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Abstract

Phosphoric acid is widely used for the swelling and hydrolysis of cellulose. The
detailed description of molecular interactions between cellulose and phosphoric acid
is essential for understanding and controlling these processes. Here, to obtain
structural insights into the swelling behavior, we investigated the structural evolution
of cellulose swollen in the concentrated phosphoric acid solution using X-ray fiber
diffraction and solid-state NMR spectroscopy. We observed the formation of a
crystalline complex of cellulose and phosphoric acid at -40 °C, where cellulose
molecules adopt a seven-fold helical conformation. This structure is the second known
cellulose-acid crystalline complex and the first cellulosic crystal consisting of seven-
fold helical chains. Our observation highlights the conformational flexibility of cellulose
molecules in the solvated states and the strong influence of cellulose-acid interactions
on the packing and conformation of cellulose molecules.

Keywords: Cellulose; Phosphoric acid; Crystallosolvate; seven-fold helix
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Introduction

Cellulose forms crystalline complexes with various polar solvent molecules.
The crystal structure analysis of these solvated crystals, or crystallosolvates, has
provided valuable insights into the molecular interactions between cellulose and
solvent molecules and the conversion mechanisms between cellulose crystalline
allomorphs. The crystalline complexes with alkalis and amines are among the most
extensively studied cellulose crystallosolvates as intermediate structures in
allomorphic conversions (Sobue et al. 1939; Lee et al. 1983; Okano and Sarko 1984,
1985; Porro et al. 2007; Wada et al. 2009). These molecules are the components of
historic cellulose solvents such as aqueous alkali solutions and cupriethylenediamine
hydroxide solutions. In recent years, new cellulose crystallosolvates were reported
with industrially relevant solvent molecules such as N-methyl morpholine-N-oxide
(NMMO) and ionic liquids (Song et al. 2018; Nishiyama et al. 2019; Endo et al. 2020).

Mineral acids, such as sulfuric and phosphoric acid, are essential reagents for
processing cellulose materials. They are widely-used hydrolysis and swelling agents
of cellulose. Concentrated mineral acid solutions are also direct solvents of cellulose.
Despite their importance, the complexation of cellulose and acid molecules has not
received attention compared to the solvent molecules mentioned above. This situation
hinders us from understanding the molecular-level details of the interactions between
cellulose and acids. We recently reported the cellulose-sulfuric acid complex as the
first cellulose-acid crystallosolvate (Li et al. 2022). The complexation of cellulose and
sulfuric acid occurs only at low temperatures, and cellulose molecules adopt a rare
five-fold helical conformation (five glucose residues in two turns, or n=2.5) in the
complex structure. Such a structure was not without precedent; earlier work with the

gelling molecule xanthan had shown that its cellulose backbone could apparently form
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both single- and double-helices with each strand having the n=2.5 conformation
(French and Johnson, 2004; Moffat et al. 2016; Morris 2019).The complexation was
likely driven by the deficiency of water around sulfuric acid molecules that recruit
cellulose hydroxyl groups to form a stable hydrate-like structure (Li et al. 2022). This
finding prompted us further to explore the complexation behavior of cellulose and
mineral acids. In this study, we extended a similar approach to concentrated
phosphoric acid.

Phosphoric acid is widely used as a swelling agent of cellulose. It dissolves
cellulose at room temperature, and subsequent regeneration of cellulose vyields
amorphous cellulose. Such amorphous cellulose, so-called phosphoric acid swollen
cellulose or PASC, is the most widely used form of amorphous cellulose and a
standard substance for assays of cellulolytic enzyme activity (Zhang et al. 2006; Hall
et al. 2010). While sulfuric acid is more common in literature, phosphoric acid is also
used to hydrolyze cellulose to prepare cellulose oligomers and nanocrystals (Isogai
and Usuda 1991; Camarero Espinosa et al. 2013; Billés et al. 2016). Furthermore, like
sulfuric acid, concentrated phosphoric acid solution can dissolve cellulose at high
concentrations. Cellulose molecules form a liquid crystalline phase in the resulting
highly concentrated dope (Boerstoel et al. 2001). The anisotropic molecular
organization in the dope can be exploited to obtain highly oriented cellulose Il fibers.
These fibers, called Fiber B, exhibit improved mechanical properties compared to the
other commercially regenerated cellulose fibers (Northolt et al. 2001).

