the vessel was cooled under tap water and the ammonigP" C atoms during refinement, we d_euded not to try to re_heve the
gas was leaked out. The sample was then immediately taken outdistances of 0.28 and 0.09 A by using repulsive constraints.
of the vessel and placed in an X-ray vacuum camera for diffraction . )
measurement. The ammorieellulose thus prepared was stable Results and Discussion

for several hours in a vacuum. The relative orientation of adjacent glucosyl residues can be
Data Collection and Intensity Measurement. X-ray fiber described by the glycosidic torsion angi®sand W and the

diffraction patterns were collected by using a Rigaku RU-200BH )5 angler, and the conformation of hydroxymethy! groups

rotating anode X-ray generator (Ni-filtered Cu, Kradiation can be desc,ribed by torsion angjeandy’. The conformational

generated at 50 kV and 100 mA;= 1.5418 A; 0.3 mm beam : ; ellul | imilar to those found
size) and a Fuji image plate (BAS-IP SR 127), Figure 1. Reflection parameters of ammonieliulose | are simiiar to those foun
in cellulose 1l and cellulose Il Table 4. There are three low-

positions were measured by using Rigaku R-Axis software and ' -
indexed by using a one-chain monoclinic lattice. The unit cell €nergy conformations for the hydroxymethyl group in cellulose,
parameters were then refined by using a least-squares algorithmdesignatedg, gg, andgt; the first letter indicates whether the
The diffraction image was then transformed into reciprocal space, position of the O6 atom is either trans or gauche with respect
and the background was estimated by using an algorithm by to atom O5, and the second refers to its position with respect
Sonneveld and VissErexpanded in two dimensions. The intensity to atom O4. The hydroxymethyl group &t in ammonia-

of each spot was determined by fitting a peak profile with fixed cejjulose 1, as it is in cellulose Il and |jiwhereas it istg in
shape and a misalignment parameter by linear least-squares. A
. > "cellulose ), and k.

summary of the experimental parameters and the structure refine- The chai Ki distinctly diff ¢ . .
ment parameters is given in Table 1. The measured observed € chains pack in a distinctly difierent way in ammofia
intensity values are given in Table 2. cellulose 1, Figure 3. Parallel chains are arranged edge-to-edge

Structure Refinement. X-ray structure refinement was carried N flat sheets that stack on top of one another in cellulase |
out by using previously described strategies for applyBitELX- and f, Figure 3 (top). Within each sheet, neighboring chains
974810 fiber diffraction daté! Atomic starting positions were taken  interact through @H-+-O hydrogen bonds, but there are no
from the chain conformation in the crystal structure of cellulose such hydrogen bonds between the stacked sheets, only W&WI’
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Table 2. Measured Observed Intensity Values, wheré, k, and | are Miller Indices, | is Intensity, gy is the Error in Intensity, and m is the
Multiplicity of Each Reflection 2

h k | | o m h k | | o m h k | | ] m

0 1 0 24.84 7.04 2 2 0 1 0.00 0.00 -2 0 0 3 1.26 112 2
1 0 0 0.00 0.00 -2 0 4 1 8.64 2.94 2 0 1 3 9.46 4.34 2
0 2 0 144.00 12.00 2 2 -1 1 0.00 0.00 -2 1 0 3 0.00 0.00 -2

1 -1 0 0.00 0.00 -2 2 1 1 5.03 2.24 2 0 2 3 8.67 2.94 2
1 1 0 126.25 5.12 2 0 0 2 5.03 2.24 1 1 -1 3 0.00 0.00 -2

1 -2 0 1.00 0.50 2 0 1 2 2.58 1.60 2 1 1 3 12.09 3.48 2
1 -3 0 0.5 0.5 2 1 0 2 0.00 0.00 -2 1 -2 3 2.39 1.54 2
2 0 0 0.00 0.00 -2 0 2 2 35.63 5.97 2 1 2 3 3.91 1.98 2
0 4 0 9.14 3.02 2 1 -1 2 0.00 0.00 -2 0 3 3 8.60 2.07 2
0 0 1 0.08 0.08 1 1 1 2 30.08 5.48 2 1 -3 3 0.0 0.0 -2

