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Abstract: This paper reviews principles, data interpretations, and applications of vibrational
spectroscopic methods used for analysis of cellulose in the isolated state and in plant cell walls or
lignocellulose biomass. The paper begins with reviewing the crystalline structures of crystalline
cellulose polymorphs and the principles of three different vibrational spectroscopy methods —
infrared (IR), Raman, and sum frequency generation (SFG) — complemented with density
functional theory (DFT) calculations. Then, it discusses the vibrational modes of crystalline
celluloses, how the chain orientation in crystalline domain is analyzed in each method, and how
the concentration and spatial distribution of crystalline cellulose domains interspersed in
amorphous matrices are manifested or analyzed differently in these three methods. Lastly, the
paper discusses examples of analyzing crystalline cellulose in plant cell walls or lignocellulose
biomass with IR, Raman, and SFG including spectroscopic imaging. One review cannot cover all
vibrational spectroscopy literatures on cellulose; this review aims at providing tutorial information,
using selected literatures and experimental data, needed to interpret nano-, meso-, and micro-scale

structures of cellulose in plant cell walls and lignocellulose biomass.

Keywords: Cellulose structures, infrared spectroscopy, Raman spectroscopy, sum frequency

generation (SFG) spectroscopy, plant cell walls, lignocellulose, biomass.
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1. Structures of Crystalline Celluloses
1.1 Cellulose chains at the molecular scale

Cellulose consists of a linear polymer chain of B-D-glucopyranose monomers connected
by 1,4 glycosidic linkages (Figures 1la and 1b). The glucan ring is folded into an arm-chain
configuration with all hydroxyl groups (O—H) located on equatorial positions and methine groups
(C-H) on the axial positions. The hydroxymethylene group (CH20H) at the fifth carbon (C5) from
the glycosidic bond can be positioned in three conformations (Figure 1c). In nature, the molecular
structure of an individual cellulose chain is intimately related to the polymerization mechanism
carried out by subunits of an enzyme complex in the plasma membrane which is usually called
cellulose synthase complex (CSC) in the case of plant cells and terminal complex (TC) in the case
of algae, bacteria, and tunicates (Nixon et al. 2016; Vandavasi et al. 2016). These enzymes place
each successive glucan unit rotated 180° around the chain axis to its nearest neighbor (McNamara

et al. 2015). Thus, the repeat unit is composed of the cellobiose moiety (C12H20010)n.
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Figure 1. (a) Perspective representation of two unit cells of cellulose If determined from X-ray
and neutron diffraction studies. The cellulose chain axis is along the c-direction and the
hydrophobic facets of the two alternate sheets are stacked along the a-direction. The C, O, and H
atoms are represented as black, red, and light gray, respectively. (b) Hydrogen bonding network
with perspective looking down the bc plane. The hydrogen bonding network contains three
hydrogen bonds 20-Hee+60 (black), 30-Hee50 (blue), and 60-He+30 (red). (c) Three possible
conformations, tg, gt or gg, of the OH group in the exocyclic C6H20OH group are shown on the
right glucose unit. The t and g characters stand for trans and gauche conformations, respectively.
The first italic character refers to the relative position between O5 and 06 (O5-C5-C6-06), and
the second italic character refers to the relative position between C4 and O6 (C4-C5-C6-06). y
is the angle between C5-O5 and C6-06 bonds. (d) Cross section view of a recent 18-chain model
for cellulose microfibrils. (Lee et al. 2015d; Lee et al. 2013b; Oehme et al. 2018)

1.2 Packing of cellulose chains into crystalline orders via hydrogen bonds and van der Waals

interactions at the nanoscale

Multiple cellulose chains are extruded simultaneously from CSCs of the plasma membrane
into the extracellular space (Cosgrove 2005; Li et al. 2016; Somerville 2006); because of the
uniform structure of linear homopolymers and the close proximity to one another, cellulose chains
coming out of CSCs are subsequently packed into crystalline fibrils. Although these fibrils are
~3.5 nm in diameter,(Zhang et al. 2016) they are called microfibrils. The O—H groups form inter-
chain hydrogen bonding interactions that stabilize the assembly of cellulose chains side-by-side
into sheets (Figure 1b). The C-H groups on the axial positions of the glucan ring are hydrophobic;
their van der Waals interactions stabilize the sheet stacking to form a three-dimensional crystal.
The number of chains within a single microfibril are approximately 18-36 in plant cell walls; the
most recent study elucidated that individual CSCs of plant cells contain 18 cellulose synthesis
enzymes (Hill et al. 2014; Nixon et al. 2016; Vandavasi et al. 2016). The most stable structure
predicted from computer simulations is shown in Figure 1d (Oehme et al. 2018). In the case of
algal cell walls, bacterial pellicles, and tunicate tunics, individual microfibrils contain more chains
and up to 15 to 20 nm thick (George and Sabapathi 2015; Moon et al. 2011; Sacui et al. 2014).

Cellulose is naturally produced in two crystalline forms — I and 1. Cellulose produced by

algae and bacteria are mostly in the la allomorph with varying amount of the I allomorph.
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Cellulose produced by higher plants and tunicates are the I3 allomorph (Atalla and Vanderhart
1984; Lee et al. 2013a). The biosynthesis of cellulose dictates that all chains have their glucan
reducing ends pointing in the same direction, thus cellulose Ia and If crystallites have the parallel
chain polarity within the crystal unit cell (Figure 2). The naturally synthesized cellulose
microfibrils are always mixed with matrix polymers or other components which vary depending
on growth conditions and stages of the cellulose-synthesizing organisms.(Albersheim et al. 2010)
High purity crystalline cellulose can be isolated through acid hydrolysis of cellulose-containing
cell walls or pellicles that relies on differences in kinetics of crystalline and amorphous phase of
cellulose and other polysaccharides (Borjesson and Westman 2015; Habibi et al. 2010).

B[N
TPy 4M NaOH
260°C | ~piha|——

Liquid NH, e,,,m_h_*_ (N

0.1M NaOH
—_—

Figure 2. Conversion of cellulose forming different polymorphs. The cross-sectional view shows
the lateral chain packing in the plane perpendicular to the chain axis. The parallel chain polarity is
shown with two red arrows pointing in the same direction, and antiparallel chain polarity is shown
with two red arrows pointing in the opposite directions.

Most of what is known of the crystal structure of native celluloses has been obtained from
diffraction studies of purified cellulose obtained from algae (Ia) or tunicates (IB) (Nishiyama et al.
2002; Nishiyama et al. 2003). These are the largest crystals found in nature (~20 nm in cross
section). The crystallographic models for algal and tunicate celluloses were refined with higher
accuracies because larger crystallites provide a greater number of diffraction peaks (Cullity 1978).
Models available for native cellulose produced in vascular plants are less accurate because
crystallites are an order of magnitude smaller (Fernandes et al. 2011; Thomas et al. 2012). To what
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extent or accuracy the cellulose crystal structure in land plant cell walls can be represented by the

large crystallites of cellulose isolated from aquatic species is debatable (Agarwal et al. 2018).

Figure 2 summarizes the polymorphic transition for cellulose reported in the literature.
Cellulose 1o can be converted to cellulose I3 through high-temperature annealing (Sugiyama et al.
1990; Wada et al. 2003); but the reverse process has not been reported. Upon treatment with a
strong alkali solution (typically, >4 M NaOH) followed by coagulation, cellulose la and I3 are
irreversibly converted to cellulose Il (Zugenmaier 2001). When cellulose | (both la and IB) and 11
are treated with liquid ammonia, then cellulose I, and Il are produced, respectively. All
allomorphs are chemically identical but differ in the 3-D arrangements of cellulose chains in the
unit cell. The most significant differences in crystal structures are the CH20H conformation and
chain polarity. Figure 1c shows the three possible orientations of the O6 atom of the CH.OH
exocyclic side group; it can be trans to O5 and gauche to C4 (called tg), gauche to O5 and trans
to C4 (called gt) or gauche to both O5 and C4 (called gg). Cellulose Ia and I have the tg
conformation, whereas cellulose 11 and 111 polymorphs have the gt conformation (Horii et al. 1983;
Wada et al. 2004). Cellulose Ia, I, and 111 have the parallel directionality for chains in the unit
cell, whereas cellulose Il has the anti-parallel chain polarity (red arrows shown in Figure 2) (Kim
et al. 2006; Langan et al. 2001; Lee et al. 2013a; Nishiyama et al. 2002). The mechanisms for the
inversion of chain polarity during conversion from cellulose I to Il are debated.

1.3 Distribution of cellulose crystalline domains or microfibrils in amorphous polymeric

matrices at the mesoscale

Crystalline cellulose is the product of a complex biological machinery. In plants, depending
on type and developmental stage, different sets of cellulose synthase (CESA) proteins are activated
to produce cellulose microfibrils. In land plants, cellulose is known to be produced by a rosette-
shape CSC with six lobes. Each of the lobes has enough space to fit three proteins (Nixon et al.
2016; Vandavasi et al. 2016). During cell growth, plants construct thin walls which can support
high turgor pressure and at the same time expandable to permit anisotropic cell wall growth; such
walls are called primary cell walls (PCWSs). Cellulose microfibrils in PCWs are placed or deposited

in a multi-lamella structure (Cosgrove 2014). In each lamella, cellulose microfibrils are
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synthesized with directionality different than the directionality of microfibrils in neighboring
lamella (Figure 3a) (Zhang et al. 2016). Apart from cellulose, other polysaccharide components
such as pectin and hemicellulose, and cell wall proteins can play a major role in plant growth.
Hemicellulose has long been hypothesized to have strong interactions with cellulose microfibrils
surface; however, this hypothesis is contested (Wang and Hong 2015; Wang et al. 2012) . Pectin
molecules forming a gel-like matrix surrounding microfibrils also have close interactions with

cellulose microfibrils (Wang and Hong 2015; Wang et al. 2012).

As plant cells stop growing, they start to thicken cell walls to mechanically support the
physical structure of plants; these walls are called secondary cell walls (SCWSs). As the SCW
grows, multiple layers named as S1, S2, and S3 are formed in which the dominant angle of
cellulose microfibrils with respect to the main axis of the cell is different. Compared to PCWs, the
packing of microfibrils in SCWs are more aligned along a specific direction, called microfibril
angle (MFA) with respect to the cell main axis (Figure 3b). The MFA varies from species to species
and even among S1, S2, and S2 layers (Barnett and Bonham 2004; Donaldson and Xu 2005).

Figure 3. Transmission electron microscopy (TEM) and atomic force microscopy (AFM) of
primary and secondary walls (a) TEM image of onion epidermal cross section, showing angle of
microfibrils in each lamella of primary wall (b) AFM image of onion epidermal cross section,
showing the multi-lamellar structure of primary walls (c) TEM of secondary cell wall in Radiata
pine tracheid, microfibrils in S2 layer have better organization than S1 (Donaldson and Xu 2005;
Zhang et al. 2016).
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1.4 Cellular variances in cellulose distributions at micro-/macro-scale (phenotype)

The type, amount, and mesoscale packing of cell wall polymers can differ. Plants have
more than 40 different cell types functioning various roles (Albersheim et al. 2010). The
orientation and packing of cellulose microfibrils and their interactions with other cell wall
components are intimately related with the functionality of individual cell types (Fujita and
Wasteneys 2014). Depending the cell function, it may form PCW only or PCW and SCW layers.
The wall formation also depends on the developmental stage of the cell. Cells with load bearing
functionality such as interfascicular fibers (IFFs) in angiosperms and xylem cells in gymnosperm
plants often develop thicker SCWs (Déjardin et al. 2010). The packing of microfibrils in IFF and
xylem secondary walls in Arabidopsis are different. Microfibrils in xylem cells are, in general,
more transversely packed compared to interfascicular fiber cells (Terashima et al. 2004; Zhong et
al. 2002). This could be related to the functionality of these walls. Epidermis cells that protect
plants from surrounding environments develop PCWs only, so that they can keep expanding while
plants grow. Although the epidermal wall is known as PCW, its matrix formation is different than
other types of PCW such as cortex and pith cells (Fujita et al. 2013). Understanding these
dissimilarities in various cell types can lead to better understanding on how matrix polymers are

packed and are interacting with each other to form a specific cell wall.