Given its importance in the processing of cellulose, it is crucial to better
understand the molecular interactions between cellulose and phosphoric acid. Here,
we investigated the structure of cellulose swollen in a concentrated phosphoric acid
solution at low temperatures. Using X-ray fiber diffraction and '3C solid-state nuclear
magnetic resonance (NMR) spectroscopy, we observed the formation of a
crystallosolvate of cellulose and phosphoric acid at -40 °C. Interestingly, the structure
has an exceptionally long fiber repeat of 37 A, making it the first example of seven-
fold helical molecular conformation in cellulosic crystals. This extended form, seven-
fold helix is unlike the collapsed seven-fold V7 amylose structure (Nishiyama et al.
2010).

Material and Methods
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X-ray scattering measurement

X-ray scattering measurements were carried out at the D2AM beamline at the
European Synchrotron Radiation Facility (ESRF) using an X-ray beam of 16 KeV and
hybrid pixel detectors (D5 and WOS). Bundles of well-aligned flax fibers were packed
in glass capillaries and immersed in 83 wt% H3PO4 aqueous solution at room
temperature. The specimens were then mounted on a low-temperature specimen
holder and placed under a vacuum. The diffraction patterns were acquired at
temperatures ranging from room temperature to -40°C with an exposure time of 3
seconds. The background scattering from the solvent in the patterns was subtracted

numerically using in-house programs.
Solid-state '3C NMR spectroscopy

Solid-state '3C CP/MAS NMR analysis was performed on swollen and dry regenerated
flax fibers using a Bruker Avance Il 400 spectrometer (100 MHz, '3C). For the swollen
samples, spectra were obtained at room and low temperatures (23, -20, and -40°C).
Approximately 50 mg of flax fibers were swollen in 83 wt% H3PO4 solution and allowing
them to swell for 10 minutes. The fibers were then mixed with ca. 10 mg of glass wool
and packed into the zirconia rotor. The specimen temperature was controlled using a

Bruker BCU-II cooling unit. The spinning rate was set at 9 kHz with 2 ms contact time.
Model construction and analysis

Models of cellulose molecules in seven-fold conformations were built using a
glucose residue of the corner chain of cellulose lg. Each residue was rotated about the
chain axis by 51° (7.), 103° (7.), 154° (7.), 206° (7.), 257° (75), and 309° (7;) and shifted
along the chain axis by 5.29 A compared to the adjacent residue. The models were
visualized and analyzed using Pymol software (Schrodinger and DeLano 2020). The
glycosidic torsion angles of the generated helices were compared with the crystal
structure conformations of cellulose allomorphs and di- and oligosaccharide crystals
from the Protein Data Base with cellobiose linkage as well as the conformational
energy map of cellobiose based on SMD continuum solvation and B3LYP/6-31+G(d)
energies (French et al., 2012, 2021).

Results and Discussion

Crystal structure of cellulose-phosphoric acid complex
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We performed in situ low-temperature X-ray scattering measurements to
monitor the changes in the crystal structure of flax cellulose immersed in concentrated
HsPOs aqueous solution. We chose a concentration of 83 wt% since more
concentrated solutions could dissolve cellulose fiber at room or low temperature.
Furthermore, this concentration is commonly used in the preparation of amorphous

cellulose.

Fig. 1A shows the X-ray fiber diffraction diagram of flax fiber immersed in 83
wt% H3POs4 at room temperature (20 °C) for 15 minutes. The room-temperature
diagram shows characteristic reflections of cellulose Ig, i.e., equatorial 1 -1 0 and 1 1
0, and meridional 0 0 4. Thus, the room-temperature immersion in 83 wt% H3PO4 did
not affect the crystal structure of flax cellulose for at least 15 min.

A B C D

4 002
A A * kapton

—- i
¥ i e A,
110 SAXSarea _

Fig. 1 X-ray fiber diffraction patterns of flax cellulose immersed in 83 wt% phosphoric
acid solution at (A) room temperature and (B, C) -40 °C. Panel (C) corresponds to the
small angle area indicated in panel (B). Reflections indicated by purple arrowheads
correspond to the Kapton window used in the low-temperature vacuum cell. (D)
Meridional profile of the diffraction diagram in (B). Reflection indices are shown above

peaks.