0 1 1 0.03 0.03 2 1 -2 2 2.36 1.54 2 1 3 3 11.49 3.39 2
1 0 1 0.00 0.00 -2 1 2 2 2.04 1.43 2 0 0 4 9.31 3.05 1
0 2 1 16.74 4.09 2 0 3 2 2.48 2.22 2 1 0 4 0.00 0.00 -2

1 -1 1 0.00 0.00 -2 1 -3 2 2.87 1.69 2 0 2 4 6.92 2.63 2
1 1 1 7.11 2.67 2 1 3 2 3.14 1.77 2 1 -1 4 0.00 0.00 -2

1 -2 1 9.07 3.01 2 2 0 2 0.00 0.00 -2 1 1 4 4.66 2.16 2
1 2 1 5.00 2.24 2 0 4 2 9.34 3.06 2 1 -2 4 0.00 0.0 -2

0 3 1 8.14 4.04 2 2 -1 2 0.00 0.00 -2 1 2 4 3.26 181 2
1 -3 1 10.82 3.29 2 1 -4 2 5.62 2.37 2

1 3 1 8.14 2.85 2

a A negative multiplicity indicates that the intensity of this reflection is included in the intensity of the following reflection as an overlapppusite

intensity.

Table 3. Fractional Atomic Coordinates of the Atoms for One
Glucosyl Residue of the Chain of Ammonia-Cellulose P

geometries, respectively, would result in a more linear hydrogen
bond if O2 is the donor.

atom X y z Each ammonia molecule in ammonrieellulose | sits in a

C1 0.000(11) 0.047(4) 0.9994(11) distorted box defined by the edges of four neighboring chains,
H1 —0.2112 0.0125 1.0065 as shown in Figure 4. The atoms at the vertexes of this box are
c2 0.025(15) 0.177(3) 0.906(2) the six oxygen atoms 03, Q306, 06, 02, 02, and the two

H2 0.2357 0.2137 0.9024 ) . ;

c3 ~0.070(17) 0.128(4) 0.772(2) aliphatic hydrogen atoms H6A, H6Awhere a prime after the

H3 —0.2896 0.1180 0.7694 atom symbol indicates that the atom’s chain is in a neighboring
Cc4 0.053(14) —0.022(3) 0.7314(11) sheet. Four of these oxygen atoms, O3,,@®, and O2 are

gg g-gg‘(‘)“m :8-22833 8-;222 " close enough to potentially hydrogen bond with the ammonia
5 _0_'182§ ) _0:16355) 0:8566( ) molecule, Table 5. The O3, Oatoms also have the potential
o5 0.171(11) —0.075(4) 0.953(2) to donate an intrachain hydrogen bond to the oxygen O5 ring
02 —0.15(2) 0.299(5) 0.950(4) atom of the next glucose residue as observed previously for
% 0.03(3) 0.246(5) 0.684(4) cellulose }, cellulose k, cellulose II, and cellulose [1f41+13

8:31 _%'llgg((ll%)) :g'ggzgg 8.2%(235)16) They also have the potential to donate to the O6 atom of the
HBA 0.1157 —0.3217 0.7253 next glucose residue in a bifurcated arrangement, as previously
H6B 0.3944 —0.2647 0.8073 observed for cellulose Il and cellulose 12 and, indeed, for

06 0.11(2) —0.396(5) 0.905(8) all 5-1,4-linked hydroxylated small molecules that have a 2-fold
N1 —0.501(19) —0.543(7) 0.603(10) screw axis and O6 in thet conformatiorf® This observation,

aThe global isotropic atomic thermal displacement parameter is 0.16. and also the fact that each O3 atom interacts with two ammonia