2. Basic Principles of Vibrational Spectroscopy — IR, Raman, and SFG

Infrared (IR) and Raman spectroscopy have been the most widely used vibrational
spectroscopic techniques for structural characterization of cell wall polymers. IR and Raman are
linear spectroscopy techniques where the induced polarization is linearly related to the electric
field strength. IR and Raman have been widely used to study cellulose, pectin, and lignin in PCWs
and SCWs. If specific components can be identified or represented with characteristic bands free
from interferences from other components, then their intensities can be used to estimate
concentrations in the sample using the Beer-Lambert principle (Banwell and McCash 1994).

However, if several components have common vibrational features and cannot be distinguished
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with characteristic peaks, then such identification and quantification of individual components
become difficult (Jolliffe 2011). This has been the case for IR and Raman analysis of cellulose in
plant cell walls and lignocellulose biomass.

A new type of vibrational spectroscopy method, sum frequency generation (SFG), has been
employed to cellulose. SFG is a nonlinear optical process in which the induced polarization is
proportional to the square of the electric field strength of light. If the system has random or
inversion symmetry, it cannot generate any SFG signal; only non-centrosymmetric system can be
SFG-active (Lambert et al. 2005; Wang et al. 2005). Thanks to this unique symmetry rule, SFG
can selectively detect crystalline cellulose without spectral interferences from other matrix
components in plant cell walls and lignocellulose biomass (Barnette et al. 2011). In plant cell walls,
crystalline cellulose is the only species that has no inversion symmetry and all other amorphous
matrix polymers cannot produce SFG signals. This section provides brief theoretical background
of these linear (IR and Raman) and non-linear (SFG) vibrational spectroscopy techniques. Figure
4 schematically illustrates photon absorption and emission processes as well as typical
experimental geometries involved in IR, Raman, and SFG spectroscopy.
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Figure 4. Illustration of electron transitions among vibrational and virtual electronic states
corresponding to IR absorption, Raman scattering, and SFG processes. The potential energy shown
here is for a simple diatomic molecule as a function of distortion of bond (x-axis) from the
equilibrium distance (xeq). The harmonic oscillator approximation is shown in the dotted line. The
vibration energy states and electronic transitions involved in IR absorption (red-up arrow on the
left) and Raman scattering (a pair of green-up/down arrow in the middle) and SFG (a combination
of red-up, green-up and blue-down arrows on the right).

2.1 Infrared and Raman spectroscopy — Linear Spectroscopy

The vibration energy states of a di-atomic molecule can be understood using a harmonic
oscillator approximation, where the chemical bond is modeled as a spring connecting two atomic
constituents with masses m, and m, at an equilibrium bond distance x,, (Figure 4). The spring
with a spring constant (bond stiffness) of k obeys the Hooke’s law. In other words, with small
displacements by dx from their equilibrium positions, particles are subject to a restoring force
E...(dx) = —k - dx. The harmonic potential energy is the restoring force times the displacement,

U(dx) = FE..cdx . The potential energy deviating from the equilibrium state is U(x) =
%k(x — Xeq)?. The potential energy function of a chemical bond is described as a parabola when

undergoing small displacements near the equilibrium position, and the curvature of the potential
energy function is equal to the spring constant k = d?U/dx? (dotted line in Figure 4). Solving the
Schradinger equation for an electron under the harmonic potential gives the quantum-mechanically

allowed vibrational energy states with the energy level:

1\ h |k
Bo=(v+3)5 i M
where h is the Planck constant and v is the vibration quantum number of the allowed state (v =

0,1,2,...), and p is the reduced mass of the system (m;m,/m, + m,).

In IR spectroscopy, the IR beam interacting with the sample is attenuated due to absorption
of the IR photon (red up arrow in Figure 4) corresponding to the electronic excitation from the
vibrationally ground state (v = 0) and to the first vibrationally excited state (v = 1). Thus, the IR

absorption peak is observed at a frequency:

10
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wr = (Ey=1 — Ey=9)/h = (1/27T)\/ k/u (2)

The wavelength of w is in the mid-IR region (25 — 2.5 um; 400 — 4000 cm™ in the wavenumber
unit) for vibrations of organic molecules. This simple di-atomic model shows the relationships
between the frequency (energy) of a vibrational mode and the bond strength (through k) and
reduced mass of atoms (through p) involved in that vibrational mode. Note that in the gas-phase,
each bond has a specific bond strength and hence k. In condensed systems such as plant cell walls,
a given bond strength can be altered via interactions with other atoms, so changes in k indicate
changes in bond strength that are induced by plant cell wall interactions. This is especially
important for hydrogen bonding interactions of O-H bonds (Libowitzky 1999; Novak 1974; Wang
et al. 2014a).

The guantum-mechanical selection rule states that the vibrational mode inducing a net
dipole moment change can be observed in IR spectroscopy.(Banwell and McCash 1994) Due to
this requirement, molecules containing polar functional groups (e.g., O—H and N-H) possessing
large permanent dipoles strongly absorb IR light and are readily detected in IR spectroscopy. In
an IR spectrum, the attenuation of IR is plotted in the unit of percentage transmittance (%T =
(I+/1,) x 100%) or absorbance (A = —log(I+/1,)). The intensity in the absorbance unit can be

related to the concentration of analyte through the Beer-Lambert Law (Robinson 1996).

In near-IR (NIR) spectroscopy, the electronic transition is from the ground state to a higher
excited state (typically, v =2 or 3) or involves excitation of two vibrational modes; these are
called overtone or combination bands, respectively. NIR spectroscopy will not be covered in this
paper; readers with interests in NIR can find other review papers (Siesler et al. 2008).

A transient dipole can be induced in the molecule through irradiation of photons in the
visible range (w,-ope) that promotes the electronic excitation from the ground state (v =0) to a
virtual energy state (green up arrow in Figure 4). In that case, the molecule is mostly relaxed back
to the ground state. This is the Rayleigh scattering and is elastic in nature; meaning that the energies
of the absorbed and emitted photons are the same. In contrast, the Raman scattering is an inelastic
process (green down arrow in Figure 4) where the molecule is relaxed from the virtual energy state

to the vibrationally-excited state (v = 1), emitting a w.4:+er PhOtoON at a frequency lower than the

11
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probing photon. The energy level difference between the absorbed and emitted photons coincides

with the energy level of a vibrational mode: Wraman = Wprove — Wscatter = (1/2n)\/k_/u
(Figure 4). A fundamental requirement for the Raman scattering is the net change in bond
polarizability during the scattering process.(Banwell and McCash 1994) In a Raman spectrum
(Figure 4c), the detected intensity is plotted as a function of the Raman shift units
(wpmbe — wsmm). Similar to IR, the Raman intensity can be linearly related to the concentration

of analyte through the Beer-lambert Law.

2.2 Sum frequency generation (SFG) vibrational spectroscopy — Nonlinear spectroscopy

SFG is a second-order nonlinear optical process that can occur in non-centrosymmetric
media (Shen 1984). Because the second-order nonlinear susceptibility of molecule is extremely
small compared to the linear susceptibility (such as dielectric constant involved in IR and Raman
spectroscopy) (Boyd 1999), SFG requires very high intensity electric fields; normally, pico- or
femto-second laser pulses with a high peak power are used. In a typical SFG setup, two laser beams
at different frequencies w, and w, are overlapped spatially and temporally at the sample surface.
If the non-centrosymmetric selection rules are satisfied at the sample surface or in the sample, a
SFG photon can be emitted at the frequency satisfying energy conservation: wgsp; = w1 +
w,.(Boyd and Boyd 2003) For vibrational spectroscopic analysis, one of the input photon energy
is tuned to the mid IR range (w; = 2.5-10 um). The second input photon (w,) is typically 532 nm
or 1064 nm if a pico-second laser Nd:YAG is used or 800 nm if a femto-second Ti:sapphire laser
is used. Mid-IR laser pulses are produced from these laser pulses through an optical parametric

generation and amplification (OPG/OPA) process.

As shown in the energy level diagram in Figure 4, the absorption of w; induces the
transition to the vibrationally-excited state with a change in dipole moment (red up arrow in Figure
4) and the absorption of wy;s provides up-conversion to a virtual energy state (green up arrow in
Figure 4). The transition back to the ground state (blue down arrow in Figure 4) is accompanied

by the emission of photon at wgp;. Upon scanning w;x across the frequency of a vibrational mode

12
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(w4) of a molecule, the wggg photon emission is enhanced when w;gr = w,. The wgpz emission

intensity can be expressed as (Boyd and Boyd 2003):

Meosra) o |y O sine? (1) 12 ®3)

I(wys)I(wir)

where I(wy;s) and I(wg) are the intensities of the visible and infrared laser pulses and y,;;® is

the second-order nonlinear susceptibility:

Zaﬁy(M(xﬁAy)
go(wg—wir—ily)

Xeff(z) < N (4)

where N is the number density of non-centrosymmetrically arranged vibrational groups, €, the

dielectric constant of vacuum, (M,zA, ) the angle-average product of the Raman polarizability

tensor and IR transition dipole moment vector, w, the frequency of the g-th vibrational mode, and
I, the damping constant of the mode. The last term in Eq.(3), sinc? (A’;—L) is the synchronization

factor which is a function of the phase mismatch between SFG, visible, and IR beams (Ak =

Esm - EV,S — E,R where k is the momentum of each light) and the sample size (L).

Eq.(4) shows that when w;g approaches the w,, the denominator of the )(eff(z) term
becomes small and thus the )(eff(z) value becomes large. In other word, the SFG process is
resonantly enhanced when w;r = w,. In addition, this equation shows that the vibrational mode
should be both Raman- and IR- active; otherwise, the numerator of the )(eff(z) term becomes zero.
If the molecule has an inversion symmetry, then its vibrational modes are either Raman-active
only or IR-active only; such molecules cannot be SFG-active. In addition to the non-
centrosymmetry at the molecular lever, the non-centrosymmetric distribution of molecules or
vibrational functional groups in space over a so-called coherence length is also important. The
coherence length (Lc) characteristic to SFG originates from the momentum conservation, also
called “phase matching”, of the nonlinear optical process mixing three waves (wggp¢, wy;s, and
wjg).(Boyd and Boyd 2003) It can be estimated from the synchronization factor: L. = 2/Ak
(Boyd and Boyd 2003). The SFG coherence length varies depending on the dispersion of refractive
index of the material being probed and the SFG detection geometry (Lee et al. 2014).

13
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In summary, each vibrational spectroscopic technique (IR, Raman and SFG) provides
complementary structural information due to differences in optical processes being responsible for
measured signals. For IR detection, vibration modes must have a net change in its dipole moment
during the vibrational excitation. For Raman detection, vibrational modes should have a net change
in the polarizability. In SFG, vibration modes must be non-centrosymmetric at the molecular level
and arranged without inversion symmetry over the SFG coherence length scale. Advantages and
limitations inherent to each technique in structural analysis of crystalline cellulose will be

discussed in the sections following the next sub-section.