When cooled down to -40 °C (Fig. 1B and 1C), the diagram showed diffraction
features different from cellulose lg, indicating the crystalline complex formation of
cellulose and phosphoric acid. The diffraction pattern of the cellulose-phosphoric acid
complex is poorly resolved, with only a few strong reflections in the observed wide-
angle area. On the meridian of the fiber diagram, a new set of reflection spots
appeared at d = 18.5, 9.3, 6.2, 5.3 A (Fig. 1D). No other reflection appears on the

meridian in the smaller angle region (Fig. 1C). This meridional pattern indicates that
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the fiber repeat of the complex crystal is 37 A, increased from that of cellulose Ig (10
A). The aforementioned meridional reflections were thus indexed, from the utmost to
the outermost,as 002,00 4, 006, and 0 0 7, respectively (Fig. 1D). The long 37-A
fiber repeat suggests cellulose molecules likely adopt a seven-fold helical
conformation in the complex. The rise per residue, h, is thus 5.28 A for this helix, the
longest among the known cellulosic crystals (cf. 5.19 A for cellulose Ig).

We refined the unit cell based on 11 independent reflections indicated in Fig.
2. The refined unit cell is orthorhombic with the cell parameters of a =6.19 A, b =6.95
A, and ¢ = 37.05 A. In Fig. 2, the reflection positions predicted from the unit cell are
superimposed on the diffraction pattern remapped in the polar coordinate. They are in
good agreement with the observed reflection positions. The unit cell volume is 1594
A3. The volumes of each component molecule are 164 A3 for glucose residue based
on cellulose lg crystal structure (Nishiyama et al. 2002), 75 A3 for phosphoric acid
based on its hemihydrate crystal structure (Smith et al. 1955), and 30 A3 for water.
Thus, the unit cell contains only one cellulose chain composed of seven glucose
residues (1148 A®). If the molar ratio between phosphoric acid and water remains
unchanged at 1:1 in the 83 wt% solution and the complex, the unit cell may
accommodate four phosphoric acid and four water molecules (420 A3). This
stoichiometric ratio makes the sum of the component volume, 1568 A3, nearly equal
to the unit cell volume. The strong 0 0 2 and 0 O 4 intensities, corresponding to
periodicities of 18.5 and 9.3 A along the fiber axis, support the even number of
phosphoric acid molecules in the unit cell.
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Fig. 2 X-ray diffraction pattern of flax cellulose immersed in 83 wt% H3sPOs in polar
coordinates. Reflection positions predicted based on the refined orthorhombic unit cell
parameters are indicated with red crosses. 11 reflections used for the unit cell

refinement are indicated with white circles.

While the calculated diffraction positions fit well with the experimental ones, the
real unit cell is bigger than the one-chain orthorhombic unit cell. No two-fold rotation
axis can be conceived along either unit-cell axis due to the low symmetry of cellulose
molecule in the seven-fold structure. This unit cell thus does not satisfy the symmetry
conditions of the orthorhombic systems. The crystallographically correct unit cell
should have each axis at least twice as long as the current proposed values.
Nevertheless, we believe that the molecular packing and structural details in the
complex can be discussed based on this small one-chain cell since it is likely an

asymmetric unit of the real unit cell.

To confirm the seven-fold helical molecular conformation, we conducted the
solid-state NMR spectroscopy of the cellulose-phosphoric acid complex. We
measured CP/MAS "*C NMR spectra of cellulose swollen in 83 wt% HsPO4 solution at
three temperature conditions, i.e., room temperature (23 °C), -20 °C, and -40 °C.
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Fig. 3 CP/MAS '3C NMR spectra of flax cellulose under different conditions. (a) intact
flax cellulose and (b-d) flax cellulose swollen in 83 wt% H3PO4 and measured at (b)
room temperature, (c) -20 °C, and (d) -40 °C.