molecules, one on either side of its sheet, suggests that the O3

atoms accept hydrogen bonds from the ammonia molecules. The
03 atoms and the ammonia molecules are therefore connected
the chain directiod:* Accommodating the ammonia molecules in an extended zigzag chain of hydrogen bonds running
in ammonia-cellulose | shifts the stacked sheets from their perpendicular to the chain axis and bridging the stacked sheets,
relative position in cellulose | in two directions; the sheets are as shown by the dashed green lines in Figure 2.
shifted in the chain axis direction so that stacked sheets are N0 The angles of 122(8)and 168(4) for the C6-06---N and
longer staggered with respect to each other, and the sheets are2—02---N geometries in ammoniecellulose | would result
also sheared perpendicular to the chain axis, in the directionin a more linear hydrogen bond if 06 is donor and 02 is
indicated by the red arrow in Figure 3 (middle), so that the acceptor, agreeing with O2 as donor in the intrasheet hydrogen
sugar rings of chains in neighboring sheets no longer partially hond. However, the geometrical arrangement of the O atoms
overlap and interact through-@4---O interactions, but rather  within hydrogen-bonding distance of the ammonia molecule
the sugar rings pack directly on top of each other in hydrophobic (03, 03, 02, and 06) is far from ideal for tetrahedral
stacks as in cellulose ||IFigure 3 (bottom). coordination, and it is possible that there are bifurcated hydrogen
Within the sheets, the interchain hydrogen bonds are mostly bonds present or that the orientation of the ammonia molecules
between O2 and O6 atoms in ammon@ellulose | and cellulose  has a certain amount of disorder. With no direct information
Ill, and, because of the difference in hydroxymethyl group on hydrogen atom positions, it is not even possible to say
orientation, between 06 and O3 atoms in cellulose . It is not whether the O3 and O&toms each accept a single hydrogen
possible to assign with confidence hydrogen bond donor and bond from a bridging ammonia molecule (the '©3N---O3
acceptor roles in ammoniaellulose | because hydrogen atoms angle of 95(3) almost matches a HN—H angle of~106°) or
could not be directly located. However, we note that the angles whether the bridging ammonia molecule donates a single
of 116(5f and 145(5) for the C2-02---O6 and C6-06:--02 bifurcated hydrogen bond to O3 and '‘OBlowever, aIthougrbDV

interactions such as-€H---O. The main difference between
cellulose }, and k is in the relative stagger of these sheets in
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Figure 2. Crystal structure of ammoniecellulose I; (top) viewed
perpendicular to the axis direction (the chain direction) with the
axis tilted slightly to show the zigzag extended network of intersheet
03:--N---03 hydrogen bonds (green dashed lines), potentiat-®6

Macromolecules, Vol. 39, No. 8, 2006

Table 4. Selected Conformational Parameters of
Ammonia—Cellulose | Compared with Those of the Other Cellulose

Allomorphs?2
D Y T x x 0
ammonia-cellulose | —96 20 117 69 —-171 15.1
cellulose Il} —-92 93 116 44 163 105
cellulose Il origin —-97 95 116 72 —165 5.0
cellulose Il center —94 87 115 58 —175 10.2
cellulose } upper residue —99 94.6 116 166 —74 6.9
cellulose |, lower residue —98 99.2 116 167 -—75 9.4
cellulose } origin —98.5 905 115 170 —-70 10.2
cellulose } center —88.7 945 116 158 -83 6.7

2 The conformation of the hydroxymethyl group is defined by two letters,
the first referring to the torsion angje(O5—C5—C6—06) and the second
to the torsion angley’ (C4—C5-C6—06). Thus the ideakg and gt
conformations would be respectively defined as sets of two angles,(180
60°) and (60, 18C°). The glycosidic bond angle, is defined by (Ct
04—C4). The glycosidic torsion angl@ andW, which describe the relative
orientation of adjacent glucosyl residues in the same chain, are defined by
(O5—-C1-01-C4) and (C1+0O1-C4—C3), respectively. The sugar pucker
parametep is defined as in Cremer, D.; Pople,JJ.Am Chem Sod 975
97, 1354-1358.