2.3 Theoretical calculations of vibrational modes and their frequencies

For theoretical analysis of vibrational modes of cellulose, the most widely used quantum
mechanical method is density functional theory (DFT). DFT calculates structural and electronic
properties of a many-electron system by using functionals based on the spatially-dependent
electron density (Koch and Holthausen 2015). In organic crystals, van der Waals attractions play
important roles but are difficult to reproduce with conventional DFT calculations because DFT
does not represent the temporary fluctuations in electron density that occur in nearby orbitals. To
take van der Waals interactions into account, DFT with dispersion corrections (with acronyms of
D2, D3, DF1) based on empirical fitting of training sets from simple gas-phase molecules are
added (Dion et al. 2004; Grimme 2006; Grimme et al. 2010).

To obtain DFT vibrational frequencies, the molecular structure of the system is first
energy-minimized with respect to all atoms, then the second derivatives of the energy with respect
to all atomic coordinates (i.e., the Hessian matrix) are calculated (Koch and Holthausen 2015).
Finite-difference approximations or analytical solutions (Wilson et al. 1955) are used to calculate
to the Hessian matrix from which the characteristic resonance frequencies are derived. Periodic
modeling programs typically use finite-difference methods, but analytical solutions are also
available to calculate IR (Yamaguchi et al. 1986) and Raman intensities (Frisch et al. 1986) of
non-periodic models. The normal modes of vibrations are predicted from the eigenvectors of the
matrix and the vibrational frequencies are calculated from the eigenvalues of the matrix (Bucko et
al. 2011; Kubicki et al. 2013; Li et al. 2011). An example is shown in Figure 5.

14
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Figure 5. Frequency calculation of cellobiose performed in Gaussian 09 (Frisch et al. 2010) with
analytically calculated frequencies and IR/Raman intensities. Note that the C2-OH group is H-
bonded to the O5 atom which results in a lower vibrational frequency for this O-H stretch due to
weakening of the O-H bond. The 3830 cm™ mode involves two O-H groups, neither of which is
H-bonded. The positive charges on H and the negative charges O atoms change as the O-H bond
stretches. This vibration thus changes the dipole moment and the polarizability which affects the
IR and Raman intensities, respectively.

Constructing the initial structural model of crystalline cellulose for DFT-D2 calculations,
the atomic coordinates of the structural model determined from x-ray diffraction (XRD) can be
used (Nishiyama et al. 2002; Nishiyama et al. 2003). After the energy minimization, testing the
accuracy of the DFT calculations to the available experimental data is necessary. To test the energy
minimization step, the atomic positions could be compared to the XRD data. The benchmark XRD
experimental values include: bond lengths, bond angles and torsion angles as well as the unit cell
lengths and interaxial angles (Bucko et al. 2011; Kubicki et al. 2013; Li etal. 2011). Once the DFT
protocol for energy minimization is optimized, other calculations can be performed that include:
IR and Raman vibrational frequencies and **C NMR chemical shifts (Kubicki et al. 2013). The

predicted frequencies and NMR chemical shifts can then be compared to observed values.

Limitations of DFT calculations include the fact that the theoretical frequencies calculated

using the Hessian matrix under the harmonic approximation need to be re-scaled to match with the
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experimental values to account for the anharmonic nature of observed vibrational frequencies
(Johnson 111 et al. 2010; Laury et al. 2012). The OH stretch frequency is sensitive to changes in
hydrogen bonding interactions (Libowitzky 1999; Novak 1974; Wang et al. 2014a). Thus, the

accuracy in predicting the OH stretch frequency is limited.

The Hessian matrix analysis of the DFT-calculated structure can provide normal modes
and their frequencies (w, in eq.4); however, it cannot predict the peak intensity (the numerator
term in eq.4) and width (I in eq.4). To predict the peak intensity, one should use a method that
can calculate the electronic structure at the excited state in addition to the ground state. This is
done with time-dependent DFT (TD-DFT) calculations (Marques and Gross 2004). TD-DFT can
calculate the polarizability and dipole derivatives at the equilibrium geometry distorted along the
normal mode coordinates (Bishop et al. 1997; Reiher et al. 2003). Then, theoretical peak intensities
can be calculated. The peak width is a function of dephasing dynamics of vibrational polarization
(Velarde and Wang 2013). In most computational predictions of vibrational spectra using DFT
and TD-DFT, the peak width is typically chosen to match experimental spectral features rather
than being calculated with first principles models.

3. Vibrational Modes of Crystalline Cellulose

Figure 6 compares the IR, Raman, and SFG spectra of cellulose I3. Some of characteristic
peak positions are marked in each spectrum. The vibrational modes involving polar groups such
as OH stretches in the 3200 — 3600 cm™ and C-O stretches near 1000 cm™ are relatively stronger
in IR, but weak in Raman. In both IR and Raman spectra, the CH and CHz stretches in the 2800 —
3000 cm* region are prominent. The 2904 cm™ peak is dominant in both IR and Raman spectra of
this region, but that peak is absent in SFG and the peak at 2944 cm™ and the shoulder at 2968 cm-
1 are prominent in the SFG spectrum. Based on the Beer-Lambert law, the most dominant peak in
IR and Raman spectra could be assigned to the most abundant species. In the cellobiose monomeric
unit, (C12H20010)n, Of cellulose, there are 10 axial CH groups and 2 exocyclic CHz groups; thus,
the 2904 cm™ main peak in IR and Raman is likely due to the vibrational modes involving these
axial CH groups. In that structure, the equal number of axial CH groups are pointing the opposite
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382  sides of the molecular plane. Thus, it could be argued that the symmetric arrangement of axial CH
383  groups may make the 2904 cm™ peak inactive in SFG (Barnette et al. 2011). Further details of
384  peak assignments or interpretation require comparison with computational calculations.
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385

386  Figure 6. Comparison of IR, Raman, and SFG spectra of pure cellulose If film. The SFG
387  polarization combination is ssp; details of SFG polarizations are explained in Section 3.3.3.
388  (Barnette et al. 2011; Lee et al. 2015d; Lee et al. 2013b)

389
390 3.1 Peak assignments for native cellulose (18 and I« allomorphs)

391 The vibrational modes of crystalline phases are complicated because all functional groups
392 are connected through the inter-molecular hydrogen bond networks as well as the intra-chain
393  covalent bonds, imposing structural constraints of all atoms to be positioned at specific locations
394 in the crystalline lattice. Assignments of cellulose vibrational peaks cannot be done through
395 comparisons with similar peaks in the same frequency range observed for small molecule

396 analogues. In isolated molecules in the gas or liquid phase, the internal vibrations of molecules are
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independent from of other molecules. However, in the crystalline domain, no molecular units can
vibrate independently from others. The vibrations of functional groups are all coupled through
covalent bonds and other constraints (such as hydrogen bonds). In other words, the vibrational
modes of cellulose detected in IR, Raman, and SFG should be considered like phonon modes of

inorganic crystalline solids (Ruppin and Englman 1970).

An attempt has been made to assign each peak in the vibrational spectrum of cellulose to a
specific single functional group based on spectral changes after selective OH/OD exchanges or the
directionality of OH group in the unit cell with respect to the chain axis (Fan et al. 2012; Hofstetter
et al. 2006; Maréchal and Chanzy 2000). However, it is inappropriate to consider, for example, the
isolated vibration of the O6-H group of one chain. That is because, when it vibrates, it will affect
the O3-H group of the next chain to which the O6-H group is hydrogen-bonded, which may affect
the motions of the C atoms in the arm-chair ring because the O3-H group is hydrogen bonded to
the O5 atom of the ring (see Figure 1b). A more advanced approach would be computer simulation
approaches. The first attempt was made by Blackwell and co-workers (Cael et al. 1975); however,
the crystal structure used in that study was not accurate.

DFT-D2 calculations with the cellulose la and I structures using the best known crystal
structures from x-ray and neutron diffractions were carried out recently (Lee et al. 2015d; Lee et
al. 2013b). In these studies, all atoms were initially allowed to fully relax from the experimentally-
determined coordinates during the energy minimization process and then found that the peak
positions for the OH stretch bands were significantly lower than the experimentally observed
values (Lee et al. 2013b). This was due to the maximization of the hydrogen bonding interactions
for energy minimization to the lowest possible value. When the C and O atoms in the crystal
structure were fixed to the coordinates determined by the diffraction study and only H atoms were
allowed to relax during the energy minimization, then the calculated OH peak positions were in
better agreement with the experimental values (Lee et al. 2015d). Figure 7 displays some of the

vibrational modes simulated from these DFT-D2 calculations.
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Figure 7. Vibrational modes of cellulose I3 simulated from DFT-D2 calculations. (a-d) represents
OH stretch modes which is a combination of different OH groups motions. (e-f) CH2 asymmetric
and symmetric stretch which are coupled with CH stretch on the ring. (g) CH2 bend mode which
is fairly isolated showing very weak coupling with other vibrations. (h-i) skeletal vibrations,
showing bending and stretching in armchair atoms and glycosidic C-O-C bonds. (j) vibration mode
used in IR spectroscopy to measure cellulose crystallinity. (k-1) vibration modes used to calculate
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the crystallinity in Raman spectroscopy. Movies of all vibrational modes shown here can be found
in the Supporting Information (Kafle et al. 2017; Lee et al. 2015d; Lee et al. 2013b).

Figures 7a — 7d show four modes in the OH stretch region. No mode can be assigned to a
single OH group; all OH stretch modes visualized from DFT-D2 calculations show collective
motions of the O2H, O3H, and O6H groups with varying degrees of contribution for each OH
group. This vibrational coupling is due to hydrogen bonding interactions. Figures 7e and 7f display
the CH stretch modes coupled with the CH2 asymmetric and symmetric stretches, respectively.
Even the stretch vibrations of the CH2 group of the exocyclic side chain are coupled with those of
the CH groups in the six-membered ring. Figure 7g show the CH2 bend mode. This mode appears
to be fairly isolated from or negligibly coupled with the motions of other atoms in the cellulose
crystal. Figures 7h and 7i exhibit two modes involving stretching and bending motions of atoms
in the armchair rings and the glycosidic C-O-C bonds. In the case of skeletal vibrations in the 1000
— 1200 cm region, the vibrational peak cannot be assigned to a single C-C or C-O bond. The peak
at ~1160 cm™ has been attributed to the C-O-C glycosidic bond stretch (Chen et al. 2010; Popescu
etal. 2007; Wilson et al. 2000); however, Figure 7h shows that it cannot be assigned the glycosidic
bond only; when the C-O-C links are vibrationally excited, then all other atoms in the rings
attached by that linkage are affected (Kafle et al. 2017).

Figures 7j -71 display vibrational modes used for crystallinity calculation (see Section 4.1).
These are the modes existing only in the crystalline phase because they are subject to specific
structural constraints of the crystalline lattice to which amorphous phase chains are not subjected.
The 710 cm™* mode shown in Figure 7j includes out-of-plane bending of C-O-C glycosidic bonds
and O2H and O3H groups and in-plane distortion of armchair rings (movement of each bond can
be seen in movie S7J in the Supporting Information). The 380 cm™ mode shown in Figure 7k has
been used in Raman spectroscopy for measuring crystallinity of cellulose. It involves out-of-plane
bending of C-O-C glycosidic bonds and O6H groups coupled with simultaneous expansion and
contraction in all rings. The 93 cm™ mode shown in Figure 71 is also used in Raman spectroscopy
for cellulose crystallinity calculation. The twisting of the entire chain along the c-axis of cellulose
crystal is obvious from movie S7L in the Supporting Information. The alternative out-of-plane

vibration of C5-O6-C1 of the six-membered rings creates a twist of chains in the crystalline lattice.
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Comparing these DFT-D2 calculation results (Lee et al. 2015d; Lee et al. 2013b) with
experimental spectra reported in the literature (Abidi et al. 2008; Blackwell 1977; Blackwell et al.
1970; Kacurakova et al. 2000; Kafle et al. 2017; Lee et al. 2013a; Szymanska-Chargot and Zdunek
2013; Tsuboi 1957; Wiley and Atalla 1987), tentatively peak assignments for vibrational peaks
observed in IR, Raman, and SFG spectra of crystalline cellulose lo. and I are made and

summarized in Table 1. It is difficult to accurately describe complicated motions of atoms in script.