As shown in Fig. 3, the spectra of swollen samples (Fig. 3b-d) are different from
that of intact flax cellulose (Fig. 3a), especially in the C6 region (60-68 ppm) (Horii et
al. 1983). The sharp signal at 66 ppm of cellulose Ig, corresponding to the tg conformer,
disappeared in all the swollen samples. The swelling in phosphoric acid thus resulted
in the loss of the original cellulose Ig crystal structure regardless of the temperature.
The room-temperature swollen sample had a broad C6 signal at 62 ppm
corresponding to the gg conformer, while even more broader peaks were observed at
-20 °C and -40 °C (Fig. 3c and 3d).

The loss of cellulose Ig crystal structure at room temperature contradicts the X-
ray diffraction result at room temperature (Fig. 1A). This discrepancy likely arose from
the duration of swelling. We carried out the X-ray scattering measurement at room
temperature after 15 min of swelling. In comparison, the sample preparation time and
measurements of solid-state NMR experiments were ca. 30 min and 5 hours,
respectively. Furthermore, the swelling of flax fiber was laterally constrained by the
glass capillary in the X-ray scattering experiments, which may have further slowed

down the swelling process at room temperature.

Compared to the drastically altered C6 signals, the changes in the other carbon
signals are less significant. The C1 and C4 upfield shifted by 1 and 0.5 ppm,
respectively, at -40 °C compared to those of cellulose Ig. These upfield shifts suggest
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the conformational change of the cellulose molecular chain around the glycosidic
linkage at the low temperature. The observation is consistent with the occurrence of
the seven-fold helical chain conformation in the complex predicted based on the X-ray
diffraction results. The change in the C1 and C4 chemical shifts is less pronounced at
the higher temperature.

The chemical shifts of C1 and C4 are known susceptible to the conformational
changes of glycosidic linkage of 3-1,4 (e.g. cellulose and xylan) and a-1,4 linked
glycans (e.g. amylose) (Veregin et al. 1987; Porro et al. 2007; Falcoz-Vigne et al.
2017). The magnitude of the observed C1 upfield shift is similar to those of the
solvation-induced conformation changes in cellulose and xylan crystals. For instance,
the C1 signal shifts up-field by ca. 1 ppm in Na-cellulose Il with three-fold helical
cellulose chains compared to cellulose | with two-fold helices. On the other hand, the
same conformational change gives a larger up-field shift of the C4 signal, by 9 ppm,
in the transition from cellulose | to Na-cellulose Il (Porro et al. 2007).

The small C4 upfield shift likely indicates the similarity of the molecular
conformation in the complex to the two-fold one in cellulose |I. The seven-fold
symmetry allows six possible helices: 74, 72, 73, 74, 75, and 76 helices. The nominal
rotation angles between adjacent glucose residues are 51° (71), 103° (72), 154° (73),
206° (74), 257° (75), 309° (7s), respectively. The first three are right-handed, whereas
the last three are considered left-handed because a left-handed helical thread that
connects equivalent points on helices with a rotation angle greater than 180° has a
shorter path by proceeding in a left-handed manner. The 73 and 74helices thus have
high conformational similarities to the two-fold helices of native cellulose, which have
a 180° rotational angle between residues.
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Fig. 4. The various 7-fold helices viewed down the helix axis. Blue colors
indicate that the lines that connect equivalent points are in the first helix turn, the red
lines (for the 2- and 3-turn repeats) are in the last turn (closest to the viewer) and the

black lines (for the 3-turn repeat structures) are in the second turn.

Fig. 4 illustrates the possible seven-fold helices with circles representing the
projected helical thread that connects equivalent points (French and Johnson, 2009).
Straight lines connect arbitrarily assigned equivalent points. It is initially helpful to think
of the equivalent points as the linkage oxygen atoms. In that case, the lines can
represent the O1—O4 virtual bonds of the glucose residue. The numbers around the
circles indicate the fractional height along the z-axis for the structure repeat,
regardless of the number of turns. For the right-handed helix in the lower left corner,
71, with seven residues in one turn, the height of the equivalent points starts at 0 and
increases toward the viewer after a counter-clockwise rotation of about 51.4° to the
second point at 1/7 of the helix repeat. A second 51° rotation gives a height of 2/7 of
the repeat and so-forth until one complete turn brings the equivalent point back to the
717 point where the helix generation process begins for a second turn.