Table 5. Interatomic Distances (A) and Angles (deg) of Potential
Hydrogen Bonds of interest.

intramolecular

03---05 2.94(6)
03--06 3.25(7)
intermolecular
06:--02 2.91(7)
N1---O3 3.19(13)
N1---0O3 2.86(13)
N1---02 3.14(10)
N1---H6A 2.9414
N1---O6 2.76(13)
C6—-06---02 145(5)
C2-02---06 116(5)
C6—06--N 122(6)
C2-02---N 168(4)

c=10.31 A, y = 76.9), it can be seen that the conversion
from ammonia-cellulose | to cellulose I|l corresponds es-
sentially to the stacked sheets shearing inlitexis direction
so that the value ofs decreases from 92to 76.9 with a
corresponding shrinkage in the size of the I&rexis from 8.81

and 02--N ammonia bridge hydrogen bonds (red dashed lines), and ©© 7-85 A. The sizes of the and c axes remain relatively

the intrachain O8-05 and intrasheet 0206 hydrogen bonds (blue
dashed lines); (bottom) viewed in projection down thexis direc-
tion: C, O, N, and H atoms are represented as gray, red, blue, an

white balls, respectively. Covalent and hydrogen bonds are represente

as full and dashed sticks, respectively.

ddpellulose | to ammoniacellulose |, the unit cell volume, per

unchanged. These changegiandb correspond to a decrease
in unit cell volume from 406.9 to 347.7 3AIn going from

chain, increases from about 329 to 406.9 Ahe penetration
of an ammonia molecule therefore causes the unit cell of

there is little we can say about the exact hydrogen-bonding cellulose to swell by around 303A

arrangement, and despite the possibility of disorder between There is conceivably another pathway from ammenia

the donor/acceptor roles of O2 and OG6, it is clear that an cellulose | to cellulose Il On evaporation of ammonia, if the

extended zigzag network of ®@3N---O3 hydrogen bonds  two chains at opposite ends of the short diagonal of the

exists. ammonia-cellulose | unit cell are displaced by1.6 A and
The ammonia molecule acts as a bridge between hydrogen-then rotated by~30°, the O2 and O6 atoms of these chains

bonded sheets, Figures 2 and 3. On evaporation of ammoniawould be brought into hydrogen-bonding distance. In this case

the 4.4 A long (O6-N---O2) ammonia bridge in ammonia
cellulose | is broken, and a2.2 A displacement along the
direction of the red arrow in Figure 3 (middle) (approximately
the direction of thdé axes) in combination with a small change

the initial distance between these 02 and O6 atomsGsA,
i.e., larger than in the former case. This path would also involve
a rearrangement of the hydrogen-bonded sheets.

In summary, the crystal structure presented here is the first

in chain orientation, brings the two chains at either end of the for ammonia-cellulose |, and when compared to those previ-

long diagonal of the unit cell into position to form a 2.6 A long
intersheet O6H---O2 hydrogen bond, thus generating the unit
cell of cellulose II|. Hydrogen-bonded (G2H---O6) sheets are
not disrupted in going from ammoniaellulose | to cellulose
I}, only their relative displacement changes, Figure 3.

With the alternative choice of unit cell for cellulose lll
represented in yellow in Figure 21 4.45 A, b = 7.85 A,

ously reported for cellulose | and |lIprovides the following
insights into the conversion of cellulose—+ cellulose IIi.
Cellulose | consists of hydrogen-bonded sheets that stack on
top of each other through €H---O and van der Waals
interactions. Ammonia molecules penetrate between these
sheets, lubricating them and causing them to slide over each
other. The ammonia molecules can be accommodated at sp&BQ?
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Figure 3. Projections of the crystal structures of cellulose |, ammesgllulose |, and cellulose lliwith the stacked hydrogen-bonded sheets
represented in different colors. The crystallographic unit cells are represented by thin white lines. Red arrows indicate the directionpfadeet sli
during the structural transition from cellulose+ ammonia-cellulose |— cellulose IIl. The white arrows indicate the hydrophobic stacking
direction of chains in ammonizecellulose | and cellulose Ill An alternative choice of unit cell for cellulose |lik represented in yellow for the
purposes of simplifying the discussion of the conversion mechanism.

and regular sites between the sheets if the hydroxymethyl groupshydrophobic stacking of chains, indicated by the white arrows
change rotation frontg to gt. The ammonia molecules form in Figure 3 (middle and bottom), would not be disrupted by a
hydrogen bond bridges between sheets, replacing thd-€O relatively small sheet slippage in going from ammettallulose
intersheet interactions found in cellulose I. When the ammonia | — cellulose llj.

molecules evaporate, the ammonia bridge is replaced by an Hydrogen-bonded sheets persist throughout the transition from
intersheet G-H:--O hydrogen bond with small changes in cellulose I— ammonia-cellulose 1— cellulose II} and the
relative chain displacement and orientation. We note that the reverse transition from cellulose |[H> cellulose [; it is onIyCDV
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Figure 4. Detail of the crystal structure of ammonriaellulose |

Macromolecules, Vol. 39, No. 8, 2006

(13) Wada, M.; Heux, L.; Isogai, A.; Nishiyama, Y.; Chanzy, H.; Sugiyama,
J. Macromolecule2001, 34, 1237-1243.