Table 1. Positions of vibrational peaks of cellulose lo. and Ip observed in IR, Raman, and SFG
spectroscopy with tentative assignments.
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Frequency Assignment Reference

93 cm! Twist along the chain direction (Figure 71) (SI, Movie S7TL) This paper

380 cm! Stretching of glucose ring (Figure 7k) (SI, Movie STK) Lee atal. 2013b

Twisting along chain direction, Ip

710cm? (Figure j) (SL Movie S7J) Lee at al. 2013b
740 cm? Twisting along chain direction, Ia Lee atal. 2013b
896 cm! Glucose ring deformation Blackwell 1977
970-1050cm! C-C and C-O vibration Tsuboi 1957

1090-1120 em! Skeletal deformation (Figure 7h) (SI, Movie S7H) Lee atal. 2013b
1160 cm! Skeletal deformation (Figure 7i) (SI, Movie S7I) Lee atal. 2013b
1315em! C-C-H, C-0-H, and CH, bending Blackwell 1977

i le

1338-1378 cm'! C-C-H. C-O-H, and O-C-H thﬁz 2317

1470 em! CH, bending (Figure 7g) (SI, Movie S7G) Lee atal 2013b
2850-2880 cm! CH, symmetric stretching (Figure 7f) (SI, Movie S7F) Lee atal 2013b
2894-2904 cm'! CH stretching Lee atal 2013b

2944 cm! 2968 cm!  CH, asymmetric stretching (Figure 7e) (SL, Movie S7E) Lee atal 2013b

3240 cm! Stretching of intrachain 20-H---60, la Lee atal 2013b

Stretching of intrachain 20-H---60, I

(Figure 7d) (SI, Movie S7D) Lee etal. 2015d

3270 cm!

Stretching of coupled 20-H---60-H---30-H---50

(Figure 7¢) (SI. Movie S7C) Lee etal. 2015d

3300-3330 cm!

Stretching of intrachain 30-H---50

-1 e e
3370cm (Figure 7b) (SL. Movie S7B) Lee etal. 2015d
Stretching of intrachain 60—H---30
-1 e e
3410cm (Figure 7a) (SL. Movie S7A) Lee etal. 2015d
T R . .
3450 eyl Weakly hydrogen bonded OH groups Lee et al. 2015d
on the surface of crystal
470
471
472 If IR and Raman spectra of pure components are compared, it is possible to distinguish

473  cellulose from other matrix polymers in plant cells such as pectin, hemicellulose, and lignin.
474 However, this distinction is challenging for IR and Raman spectra of plant cell walls although it
475  has been attempted. The main reason is that the linear spectroscopy detects everything in the beam
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path and the differences between crystalline cellulose and other matrix polymers are subtle. This
IS because matrix polymers have the same functional groups as cellulose — C-H, C-C, C-0O, and O-
H.

Figure 8a compares the fingerprint region of the IR spectra of crystalline cellulose (modeled with
Avicel), amorphous cellulose (produced by ball milling), xyloglucan, and polygalacturonic acid
(PGA, as a model for pectin). Studies (Blackwell et al. 1970; Schwanninger et al. 2004; Wilson et
al. 2000) have observed the peak at 1160 cm™ as a characteristic peak for the glycosidic bond
vibration in the crystalline cellulose. However, the data shown in the inset of Figure 8a show that
all polysaccharides have the peaks at the similar location; thus, resolving them into different
species would be extremely difficult. The band in the 1140 — 1160 cm™* region is sharper than the
band in the 1000 — 1000 cm™ region but not sharp enough to distinguish the subtle differences
among species. This band is not purely due to the C-O-C glycosidic bond vibration only (Figure
7i). In contrast, IR and Raman are useful to detect pectin and lignin species, respectively. The
carboxyl groups (-COOH, -COOCH?3) of pectin molecules have characteristic bands near 1750 cm-
Lin IR (Sene et al. 1994; Synytsya et al. 2003). The aromatic groups of lignin have characteristic
bands at 1600 — 1650 cm™ in Raman (Agarwal and Ralph 1997; Northey et al. 2000).

(a) 1030 (b)
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-2944

1110 1140 1170 1200

Avicel

Absorbance (a.u.)
ISFG/(IVis X I\R)

Xyloglucanﬁ

Ball-milled Avicel

 Lignin

800 1000 1200 1400 1600 1800 2800 3000 3200 3400 3600 3800
Wavenumber (cm™) IR wavenumber (cm™)
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Figure 8. (a) IR spectra of Avicel (crystalline cellulose), xyloglucan, polyglutrunoic acid, and ball-
milled Avicel (amorphous cellulose). (b) SFG spectra of Avicel, carboxymethyl cellulose (CMC),
xylan, xyloglucan, and lignin. Note that except the Avicel spectrum (the intensity of which is
reduced to compare with others), there are no discernable peaks above the noise level for
amorphous polymers. The SFG polarization combination is ssp. (Barnette et al. 2011; Kafle et al.
2017)

In SFG analysis, the situation is opposite. Figure 8b compares the SFG spectra collected
for Avicel, carboxymethyl cellulose (CMC; cellulose gum), xylan, xyloglucan, and lignin. All
matrix polymers in plant cell walls are amorphous; thus, they cannot produce any detectable SFG
signals. Cellulose derivatives are amorphous, so they cannot generate SFG signals either. Only
crystalline cellulose can generate SFG signals effectively due to the non-centrosymmetry in its
crystalline structure (see Section 2.2). Thus, SFG is highly efficient for selectively probing
cellulose in plant cell walls. Note that SFG cannot detect pectin, hemicellulose, and lignin in plant
cell walls; however, if their compositions or structures are modified in plant cell walls through
genetic mutations or environmental stresses, then the cellulose deposition pattern in plant cell walls

may be altered and such changes can be detected with SFG (see Section 5.3)

3.2 Detection of cellulose polymorphism

Polymorphic structures of crystalline cellulose can be distinguished with IR, Raman, and
SFG. Figure 9a compares the IR spectra of cellulose I, II, III; and I1ln (Lee et al. 2013a). The
most prominent difference is the OH stretch bands that are sensitive to the hydrogen bond networks
in the crystal structures (Figures 1 and 5). Cellulose I can be distinguished with the peak 3270
cm ! and cellulose la has a peak at 3240cm™ (Table 1). The characteristic feature of cellulose Il is
two peaks at 3450 cm™ and 3480 cm™ as well as a weak shoulder at ~3150 cm™. Cellulose 111
show only one peak at 3480 cm™ (Lee et al. 2013a). In Figure 9a, the characteristic feature of

cellulose 11 is not clearly seen due to a lower crystallinity.

In Raman spectra of cellulose polymorphs (Figure 9b) (Lee et al. 2013a), the OH stretch
intensities are relatively weak compared to the IR spectra. This is because the Raman signal is
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sensitive to the polarizability change, whereas the IR signal is to the dipole moment change (see
Section 2.2). In the Raman spectrum of cellulose I, the peak with a large contribution from the
CH2 bending mode can be seen at 1470 cm™, while that peak is shifted to ~1460 cm™ in spectra of
other allomorphs. This can be attributed to the difference in the conformation of the CH.OH
exocyclic side chain (Figure 1c). Cellulose 1B (and cellulose la. as well) has the tg conformation,
while other allomorphs have the gt conformation (Lee et al. 2013b) . Another difference is that
cellulose IB show no peak at 576 cm™; other crystalline allomorphs have a noticeable peak at 576
cmL. Also, cellulose IB has a strong peak at 380 cm™, and other allomorphs have a strong peak at

356 cm™.
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Figure 9. (a) IR, (b) Raman, (c) SFG spectra of cellulose I, II, 11, and 1n (Lee et al. 2013a).

(d,e) Comparison of cellulose in Glaucocystis and Halocynthia (Lee et al. 2014). (f) SFG spectra
of cellulose produced by Glucanacetobacter upon heating in 0.1M NaOH. In (c-f), the SFG
polarization combination is ssp.

In the case of SFG study, the CH/CH2 stretch and OH stretch regions have been studied
and reported, while the IR and Raman studies include comparison of spectral features in the

fingerprint region (<1500 cm™). The high degree of vibrational mode coupling in the fingerprint

25



541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

557
558
559
560
561
562
563
564
565
566

567

568

regions (Figure 7) makes the interpretation of the SFG non-linear optical signals complicated.
Figure 9c displays the SFG spectra of cellulose IB, 11, 111, and 111 (Lee et al. 2013a). The main
peak in the CH/CHz stretch region is 2944 cm™ for cellulose IB, while it is ~2964 cm™ for other
allomorphs. Similar to the 1470 vs. 1460 cm™ band in Raman, this difference could be attributed
to the difference in the tg and gt conformations of the CH20H exocyclic side chain in the crystal
unit cells (Lee et al. 2013a). In the OH stretch region, cellulose I and 111, have strong bands, and
cellulose 11 and Il have very weak or negligible bands. The relative intensities of the OH bands
can be correlated with the chain polarity in the unit cell. The cellulose chains in the unit cell of I
(and la. as well) and I1l; allomorphs are parallel, while those in of 1l and Il are antiparallel
(Langan et al. 2001). Thus, the OH dipoles in the cellulose Il and Il are likely to be cancelled
making them SFG-inactive (see Section 2.2). The symmetry cancellation effect is also observed
for theoretical calculations of SFG spectra of cellulose I and la crystals packed in the antiparallel
direction (Chen et al. 2017) (see Section 4.2). The symmetry cancellation effect for the antiparallel
chain packing in the unit cell is also observed in the comparison of amylose-A/B (parallel) versus
amylose-V (antiparallel) (Kong et al. 2014) and B-chitin (parallel) versus a-chitin (antiparallel)
(Ogawa et al. 2016).

Figures 9d and 9e compare the SFG bands in the OH stretch region of cellulose produced
by Glaucocystis and Halocynthia (Lee et al. 2014). The cellulose structures produced by two
species are often used as references for cellulose la (with a minor contribution of If3) and cellulose
IB, respectively (Imai et al. 1999; Watanabe et al. 2007). The spectrum in Figure 9d clearly shows
the 3240 cm™ peak (characteristic of la), while the spectrum in Figure 9e has the 3270 cm™ peak
only (characteristic of IB) and no peak at 3240 cm™. Figure 9f monitors changes in the OH-stretch
SFG spectral feature upon thermal annealing of bacterial cellulose which typically contains >70%
of cellulose la.. As cellulose la is converted to I (Figure 2), the 3240 cm™ component disappears.
The ~3370 cm™ component is also disappearing which may indicate that this mode is more

prominent in the la structure than the If structure (Lee et al. 2014).