For the 76 helix above it, also with seven residues in one turn, clockwise
rotations of 51.4° each produce the analogous left-handed helix. If a rotation of 309°
had been applied in a counter-clockwise sense from the 0/7 point, it would have
brought the equivalent point to the 6/7 point on the right-handed lower drawing. But

10
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that is in the exact same place as the 1/7 point on the left-handed helix and the path
is much shorter. This is why this left-handed helix is said to have 7¢ helix symmetry.

Looking at the 75 helix in the upper middle, the equivalent points are spaced at
102.9° clockwise increments. Thus 3.5 residues will be needed to complete the first
turn, the path indicated by the blue line that connects equivalent points. The path of
these lines connecting equivalent points for the second turn of the helix is indicated by
the red lines, taking again 3.5 residues to complete the second turn. Here, the 1/7
point indicates that the equivalent point has moved towards the viewer by one seventh
of the two-turn structure repeat distance.

The upper right diagram depicts the 74 helix. To get to the 1/7 point, a clockwise
rotation of 154.3° is needed, indicated by the blue line starting from the 0/7 point. Each
turn will have (7+3=) 2.3333 of the connecting lines. The height of the first turn is
reached after two lines connecting equivalent points plus one-third of the next line.
The second 360° turn of the helix includes the remaining black two-thirds of the O2—
O3 virtual bond, all of the O3—04 virtual bond, and two-thirds of the O4—Q5 virtual
bond, indicated by the black lines. That is followed by the red set of 2.3333 lines that
bring the third sequence to the structure repeating point of the three-turn helix (7/7).

A few more observations complete these explanations. If a structure has only
two residues per turn, the distance between equivalent points is the same regardless
of whether a clockwise or counter-clockwise rotation is used to reach the second point
180° away. A slight twist in either direction will create a helix that has a shorter distance
to the next equivalent point in either the clockwise or the counter-clockwise direction.
If the distance is shorter, then there will be more residues per turn. That is why there
are no helices with descriptions of fewer than two residues per turn. Also, it is important
to remember that the helical description applies to any given point, such as the C6
atom, and its equivalent points in other members of the helix. For this reason, a given
rotation would apply to all the atoms, and the chirality of the glucose residue itself
would be maintained, even though the sense, or chirality of the helix changes from
right- to left-handed. These distinct helical conformations, including the seven-fold
helix in the present structure and the five-fold helix in the sulfuric acid complex are
among the different reasons why it is not useful to describe cellulose as having a
cellobiose repeating unit (French 2017).

We built a model of the 73 and 74 helical cellulose chains using the corner chain
glucose residue of cellulose Ig (Fig. 5a) (Nishiyama et al. 2002). The two glycosidic

11
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torsion angles, ¢ (05-C1-0O1-C4) and y (C1-O1-C4-C5), of the 74 helix are -80° and -
132°, respectively, notably close to ¢ = -89° (center), -99° (corner) and g = -147°, -
142° in cellulose Ig. The 73 helix has a larger discrepancy in these torsion angles from
the two-fold helix, with @ = -122° and @ =-134°. Thus, the 74 helix only slightly twists
away from the two-fold helix. This conformation is energetically stable due to its
similarity to the 24 helical conformation, as shown in the conformational energy map
based on the B3LYP density functional theory calculations of cellobiose (Fig. 4b)
(French et al. 2012, 2021). Its ¢/y point (red cross in Fig. 5b) is within the 1 kcal/mol
contour relative to the global minimum. This contour circumscribes the known neat
(un-complexed) cellulose allomorph conformations (black crosses). On the other hand,
the 73 helix corresponds to an energy of about 2.7 kcal/mol. Unlike the chosen 74
model, which lies roughly in the center of the observed cellodextrin conformations from
the Protein Data Bank (green squares), the 73 helix model is in a very sparsely
populated area (French et al. 2012). Compared to the five-fold helix found in the
sulfuric acid complex, the 74 helix is more energetically stable. The most plausible
helical conformation in the sulfuric acid complex is a 53 helix with ¢ = -72° and g = -
132°, giving an energy of ca. 1.8 kcal/mol (black star in Fig 4b).
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Fig. 5 (a) Cellulose chain in 74 helical conformation. (b) Conformational energy map
of cellobiose based on SMD continuum solvation and B3LYP/6-31+G(d) energies. Red
and orange crosses correspond to the current structures with 74 and 73 helical
conformations. The black star corresponds to the 53 helical conformation in the sulfuric
acid complex. The black cross and green squares are for conformations of cellulose
allomorphs and for di- and oligosaccharide crystals from the Protein Data Base with
cellobiose linkage, respectively. The dotted diagonal line represents two-fold screw