(14) Wada, M.; Chanzy, H.; Nishiyama, Y.; Langan,NPacromolecules
2004 37, 8548-8555.

(15) Sarko, A.; Southwick, J.; Hayashi,Macromolecule4976 9, 857—
863.

(16) Hutino, K.; Sakurada, Naturwissenschafteh94Q 28, 577—578.

(17) Kulshreshtha, A. KJ. Text. Inst1979 1, 13—18.

(18) Wada, M.; Heux, L.; Sugiyama, Biomacromolecule2004 5, 1385~
1391.

(19) Kono, H.; Yunoki, S.; Shikano, T.; Fujiwara, M.; Erata, T.; Takai,
M. J. Am. Chem. So@002 124, 7506-7511.

(20) Kono, H.; Numata, YPolymer2004 45, 4541-4547.

(21) Kono, H.; Erata, T.; Takai, MMacromolecule2003 36, 3589-3592.

(22) Kono, H.; Numata, Y.; Erata, T.; Takai, Nilacromolecule2004
37, 5310-5316.

(23) Ford, Z. M.; Stevens, E. D.; Johnson, G. P.; French, AC&bohydr.
Res.2005 340, 827—-833.

showing the local environment of the ammonia molecule. Each N atom (24) Dinand, E.; Vignon, M.; Chanzy, H.; Heux, Cellulose (Dordrecht,

sits in a skewed box (yellow dashed lines) defined by atoms O3, O3
06, 08, 02, 02, H6A, and H6A. O atoms that are within hydrogen-

bonding distance of N are connected to N by a red dashed line. C, O,
N, and H atoms are represented as gray, red, blue, and white balls,
respectively. Covalent and hydrogen bonds are represented as full an

dashed sticks, respectively.

Yo7y

Neth.)2002 9, 7—18.
(25) Shibazaki, H.; Kuga, S.; Okano, Cellulose (Dordrecht, Neth997,
4, 75-87.
(26) Chanzy, H.; Henrissat, B.; Vincendon, M.; Tanner, S. F.; Belton, P.
S. Carbohydr. Res1987 160, 1-11.
Hess, K.; Trogus, Ber. Dtsch. Chem. Ges. B935 68, 1986-1988.
(28) Barry, A. J.; Peterson, F. C.; King, A.J.Am. Chem S0d 936 58,
333-337.

their relative displacement and their stacking interactions that (29) Clark, G. L.; Parker, E. AJ. Phys. Chem1937, 41, 777-786.

change. Interestingly, both ammonieellulose | and cellulose

(30) Hess, K.; Gundermann,Ber. Dtsch. Chem. Ges. 37, 70, 1788~

h King i ions that invol ded zi 50

I} have stacking interactions that involve extended zigzag (31) |egrand, CJ. Polym. Sci1951, 7, 333-339.

chains of hydrogen bonds perpendicular to the chain directions. (32) Trogus, C.; Hess, KZ. Phys. Chem. Abt. B931, 14, 387—395.
These types of arrangements will be particularly strong because(33) Davis, W. E.; Barry, A. J.; Peterson, F. C.; King, AJJAm. Chem.

of their cooperative nature. However, this cooperative nature

may also lead to a susceptibility to rapid or discontinuous
change; breaking a few intersheet hydrogen bonds in ammonia
cellulose | or cellulose I[Imay completely destabilize these
phases.

Acknowledgment. P.L. thanks the Office of Science and
the Office of Biological and Environmental Research of the U.S.
Department of Energy for financial support.

References and Notes

(1) Sugiyama, J.; Vuong, R.; Chanzy, Macromolecule4991 24, 4168—
4175.

(2) Sugiyama, J.; Okano, T.; Yamamoto, H.; Horii, FMacromolecules
199Q 23, 3196-3198.