3.3 Polarization dependence of vibrational modes of crystalline cellulose
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3.3.1 Polarization dependence in IR

In IR spectroscopy, the absorption intensity is greatly enhanced when the direction of the
net dipole moment change occurring during the vibrations coincides with the IR polarization
(Kafle et al. 2017). Figure 10a depicts a situation where the main axis of a sample is aligned along
the z-axis in the laboratory coordinate (x,y,z). Here, the cellulose chain axis (c-direction of
cellulose IB/la unit cell) can be defined with a set of Euler angles (0, ¢, ) with respect to the
laboratory coordinate. The dipole moment of a specific vibrational mode is defined with another
set of Euler angles (a, B,y) with respect to the chain axis. Figure 10b plots the theoretically-
calculated relative absorption (4, =1 —1/1,) as a function of IR polarization angle (Q) for
various angles (o) between the dipole moment and the z-axis (i.e., when 6 = 0°). When a. = 0°, Ar
=1latQ=0°and 0 at Q =90°. The ratio of relative absorptions at these two polarization angles is
the dichroic ratio, D=Ay/Ar1, representing the polarization anisotropy. Thus, D = o when o = 0°.
When o = 90° Aris 0 at Q = 0°and 0.5 at Q = 90° thus, D = 0. When o = 54.7°, then the IR
absorption intensity does not vary with Q; thus, D=1. This angle is called the magic angle. In this
case, it is not possible to distinguish if the angle between the dipole moment and the chain axis is

actually at 54.7° or completely random.
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Figure 10. (a) Polarized FTIR experimental setup for orientation analysis of uniaxially-aligned
cellulose crystallites where IR propagates along the x-direction and the main axis of sample is
placed along the z-direction of the laboratory coordinate (x,y,z). When the electric field of IR
oscillates along in the x-z plane of the laboratory coordinate (Q = 0 or 180°), it is parallel to the
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sample axis (los); when it oscillates along the x-y plane (2 = 90 or 270°), the polarization is
perpendicular to the sample axis (lo,1). The chain axis can be described with three Euler angles
with respect to the laboratory coordinate: 0 (tilt angle), ¢ (azimuth angle), and y (twist angle). In
the molecular frame, the Euler angles (o.,p,y) relates the orientation of the transition dipole () of
a specific vibration mode to the cellulose chain axis. The intensity of transmitted IR is denoted as
I, (parallel polarization) or 1. (perpendicular polarization). (b) Simulation of the relative
absorption as a function of polarization angle (€2) for various tilt angles (o) between the dipole
moment vector and the z-axis when the chain is aligned along the z-direction (i.e., 6 =0°). (Kafle
et al. 2017)

- 3350
-2 3375

3410

o
—~
o™
©

<3304

Absorbance

—— M

T T T T T T T T T T T T — T T T T T T T T T T 1
600 700 800 900 1000 1100 1200 1300 1400 15002800 2900 3000 3100 3200 3300 3400 3500 3600
Wavenumber (cm'w)

o o WNo
5 3 858
1.0 % % 0 8 M Mo
- - . [
c 0.8 £ ;
° ) !
B
S 06
w0
0
(L]
< 04
ko Mo . 1iis
[} /RUN AL I
X g2 J : iob A
h H N
y ; ! ‘J
0.0 l; .4:_ H VYRS Y )

» T T T T T T T T T T —T T T T T T :I T T T T T T T T T T T ‘II T T T 1
600 700 800 900 1000 1100 1200 1300 1400 15002800 2900 3000 3100 3200 3300 3400 3500 3600
Wavenumber(cm")

Figure 11. Transmission polarized infrared spectra, in (a) absorbance scale (Abs = —log(1/1,))
and (b) relative absorption scale (Ar, as defined in Figure 10a), of cellulose If crystallites
uniaxially-aligned along the z-direction as various polarization angles (€2).
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Figure 11 displays the transmission IR spectra collected at various Q2 angles using a thin
film in which cellulose If crystallites (isolated from Halocynthia) are uniaxially-aligned along the
z-direction (6 = 0°). For the orientation analysis, it is important to process the polarization
dependence data in the relative absorption scale (Ar) as defined in Figure 10a because the IR
absorption intensity varies with the cosine of the angle between the dipole moment (c) and the IR
polarization (). The quantitative analysis of the polarization dependence should not be done with

the absorbance data; this is an important difference from the concentration analysis using the Beer-

Lambert law in which absorbance is related to the concentration: Abs = —log (Ii) = abc where a
o

= absorptivity, b = beam path length, and ¢ = concentration (Robinson 1996).

Figure 12 plots the magnitudes of relative absorption for selected bands of uniaxially-
aligned cellulose I as a function of IR polarization angle (€2) shown in Figure 11b. Because many
of these bands are not well-resolved, the analysis requires peak deconvolution. The deconvolution
can be done with Lorentzian functions (Lee et al. 2014). The deconvolution results are shown in
the Supporting Information. Here, it is important to note that no band has the dipole moment

perfectly parallel or perpendicular from the chain axis. Again, this is the consequence of the

collective vibrational motions involving many groups in the crystalline lattice.

(b) ...

09 09

—3332/35°
-—3265/46°
—3383/46°
==3300/55°
—-—3450/58°

o
o
o
o

1162/30°

o
~
o
~

=)
o o
n ®
1 1 1 1
o o
n ®
1 I 1 1

o o
o
IS

Relative absorption

0.3

o
w
1

o
n
1

2904/68° 01]

o

o
=}
o
=}

— T T T T T T T
0 20 40 60 80 100 120 140 160 180
Polarizer angle (Q2), degrees

T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 @80 100 120 140 160 180

Polarizer angle (©2), degrees Polarizer angle (Q), degrees

Figure 12. Plots of the relative absorption (Ar) of various IR bands detected with the uniaxially-
aligned cellulose Ip crystallites as a function of the IR polarization angle (€2). The symbols are
experimental data and the lines are fit results using the theoretical model. The peak position and
tilt angle of each band are marked in each data.
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In Figure 12a, the dipole moment of the 710 cm® band is determined to be ~67° with respect
to the chain axis. This high tilt angle larger than the magic angle from the chain axis is consistent
with the normal mode predicted from DFT-D2 calculations shown in Figure 7j; the net dipole
moment of chain backbone vibrations in this mode appears to be close to the direction normal to
the chain axis. The 1430 cm™ mode involving CH2 bending motions (Figure 7g) has its dipole
moment about 36° tilted from the chain axis. In the past, the 1162 cm™ mode involving the C-O-
C glycosidic bond stretch coupled with the backbone vibrations was assumed to be along the chain
axis (Suslov and Verbelen 2006; Suslov et al. 2009; Wilson et al. 2000). Although it intuitively
made sense, the data shown in Figure 12a indicates that its dipole moment is actually ~30°s away
from the chain axis. This is understandable if one sees the movie associated with the mode shown
in Figure 7h (Supporting Information). In this mode, the glycosidic bonds along the chain
alternatively expand and contract, so the net dipole change of these vibrations along the chain axis
must be cancelled. At the same time, it can be seen that C2, C3, C5 and O5 atoms in the six-
membered arm-chair rings are moving as well as the C6H20OH side chains. The sum of all dipoles

associated with these skeletal vibrations must be off the chain axis by ~30°.

Figure 12b shows the Q-dependence of three CH/CH: stretch modes. The 2904 cm™ is
attributed to the collective motions of the axial C-H groups; thus, its dipole moment would be close
to the normal direction. The data in Figure 12b indicates that the dipole moment of the 2904 cm*
mode (Figure 7€) is ~68° from the chain axis. The 2944 cm™ mode also has the dipole moment
closer to the chain normal direction (~62°). In contrast, the dipole moment of the 2968 cm™ mode
is closer to the chain direction (~41°). Although not shown in Figure 12b, the data in Figure 11b
reveal that the intensity of the 2870 cm™ mode (Figure 7f) does not change with Q, indicating that
its dipole moment is at the magic angle (54.7°) from the chain axis. It is unlikely that the 2870 cm"

! dipole is completely random in the uniaxially-aligned crystallites.

Figure 12c plots the Q-dependence of six OH stretch modes. After deconvolution of the
OH bands, the 3300 cm™ mode (Figure 7c) appears to have the dipole moment close to the magic
angle (~55°). In Figure 11b, it can also be seen that the 3400 cm™ mode (Figure 7a) has the dipole
moment at 54.7° from the chain axis. The 3270 cm (Figure 7d), 3330 cm™, and 3380 cm* (Figure
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7b) modes have the dipole moment tilt angle of 40°, 35°, and 46°, respectively, from the chain axis.
In contrast, the 3360 cm™ and 3450 cm™ components are tilted about 58-59° from the chain axis.
Although the dichroic ratio at these two locations in the raw spectra looks larger than 1, the areas
of these two bands obtained from the peak deconvolution gives the dichroic ratio slightly less than
1. The intensity reading from the raw spectra can be affected by the overlap of nearby components
that have the Lorentzian line shape (for an example of peak deconvolution, see Supporting
Information). In other words, the dipole tilt angles of OH bands determined from the Q-

dependence could vary slightly depending on the peak deconvolution.

Overall, the dipole moment tilt angles measured with the polarization-dependent IR
analysis of the uniaxially-aligned cellulose IB are reasonably consistent with the collective
vibrational motions depicted from DFT-D2 calculations (Figure 7) (Lee et al. 2015d). These
transition dipole angles determined from the polarized IR analysis of the uniaxially-aligned
cellulose Ip are different from those expected from the unit cell structure of cellulose I. Figure
13 shows the molecular dynamics (MD) simulation results for a cellulose I3 microfibril (Lee et al.
2015d). From MD simulations, the geometry of each hydroxyl group can be assessed by plotting
the relative abundance of the OH bond polar angle (o) at each cross section as a function of azimuth
angle (B) (Figure 13b — 13g). Along the azimuth () axis, there are two peaks due to the P2:
symmetry of the unit cell. Along the tilt (o) axis, the 20H group is pointing downward (~160°)
and the 30H group is upward (~30°), while the 60H group is nearly normal to the chain axis
(~100°). All OH groups in the core have a narrow angle distribution in o (Figures 13b — 13d). The
20H and 60H groups at the surface of the cellulose microfibril have broader distributions in o
(Figures 13e and 13g); in contrast, the surface 30H group involved in intra-chain hydrogen bond
(30-H---50) has still a narrow distribution because of the stiffness of the microfibril (Figure 13f).
These simulation results imply that if the experimentally-observed OH bands for uniaxially-
aligned cellulose If3 crystals were to be attributed to individual OH groups in the chain, then the
measured o values would be around 20~30° and ~80°. However, the experimental values shown
in Figure 12c are between 35° and 59°. This discrepancy confirms that the OH stretch bands of
cellulose cannot be attributed to individual OH groups in the crystal unit cell; they are collective
motions of all OH groups in the crystal (as shown from DFT-D2 simulations, see Figures 7).
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Figure 13. Hydroxyl groups geometry from molecular dynamics (MD) simulations of a cellulose
microfibril containing 36 chains: (a) Energy-minimized structure of the microfibril (C=black,
O=red), hydrogen atoms are omitted for clarity. The value of a is the angle between the OH bond
axis and the microfibril axis (z-axis in (a); 6 = 0° in Figure 10a). The value of B is the azimuth
angle of the cross-section plane with respect to the b-axis of the bottom unit cell (y-axis in (a)). (b-
g) Angular distributions of the O-H groups averaged along the cellulose microfibril for the 16
interior chains (c-d) and the 20 exterior chains (e-g). The color scale represents the relative
abundance, with red signifying the highest occurrence. (Lee et al. 2015d)

3.3.2 Polarization dependence in Raman

Although the polarization-dependent IR analysis of the uniaxially-aligned cellulose give
the dipole moment tilt angle with respect to the chain axis, the polarization-dependent Raman
analysis provides the orientation of the polarizability (Atalla et al. 1980; Wiley and Atalla 1987).
When the sample is excited with the vertically (V) polarized light, then the emitted Raman signal
can be recorded at the vertical (VV) or horizontal (VH) polarizations. The relative intensities in
the VV and VH spectra reflect the polarized and depolarized components, respectively, of a

vibrational mode. Figure 14 displays the VV and VH Raman spectra of Valonia and ramie fibers
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(Wiley and Atalla 1987). These spectra show that the OH bands as well as the 1096~1098 cm'*
skeletal vibration mode are highly polarized (stronger in VV), while the CH stretch peak at ~2900
cm is highly depolarized (stronger in HV). The CH/CH: stretch modes at 2944 cm™ and 2968

cm* appear to be polarized (stronger in VV).