conformations. (c) Molecular packing model of the cellulose-phosphoric acid complex.
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Based on the above-mentioned consideration of the conformational energy and
the solid-state NMR results, the 74 helix is the most likely conformation formed in the
phosphoric acid complex. We thus built a molecular packing model of the cellulose-
phosphoric acid complex composed of 74 cellulose helices, as shown in Fig. 5c¢. In this
model, cellulose chains are at the corners of the unit cell, leaving room for phosphoric
acid molecules at the center of the cell. Four phosphoric acid molecules stack along
the fiber axis in this central space. Considering the drastic change in the C6 signal in
the solid-state NMR spectra, the hydroxymethyl group should directly interact with the
phosphoric acid molecule. On the other hand, the complex may retain the
intramolecular O3-H...O5 hydrogen bond, the common feature in the neat cellulose
allomorphs, considering its conformational similarity with the 24 helix. The distance
between O3 and O5 in the 74 helix is 2.84 A, only 0.1 A longer than that in cellulose Ig
(Nishiyama et al., 2002).

The complexation with phosphoric acid caused unexpected changes in the
molecular conformation of cellulose. This complex is the first crystal structure
consisting of B-1,4 glycan chains in a seven-fold helical conformation. Together with
the five-fold helical conformation observed in the cellulose-sulfuric acid complex, the
seven-fold helix in this complex indicates the strong influence of the cellulose-acid
interactions on the packing and conformation of cellulose molecules. The long pitch
per glucose residue is another characteristic of this complex structure. In most
cellulose crystallosolvates, this value decreases compared to cellulose I, presumably
due to the solvation-induced structural relaxation. The stretched molecular
conformation may result from the spatial coordination of cellulose and phosphoric acid
molecules. A further crystallographic analysis based on an improved diffraction data
set is necessary to elucidate such finer structural details.

As aforementioned, the diffraction pattern of the phosphoric acid complex was
poorly resolved, and the radial width of reflections remained approximately the same
as the original cellulose lg. These observations are in striking contrast with the
cellulose-sulfuric acid complex, whose radial width of reflections were significantly
narrower than the original cellulose lg. We attributed this apparent increase of
crystallite size in the sulfuric acid complex to the increase in the interchain distance of
cellulose due to the incorporation of sulfuric acid molecules in the crystalline lattice (Li
et al. 2022). Although its unit cell is significantly smaller than the sulfuric acid complex,

14
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the interchain distance also increased in the phosphoric acid complex compared to
cellulose Ig. This lack of increase in the crystallite size implies the partial amorphization
or disorganization of the cellulose crystal domain during the swelling process in
phosphoric acid. While the preparation conditions of the complexes are nearly
identical for these two acid species, the swelling and complexation behaviors are
distinct between sulfuric and phosphoric acids.

Conclusion

We reported the formation of the cellulose-phosphoric acid crystalline complex
based on X-ray diffraction measurement and solid-state NMR spectroscopy at -40 °C.
This complex is the second known cellulose-acid complex and the first crystal structure
consisting of cellulose molecules in a seven-fold helical conformation. The occurrence
of the seven-fold conformation in this complex structure highlights the conformational
flexibility of cellulose in its solvated states. The range of structures includes the Na-
cellulose Il structure with n=-3, the sulfuric acid complex with a 53 helical conformation
(n=-2.5), the present phosphoric acid structure with a 74 helical conformation (n=-
2.333), and cellulose itself with n=2. We are currently conducting a further
investigation of the complexation behaviors of cellulose and mineral acids and a more
detailed crystallographic analysis of these complexes. Such efforts will improve our
understanding of the molecular interactions between cellulose and acids, which is
crucial for the optimal processing of cellulosic biomass.
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