(3) Nishiyama, Y., Sugiyama, J., Chanzy, H., LanganJ.PAm. Chem.
Soc.2003 125 14300-14306.

(4) Nishiyama, Y.; Langan, P.; Chanzy, H.Am. Chem. So@002 124,
9074-9082.

(5) Atalla, R. H.; VanderHart, D. LSciencel984 223 283-285.

(6) Horii, F.; Hirai, A.; Kitamaru, RMacromoleculed 987, 20, 2117
2120. (These authors refer tpand | to distinguish respectively the
ramie and cotton family from that dfaloniaand bacterial cellulose).

(7) Belton, P. S.; Tanner, S. F.; Cartier, N.; ChanzyMécromolecules
1989 22, 1615-1617.

(8) Larsson, P. T.; Westmark, U.; lverson,Jarbohydr. Res1995 278,
339-343.

(9) Horii, F.; Yamamoto, H.; Kitamaru, R.; Tanahashi, M.; Higuchi, T.
Macromoleculesl 987, 20, 2946-2949.

(10) Yamamoto, H.; Horii, F.; Odani, Hlacromolecule4989 22, 4130~
4132.

(11) Langan, P.; Nishiyama, Y.; Chanzy, Biomacromolecule2001, 2,
410-416.

(12) Langan, P.; Nishiyama, Y.; Chanzy, H.Am. Chem. Sod999 121,
9940-9946.

Soc 1943 65, 1294-1299.

(34) Loeb, L.; Segal, LJ. Polym. Sci1955 15, 343—-354.

(35) Creely, J. J.; Wade, R. Hext. Res. J1975 45, 240-246.

(36) Creely, J. J.; Wade, R..H. Polym. Sci.: Polym. Lett. EA978 16,
291-295.

(37) Chanzy, H.; Henrissat, B.; Vuong, R.; Revol, JHBIzforschundl986
40 Suppl, 25-30.

(38) Sugiyama, J.; Harada, H.; Saiki, hit. J. Biol. Macromol 1987, 9,
122-130.

(39) Lewin, M.; Roldan, L. GJ. Polym. Sci., Part @971, 36, 213-229.

(40) Rousselle, M.-A.; Nelson, M. LText. Res. .J1976 46, 648-653.

(41) Wada, M.Macromolecule001, 34, 3271-3275.

(42) Blackwell, J.; Kurz, D.; Su, M.; Lee, D. M. IACS Symp. Sel987,
340, 199-213.

(43) Yatsu, L. Y.; Calamari, T. A.; Benerito, R. Rext. Res. J1986 56,
419-424.

(44) Nishiyama, Y.; Kuga, S.; Wada, M.; Okano,Macromolecule4997,
30, 6395-6397.

(45) Sugiyama, J.; Persson, J.; Chanzy, MMacromolecules1991, 24,
2461-2466.

(46) Isogai, A.; Usuda, M.; Kato, T.; Uryu, T.; Atalla, R. acromol-
ecules1989 22, 3168-3172.

(47) Sonneveld, E. J.; Visser, J. \W.. Appl. Crystallogr.1975 8, 1-7.

(48) Sheldrick, G. MSHELX-97, A Program for the Refinement of Single-
Crystal Diffraction Datg University of Gottingen: Gottingen, Ger-
many, 1997.

(49) R is calculated fromX(|Fo| — |Fc|)/Z|Fo| with Fo > 40, where Fo
and Fc are the observed and calculated amplitudes, respecteely.
is calculated from¥w(F? — FAR)Zw(FAY Y2 wherew is a weight
(1/0?) applied to eachF2 term in the least squares refinemeRt»
will be more than twice the size of the

(50) The “parallel-up” and “parallel-down” structures are defined according
to the definition of French, A. D. and Howley, P. D.@ellulose and
Wood, Chemistry and Technolqgychuerch, C., Ed.; Wiley: New
York, 1989, p 164.

(51) Peralta-Inga, Z.; Johnson, G. P.; Dowd, M. K.; Rendleman, J. A,;
Stevens, E. D.; French, A. BCarbohydr. Res2002 337, 851-861.

MA060228S

CbhVv