(a) (b)

LAY VV .
VH VH e bl el 1 i i i e bdd 4 4 4 PR W TR T N 3 3 b
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Figure 14. Polarized Raman spectra of (a) Valonia fiber and (b) ramie fiber. In these fibers,
cellulose crystallites are preferentially aligned along the fiber direction. The excitation beam is
vertically polarized (parallel to the fiber direction); the VV and VH means that the emitted signal
is vertically and horizontally polarized, respectively (Wiley and Atalla 1987).

3.3.3 Polarization and azimuth angle dependence in SFG

The polarization dependence of vibrational modes in SFG spectroscopy is much more
complicated than IR and Raman spectroscopy. That is mainly because SFG is a non-linear optical
process where the electric fields of three photons are mixed. In SFG, the polarization is defined
with respect to the laser incidence plane. The p- and s-polarizations means the electric vector of
the photon within and perpendicular, respectively, to the laser incidence plane. Since the laser
beam is irradiated from a certain angle from the surface normal, the p-polarized light interacts with
the surface normal and parallel tensors in the laser incidence plane, while the s-polarized light
interacts with the surface parallel tensor perpendicular to the laser incidence plane (Wang et al.
2005). In SFG experiments, the polarizations are expressed with a combination of three letters (p
or s) — the first letter is the polarization of SFG signal, the middle letter is the polarization of up-
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conversion light (532 nm or 800 nm), and the last letter is the polarization of tunable IR beam
whose energy is in resonance with the vibrational excitation. For example, the notation ssp means
that the SFG signal is detected in the s-polarization when the polarizations of the up-conversion
and tunable IR input beams are in the s- and p-polarizations, respectively. If the uniaxial alignment
axis is parallel to the sample surface (6 = 90° in Figure 10a), then the azimuth angle (¢) between
the alignment axis (chain axis) and the laser incidence plane should be considered in the analysis.
Also, if the cross-section of cellulose crystallites is in a rectangular shape, there could be some
preferential packing orientation of the facets with respect to the sample surface and this anisotropy
should also be considered (Chen et al. 2017).

Figure 15 compares the experimentally-observed azimuth angle dependences of the 2944
cm* and 3320 cm™* modes at four different polarization combinations with the TD-DFT calculation
results for representative CH/CHz and OH stretch modes (Chen et al. 2017). In the experimental
data shown in Figure 15a, the polar plots along the azimuth angle show four lobes. Except the spp
polarization case, the maxima of four lobes are not aligned parallel or perpendicular to the chain
axis. This might be because none of CH/CH2 and OH stretch modes has the dipole moment parallel
or perpendicular to the chain axis (see Figure 12). In the ssp polarization, the 3320 cm? intensity
is large when ¢ = 0° and 180° (i.e. the chain axis is parallel to the p-polarized IR field) and almost
zero when ¢ = 90° and 270° (i.e. the chain axis is perpendicular to the p-polarized IR field). In
contrast, the 2944 cm™* peak has finite intensities at ¢ = 90° and 270° and has very weak intensities
at ¢ =0°and 180°. This could mean that for a sample where cellulose microfibrils are preferentially
aligned, whether the predominant direction of microfibrils could be determined qualitatively from
the comparison of CH/CH2 and OH SFG intensities at two azimuth angles — one parallel to the
laser incidence plane and the other perpendicular to the laser incidence plane. At different
polarization combinations of the SFG experiment, the azimuth angle dependence will be different
(Figure 15a). If the chain axes of cellulose crystallites (c-axis of the unit cell) are randomly
arranged in the sample, then there will be no specific azimuth angle dependence in SFG (Barnette
et al. 2011).
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Figure 15. Comparison of azimuth angle (¢) dependence of dominant CH/CH: (2944 cm™) and

OH (3320cm™) SFG peaks of the uniaxially-aligned cellulose IB crystals at ssp, ppp, psp, and spp

polarizations. The c-axis of cellulose crystal is perpendicular to the azimuth rotation axis. (a)

Experimental data. (b) TD-DFT simulation data for the case where 72% of crystallites has the (110)
plane parallel to the sample surface and 28% have the (110) plane parallel to the sample surface.

(Chen et al. 2017)

Figures 15b compares the TD-DFT simulation results calculated for the uniaxially aligned
cellulose 1B cases. The simulation was carried out for the case where 72% of the crystallites have
the (110) facet parallel to the sample surface and other 28% have the (110) facet parallel to the
sample surface. This ratio was chosen based on the XRD analysis of the uniaxially-aligned
cellulose If film (Chen et al. 2017). Although the TD-DFT simulation results are not in perfect
agreement with the experimental data, the general trends are comparable with the experimental
data (Figure 15a).
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3.5 Distinguishing bulk and surface hydroxyl groups of crystalline cellulose

In studying the roles of cellulose microfibrils in plant cell walls or properties of polymer
composites engineered with cellulose nanocrystals, a question arises about interactions between
the cellulose and matrix polymers because they play critical roles in mechanical properties of the
system. Probing surface or interface species in the presence of the same species in the crystalline
bulk or in the amorphous matrix phase is often extremely difficult in IR and Raman spectroscopy.
Because the signal intensity in linear spectroscopy is governed by the Beer-Lambert law and the
surface or interfacial species in such systems are less than the bulk species, the IR and Raman

spectra are usually dominated by the bulk signals.

This problem can be addressed in SFG using the phase matching condition in non-linear
spectroscopy (Roke et al. 2004; Roke et al. 2003). At angles away from the phase-matched
direction of SFG, up-conversion, and tunable IR beams, the phases of these beams across the
scattering object are shifted, which ensures that signals from functional groups with opposite
orientations on either side of an object will not completely cancel out each other (de Beer et al.
2010; de Beer and Roke 2007; de Beer and Roke 2009). The theoretical framework describing the
SFG scattering has been developed for arbitrary shapes particles (de Beer et al. 2011). Using this
principle, it is possible to distinguish the contributions from the OH groups inside the crystalline
cellulose domain and those from the OH groups at the surface of crystalline cellulose.

Figure 16a illustrates the SFG scattering experiment carried out to demonstrate this
principle (Makarem et al. 2018). At the phase-matched direction, the OH signals inside the
crystalline cellulose are dominant. As the SFG detection angle moves away from this phase-
matched direction, the OH signals from the surface of crystalline cellulose will increases while the
bulk signal contribution diminishes. Figure 16b compares the ssp and psp SFG spectra collected
at the phase matched direction (0°) and a scattering angle of 45° (Makarem et al. 2018). The data
shows that at the 45° scattering angle, the SFG intensity at >3400 cm is significantly enhanced
compared to the main peak centered at ~3320 cm™. It is well known that the OH stretch band
position decreases as the hydrogen bond strength increases (Gorman 1957; Libowitzky 1999;
Novak 1974; Wang et al. 2014a). Thus, the data in Figure 16b indicates that the OH bands at
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>3400 cm™ in SFG spectra of cellulose can be attributed to the OH groups at the crystalline
cellulose surface which have hydrogen bonding interactions weaker than the OH groups in the

highly-packed crystalline bulk.
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Figure 16. (a) Experimental geometry to measure SFG signals of a cellulose crystal at the phase-
matching and scattering angles. (b) SFG spectra of a uniaxially-aligned cellulose I fiber collected
with the ssp and psp polarization combinations at the phase-matched direction (0°) and a scattering
angle of 45° (Makarem et al. 2018).

When crystalline cellulose is immersed in D20 at room temperature, the SFG signal at
>3400 cm? is suppressed due to the OH/OD exchange, while the signal at <3400 cm™ is not
affected (Makarem et al. 2018). That implies that the OH groups responsible for the SFG signals
at >3400 cm™ are readily accessible by D20 solvent molecules, but those at <3400 cm™ are not
accessible. A similar observation was also reported in IR analysis of crystalline cellulose (Tsuboi
1957). This difference in the OH/OD exchange activity also supports that the weakly-hydrogen
bonded OH groups exposed at the crystalline cellulose surface are detected at >3400 cm™. In
Figure 12c, the polarization IR analysis shows that the dipole moment of the 3450 cm™ component
is about 58° from the chain axis (close to or slightly above the magic angle). This may imply that
the surface OH groups are pointing away from the crystal surface, which would provide favorable

geometry for hydrogen bonding interactions with surrounding molecules.
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4. Concentration and Spatial Distribution of Crystalline Cellulose in

Amorphous Matrix

4.1 Concentration Dependence of Vibrational Peak Intensities

One of the key questions studied with vibrational spectroscopy is the quantification of
crystalline cellulose in the sample. The same question can be addressed with nuclear magnetic
resonance (NMR) and XRD (Lee et al. 2015a; Park et al. 2010; Wickholm et al. 2001). If
vibrational peaks specific to the crystalline order of cellulose can be identified without any
interference from amorphous cellulose and other matrix polymers, then this task can be done most
efficiently using the linear spectroscopy (IR and Raman) because the signal intensity can be
linearly related with the concentration of crystalline cellulose in the sample using the Beer-
Lambert law. Often peaks overlap with broad backgrounds originating from the amorphous phase
(for example, see Figure 8a). In that case, deconvolution of the crystalline peak from the
amorphous background is necessary. Then, the peak height or area of the deconvoluted crystalline

peak component can be correlated with the concentration of crystalline cellulose in the sample.

When reference samples with known crystallinity index (XRD) are used, then a simple linear
equation can be obtained from least squares fitting. Here, it should be noted that the XRD
crystallinity index (CI) is not an absolute value and varies depending on what method is used (Park
et al. 2010). Interferences between the crystalline and amorphous scattering signals in the
reciprocal lattice spacing are not a simple additive function. Changes in the crystal size can also
affect the CI value calculated from XRD calculation (Lee et al. 2015a). Depending on which
method is used to calculate XRD CI values (Park et al. 2010), the correlation with the vibrational
peak intensity may vary. Also, the CI represents the fraction of crystalline cellulose in the entire
sample, not the ratio between crystalline versus amorphous cellulose (unless the entire sample
consists of cellulose only). Thus, if the XRD Cl is calculated to be higher than the cellulose content
measured with chemical composition analysis methods, then the calculate Cl value is obviously
overestimated. The peak height method (also known as the Segal method) tends to overestimate

the CI value compared to other methods (Park et al. 2010).
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Figure 17a compares the Raman spectra of crystalline and amorphous cellulose samples
(Agarwal et al. 2018). The crystalline phase show two sharp peaks at 93 cm™ and 380 cm™ that
can be distinguished from the amorphous background. The 93 cm™ peak is attributed to twisting
of crystal along the c-axis of the crystalline cellulose (Figure 71) and the 380 cm™ peak is assigned
to the out-of-plane breathing of glucose rings along the chain axis. (Figure 7k). The signal intensity
of those two peaks correlate to each other very well (Figure 17b). By monitoring their intensities
of the samples with known CI values, an empirical equation can be obtained to convert their
intensities (either peak height or area) to the cellulose crystallinity (Figure 17b,c) (Agarwal et al.
2018; Agarwal et al. 2010).
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Figure 17. (a) Raman spectra of crystalline sample (Whatman CC31) and amorphous sample (ball-
milled for 120 min). (b) Correlations between the 93 cm™ and 380 cm™ Raman band intensities.
(c) Correlation between the 93 cm™ intensity and the XRD crystallinity calculated with the XRD
peak height method for a calibration sample set (Agarwal et al. 2018).

In IR, several peaks have been reported to be used for CI calculations. In typical Fourier
transform IR instruments using the KBr beam splitter, the cut-off frequency is 400 cm™. So, the
low wavenumber crystalline peaks seen in Raman are not observed in IR. The wavenumber
differences between the crystalline and amorphous peaks tend to become smaller as the vibration
energy increases (Oh et al. 2005); this makes the distinction between the crystalline and amorphous
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phase more difficult. In the case of cellulose I, the 720 cm™ band shown in Figure 7j could be
used for the Cl calculation. For cellulose la., the corresponding band is at 740 cm™ (Table 1). After
deconvoluting the background signal and normalizing with a peak that is not sensitive to
crystallinity, the intensities of these peaks could be used to calculate Cl. Figure 18 displays an
example of using the 710 cm™ intensity of cotton fibers calculating the CI and comparing it with
amount of crystalline cellulose in the sample determined with the Updegraff method at different

developmental stages of cotton (Kim et al. 2018).
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Figure 18. Correlation between the Cl value of cotton fibers calculated with the 710 cm™ mode in
IR and the cellulose content determine from a biochemical assay. (Kim et al. 2018)

Although the Raman- and IR-based CI calculation methods are demonstrated with the
control samples containing mostly cellulose or purely cellulose only, the background subtraction
becomes difficult when the cellulose content in the sample is low. Also, the peak deconvolution
becomes challenging when any of amorphous matrix polymers have strong absorption bands near
the cellulose peaks used for the CI calculation (for example, see Figure 8a). Compared to these
linear spectroscopic methods, SFG does not suffer from such interferences because only crystalline
cellulose is detected in SFG (Figure 8b). However, the quantitative conversion of the SFG signal

intensity to the crystalline cellulose content in the sample is complicated.

As discussed in Section 2.2, the SFG intensity is proportional to the square of )(eff(z) (eq.

3), which is in turn proportional to the density (concentration) of the non-centrosymmetrically
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arranged vibrational modes (functional groups). In other words, if all SFG-active modes are
arranged in the noncentrosymmetric way, the SFG intensity of such modes will be increase in
proportional to the square of their concentration. However, it they are arranged with the inversion
symmetry (as in the case of antiparallel packing of crystallites in the uniaxial alignment), then the

SFG intensity would be extremely small or negligible.
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Figure 19. (a) Computational models of cellulose If crystallites packed in the parallel (top) and
anti-parallel (bottom) directionality. The crystallites are viewed along the c-axis. In the top panel,
the (200), (110), and (110) surfaces of cellulose I are marked. In the laboratory frame, the laser
incident plane lies in the XZ plane. (b) Simulated ssp SFG spectra of uniaxially-aligned cellulose
IB crystallites with the parallel (top) and antiparallel (bottom) directionality. Note that the y-axis
scale of the top panel is larger by a factor of 4 than that of the bottom panel (Chen et al. 2017).

This principle is explained with TD-DFT calculations (Chen et al. 2017). Figure 19a shows
two crystalline domains aligned and stacked along the c-axis of cellulose I unit cell. Because the
OH dipoles are within the bc plane of the cellulose Ip unit cell (Figure 1b), when one domain is

rotated by 180° along the a axis, the two domains are antiparallel to each other. TD-DFT
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calculations show that the OH SFG intensity of the antiparallel-packed domains (Figure 19b,
bottom) is about 50 times smaller than that of the parallel-packed domains (Figure 19b, top). This
is because the OH dipoles are cancelled in the antiparallel-packed domains and enhanced in the
parallel-packed domains. The CH/CH2 SFG intensity is comparable in these two cases. That is
because the dipoles of coupled vibrational motions of CH and CH2 groups are pointing toward the
a-axis of the unit cell. Thus, the CH/CH2 SFG intensity could be related to the concentration of

cellulose if cellulose crystallites are uniaxially aligned within the SFG coherence length.

The non-centrosymmeric addition and centrosymmetric cancellation effects are not always
equal; because of the synchronization factor in eq.(3), they also depend on the distance between
such domains. Figure 20a displays the SFG spectra of uniaxially-aligned cellulose I crystallites
dispersed in a fibrin protein matrix (Makarem et al. 2017). Because the cellulose I8 crystallites
were randomly dispersed in the matrix initially and then aligned uniaxially through fiber pulling,
their directionalities are statistically random along the fiber direction; in other words, equal
probabilities of pointing the opposite directions. As the cellulose concentration increases in the
matrix, the inter-crystallite distance (I) decreases. The average value of | can be estimated assuming
perfect and equal separations among the crystallites. The spectra in Figure 20a show that as the
inter-crystallite distance decreases, the CH/CHz SFG intensity increases monotonically, whereas
the OH SFG intensity slightly increases and then decreases.
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Figure 20. (a) SFG spectra of cellulose Ip—fibrin composite fibers collected with the ppp
polarizations at the 45° scattering direction. The cellulose IB crystallites are fully dispersed abd
uniaxially aligned in the fibrin matrix. The distance between cellulose crystallites (1) is estimated
from the concentration of cellulose If in the composite. Dependence of the ppp SFG intensity of

42



929
930
931

932

933
934
935
936
937
938
939
940
941
942
943

944
945
946
947
948
949
950
951
952
953
954
955
956
957

(b) a CH mode and (c) an OH mode on the intercrystallite distance (I) simulated for cellulose
crystals uniaxially aligned without net polarity (antiparallel in average). The CH/OH ratio shown
in (d) is obtained by dividing the data in (b) with that in (c) (Makarem et al. 2017).

Using the symmetry cancellation effect shown in Figure 19 and the synchronization factor
shown in eq.(3), the dependence of the CH/CHz and OH SFG signals on the inter-crystallite
separation distance could be simulated (Figures 20b and 20c). When the separation distance among
cellulose crystallites is large, the OH SFG intensity appears to be governed by the density effect.
But at shorter distances, the symmetry cancellation effect appears to be dominant over the density
effect. However, this effect is insignificant for the CH/CH2 SFG signals. Because of this difference
in the symmetry cancellation effect for these CH/CH2 and OH modes, the 2944 cm™/3320 cm?
intensity ratio also changes as the concentration of cellulose crystallites varies (Figure 20d). This
simulation also shows that the CH/CH2 SFG intensity could be used for quantification purpose,
but not OH SFG intensity, if crystallites are uniaxially aligned with equal probabilities of pointing

two opposite directions.

When the crystalline cellulose domains are larger than the SFG coherence length and they
are mixed with amorphous matrix polymers, then the symmetry cancellation effect among those
gigantic crystallites is negligible. In such cases, it is possible to prepare reference samples with
known concentrations by mixing micron-size crystallites (such as Avicel or a-cellulose) and other
amorphous matrix polymers. When such samples are analyzed with SFG, an empirical calibration
curve can be constructed and used for quantification purposes (Barnette et al. 2012; Kafle et al.
2015a). Cautions must be taken because the degree of light scattering at the sample surface could
vary with the texture size. Also, because of the fourth-power dependence of the scattering process
on the wavelength of the light, the scattering loss of the CH/CH2 and OH SFG signals inside the
sample would be different (Lee et al. 2016). In addition, the attenuation of the probing IR and
visible beams inside the sample is different for the CH/CH2 and OH regions. Because of these
complexities in vibrational signal measurements as well as x-ray scattering processes, correlations
between the CI values calculated from vibrational spectroscopy and XRD analyses could be non-
linear (Lee et al. 2015a).
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4.2 Dependence of SFG Intensities on Meso-scale Assembly Patterns

EH & CH, slre:ch O‘H stret:h (d)
o< \
® )
L xs0
B 200 ; :
0 ™ (c) I

R N
T T T r T T 1
2800 2900 3000 3200 3400 3600

292
294
296

SFG Intensity (a.u.)

-1
Wavenumber cm

Figure 21. Comparison of SFG spectra (a,b) and AFM images (c,d) of uniaxially-aligned (a,c) and
randomly-packed (b,d) cellulose If crystals. Scale bar is 250 nm. Note that the SFG spectrum of
the randomly-packed crystals is magnified by a factor of 50 (Lee et al. 2014).

The non-centrosymmetry and phase synchronization requirements make SFG sensitive to
not just the concentration (inter-crystallite distance), but also the assembly pattern. When the
assembly pattern among cellulose crystallites varies within the SFG coherence length (Lc), then
the symmetry cancellation effect also varies. For example, the OH SFG intensity becomes weak
when cellulose crystallites are packed in the antiparallel fashion due to the symmetry cancellation
effect (Figure 19b, bottom). However, when they are packed randomly in space, such cancellation
effect is relatively weak because the phases of SFG signals from randomly arranged SFG-active
domains would be different.[doi:10.1038/nature03027] At the same time, the enhancement effect
of the CH/CH2 SFG signals will be reduced and could alter the peak shape too. So, the overall SFG
intensity of the randomly packed cellulose crystallites is much weaker than the antiparallel-packed
crystallites and the 2944 cm™/3320 cm* intensity ratio is much smaller (because the OH signal is
large), compared to the antiparallel-packed case. This principle can be seen in the experimental

data shown in Figure 21 (Lee et al. 2014). Because L. is on the order of a few hundred nanometers,
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this makes SFG useful to analyze the spatial packing or assembly pattern of cellulose crystallites

or microfibrils over the meso-scale length in the sample (see Section 5.3).

5. Applications of Vibrational Spectroscopy to analysis of cellulose in plant cell

walls and lignocellulose biomass

5.1 IR analysis of cellulose in plant cell walls

IR spectroscopy has been applied to study cell wall components, in particular, the
composition of matrix polymers and their variations at different stages of plant growth (Abidi et
al. 2008; Butler et al. 2015; Cintron and Hinchliffe 2015; Sene et al. 1994). However, due to the
presence of polysaccharides with similar chemical compositions and structures in plant cell walls,
assigning an individual peak to a vibration of a specific group of a specific component is
challenging. During the cell growth and expansion, the primary wall is made of multilamellar
cellulose microfibrils with other matrix polysaccharides and proteins dispersed between fibers
(Cosgrove 2005). As cell growth stops, the secondary cell wall starts to form, thickening the wall
with cellulose-rich layers, and then eventually lignin will be deposited (Kumar et al. 2015). IR
spectroscopy can be a useful tool to screen the variation in polysaccharides and proteins during

cell growth and maturation.

Figure 22 shows IR spectra of Gossypium Hirsutum cotton fibers in different
developmental stages (Lee et al. 2015c). Cotton fibers are highly-elongated epidermal cells. The
developmental steps of cotton fibers include elongation during which only primary wall is
deposited, then start of cell wall thickening in a transition state and eventually formation of a
thicker secondary cell wall during maturation. In Figure 22, the 13 and 17 DPA samples contain
primary walls only, the 18 — 22 DPAs represent the transition stage, and the 23-60 DPASs are the
secondary cell wall formation and maturation. The IR spectra of cotton fiber show a large number
of peaks associated with crystalline cellulose (1100 cm™ - 1300 cm'), pectin (1740 cm'), proteins
(1520 cm™ - 1620 cm™?), and water (bending of HOH at 1640 cm™ and OH stretch peak between
3150 cm*- 3600 cm™).
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Figure 22. (a) IR spectra of G. Hirsutum cotton fibers in different developmental stages from 13
to 60 DPA. (b) loading plot of principle component 1 (PC1) showing the most influential changes
in the spectra as the cotton fiber grows. C: Cellulose, W: Water, Pr: Protein, Pc: Pectin, and H:
Hydrocarbons. The inset plots the scores of PC1 versus DPA colored regions represent different
developmental stages: Blue: Primary wall synthesis, Yellow: Transitional layer synthesis, Purple:
Secondary wall synthesis, Green: Maturation stage. (Lee et al. 2015c¢)

The main variation in these vibration modes can be analyzed with principle component
analysis (PCA). The principle component 1 (PC1) shown in Figure 22b represents 90% of the
variance of the all spectra. The maturation of cell wall intensifies the peaks between 1100 cm™and
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1300 cm™ which most probably belong to skeletal deformations of crystalline cellulose. The peak
at 1160 cm™ becomes prominent between 21 DPA and 30 DPA, indicating the secondary cell wall
formation with highly crystalline cellulose. The 1740 cm™ peak, which is characteristic of pectin,
weakens as the secondary cell wall starts to form in 21 DPA and becomes negligible at 40 DPA.
The amide bands of proteins appearing between 1520 cm™ - 1620 cm™ also decrease in their
intensities. These changes are observed in the transition state; they are reflected as negative peaks
in the PC1 spectrum (Figure 22). The OH region of the PC1 spectrum has two components — one
is a broad peak at 3000 — 3600 cm™* with a negative intensity and the other is a sharp peak at 3250
— 3400 cmt with a positive intensity. The former represents the decrease in the water content in
the cell wall and the latter indicates the increase in the cellulose component. The score plot of PC1
versus DPA (Figure 22D, inset) clearly shows the development of cell wall growth stage from

primary, transition, and secondary thickening and maturation (Lee et al. 2015c).

If cellulose microfibrils in the sample have a preferential orientation, the averaged
orientation direction can be found from the dichroic ratio calculated from polarized IR
measurements at two angles, Q=0° and 90°. Let’s assume that cellulose microfibrils are distributed
around a preferential orientation axis tilted by 8 from the reference axis of the sample without
specific constraints in ¢ (see Figure 10a). Then, the average tilt angle (0) described by the second-
order Legendre polynomial term, P,(cos @) can be related to the measured dichroic ratio (D)
(Ward 1985; Wilkes 1971):

_3(cos?0)-1 _ . (D-1)
P,(cos8) = — (o (5)
2cot?a+2
where = Seot?a—1 (6)

For a vibration mode with a transition moment parallel to the cellulose chain axis, o =0° and C =
1. For a vibration mode with transition moment perpendicular to the chain axis, o = 90° and C =
—2.
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Figure 23. Theoretical calculation of the average tilt angle (6) of cellulose chain with respect the
IR polarization axis (Q2=0°) as a function of dichroic ratio (D) for four dipole tilt angles with respect
to the chain axis (o = 0° 30°, 70°, and 90°). See Figure 10a for the graphical description of angles
(Kafle et al. 2017).

Figure 23 shows how the dichroic ratio (D) is related to the average tilt (6) of cellulose
chains with respect to the IR polarization axis (Q2=0°) for four dipole moment angles from the
chain axis: o = 0°, 30°, 70°, and 90° (Kafle et al. 2017). In solving eq.(5) for any measured D, there
are two unknowns (0 and a); thus, the degree of freedom is +1. This means that it cannot be solved
for a sample with unknown orientation and unknown molecular structure. This can be seen
graphically in Figure 23; for any given D, the solution for 6 varies depending on a.. In the case of
cellulose I, the data shown in Figure 12 provide the a values for various IR bands. Some of the
corresponding vibrational modes can be seen in Figure 7. Thus, the preferential microfibril angle
(6) can be determined from the dichroic ratio measurement. If the a value of the vibrational mode
of interest is known to be less than or larger than the magic angle (54.7°), the only information that
can be obtained from the dichroic ratio measurement is if the preferential orientation is above or
below the magic angle — when o < 54.7°, D>1 means 6 < 54.7°; when a > 54.7°, D>1 means 6 >
54.7° (Suslov and Verbelen 2006; Suslov et al. 2009).
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Using the relationship shown in Figure 23, the average orientation of cellulose microfibrils
and pectin molecules in an epidermal cell wall of the onion scale fifth from the outside skin (Kafle
et al. 2017), which is often used as a model primary cell wall (Park et al. 2014; Zhang et al. 2013;
Zhang et al. 2017; Zhang et al. 2016). For the ~1160 cm™ band which involves vibrations of the
C-0O-C glycosydic bond and the arm-chair backbone of cellulose, the dipole moment is tilted about
30° from the chain axis (Figure 12a). But, it should be kept in mind that all hemicellulose and
pectin molecules show the band in this region (Figure 8a) and cannot be distinguished from the
cellulose band. Although the o value of the ~1160 cm™ band is not known for hemicellulose and
pectin, it could be assumed to be similar to that of cellulose. Then, the chain orientation calculated
from the dichroic ratio measured from the ~1160 cm™ band must be considered as the weighted
average of all polysaccharides in the epidermal cell wall. Pectin molecules have a characteristic
peak at 1745 cm (from the C=0 stretch). The dipole moment tilt angle from the chain axis is not
known for this band; but it can be assumed that its angle is higher than the magic angle since the
C=0 stretch dipole is pointing away from the chain. The o value for the 1745 cm™ could be

assumed to be ~70° (if it is assumed to be 90°, then the calculated 6 value is slightly different).

Figure 24 shows the chain orientations calculated from the dichroism of the ~1160 cm
and 1745 cm™* bands for an abaxial epidermal wall of the fifth scale of an onion bulk in the relaxed
(control) and two different mechanically-stretched states. The chain orientation values (54.1+0.8°
from the 1160 cm™ dichroism and 54.3+0.9° from the 1745 cm™ dichroism) in the relaxed state
are close to the magic angle (54.7°). This could mean two cases — (i) the molecular chain axes are
random in the cell wall or (ii) there exists some degree of preferential orientations with an average
angle of ~54° from the long axis of the cell. The onion cell walls often exhibit anisotropic
elongation under mechanical stress (Suslov and Verbelen 2006; Suslov et al. 2009). Also, SFG
analysis of similar onion epidermal walls suggested some degree of preferential orientations
toward the short axis direction of the cell (Kafle et al. 2014c). Combining these results, one might
say that the average angle of molecular chains in the epidermal cell wall is in fact close to ~54°,
not completely random. The data shown in Figure 24 also show that when the onion epidermal cell
wall is stretched in one direction, the average orientations of all polymers (both cellulose
microfibrils and pectin matrix molecules) in the cell wall are tilted toward the stretch direction by

similar amounts. These results imply that all cell wall polymers (not just cellulose microfibrils, but

49



1091
1092

1093

1094

1095
1096
1097
1098

1099

1100
1101
1102
1103
1104
1105
1106
1107

1108

also matrix polymers) are passively reoriented or tilted along the stretch direction by external

mechanical force.

Average chain angle with respect to
the long axis of the cell (degrees)

48

T T T T T
longitudinal control transverse
Elongation direction

Figure 24. Average orientation angle of cellulose microfibrils and pectin molecules in the control
and mechanically-stretched onion epidermal wall calculated from the ~1160 cm™ and 1745 cm'?
dichroism. The data were collected in the transmission mode, thus the molecular chains parallel to
the surface can be measured in this analysis (Kafle et al. 2017).

The linear dichroism analysis of IR absorption (eq.(5)) can also be used to find the
transition dipole angle with respect to the reference axis (Q2=0°). In the celery collenchyma, it is
known that cellulose microfibrils are aligned along the cell elongation direction (Thomas et al.
2012). The polarized IR spectra of cellulose in the celery collenchyma at 2 = 0° and 90° showed
the spectral features similar to the ones in Figure 11 (Lee et al. 2015d). When the dipole moment
angles p(a) of the OH stretch modes are calculated using eq.(5) and the distribution of cellulose
chain orientation from the 2D XRD analysis, the results are in good agreement with the data shown
in Figure 12c (Lee et al. 2015d).
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5.2 Raman analysis of cellulose in plant cell walls
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Figure 25. (a) Raman spectra of cotton fiber in different developmental gradients from 13 to 60
DPA. (b) loading plot of principle component 1 (PC1) representing the major changes in Raman
spectrum as the cotton fiber grows. C: Cellulose, W: Unsaturated hydrocarbon, and H: Long chain
alkyl groups. Inset plots the scores of PC1 versus DPA. The inset is score plot from 13-60 DPA.
The colored region shows different stages from primary wall synthesis to maturation. Blue:
Primary wall synthesis, Yellow: Transitional layer synthesis, Purple: Secondary wall synthesis,
Green: Maturation stage. (Lee et al. 2015c).

51



1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134

1135

1136

1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147

The developmental change of plant cell wall can also be monitored using Raman
spectroscopy (Atalla and Vanderhart 1988; Lee et al. 2015c; Sene et al. 1994). Raman
spectroscopy is particularly useful for detection of lignin components because the Raman bands
of aromatic rings in lignin do not overlap with other polysaccharide components (see Section 5.4).
Similar to IR, the Raman analysis can monitor changes in composition of amorphous matrix and
crystallinity of cellulose in plant cell wall. Figure 25 compares Raman spectra of G. Hirsutum
cotton fibers, the same set shown in Figure 22. During the primary cell wall stage (13-21 DPAS),
there is no peak discernable at 380 cm™, indicating that the crystalline cellulose content is low. As
the secondary cell wall starts growing after 23 DPA, the 380 cm™ peak becomes prominent. In the
PC1 specturm obtained from PCA analysis of these Raman spectra (Figure 25b), the peaks
belonging to crystalline cellulose are pointing positive and the peaks belonging to water and
proteins (1600 — 1700 cm™) and long alkyl chains of cuticle (two sharp peaks at 2850 cm™ and
2920 cm™) are pointing negative. Note that the OH stretch band of water (broad negative band
from 3000 — 3600 cm™) is not seen in Raman; this is just because Raman is not highly sensitive to
the OH strech of water. The score plot of PC1 of Raman bands (Figure 25b, inset) as a function of
DPA vary similar to that of IR bands (Figure 22b, inset).

5.3 SFG analysis of cellulose in plant cell walls

Due to the non-centrosymmetry requirement of non-linear optical process (see Section 2.2),
SFG can selectively probe crystalline cellulose in plant cell walls and lignocellulose biomass
without spectral interferences from amorphous matrix polymers such as pectin, hemicellulose, and
lignin. This is the main advantage of SFG over IR and Raman analysis, if the main goal is just to
detect cellulose (Barnette et al. 2011). However, due to the same non-centrosymmetry requirement
as well as the phase synchronization condition for three photons with different wavelengths, the
interpretation of SFG spectral features is not as simple as analysis of IR and Raman spectra which
requires only peak identification, deconvolution, and quantification. There has been a great deal
of understanding on SFG responses of crystalline cellulose interspersed in amorphous matrices
(Kafle et al. 2015b; Lee et al. 2015b; Lee et al. 2015c; Lee et al. 2014; Makarem et al. 2018;
Makarem et al. 2017; Park et al. 2014; Park et al. 2013) With recent advances in this subject, SFG
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became a powerful analytical tool for structural analysis of crystalline cellulose in intact plant cell
walls and lignocellulose biomass. SFG is now capable of determining polymorphic structures
governed by chain packing (structure at the nanoscale; see Figures 9c—9f), and spatial
arrangements of cellulose microfibrils in plant cell walls (structure at the mesoscale; reviewed in

this section), and variances among different cells (structure at the microscale; see Section 5.4).

Figure 26 compares SFG spectra of cellulose microfibrils in various types of plants as well
as a bacterial pellicle (G. xylinus) and a tunic of Halocynthia (Lee et al. 2014). The SFG spectral
features of cellulose microfibrils in air-dried, but otherwise intact, cell walls can be divided into
two groups — (i) a relatively large single CH/CH: stretch peak between 2900 cm™ and 3000 cm
and relatively weak OH peak in the 3200 — 3500 cm™ region (Figure 26a) and (ii) multiple peaks
in the 2900 — 3000 cm™* region and relatively large peaks in the OH stretch region (Figure 26b).
The SFG spectral pattern shown in Figure 26a is observed for cell walls of fully grown land plants
that are categorized as secondary cell walls — stems, woody tissues, and vegetative fibers. The
pattern shown in Figure 26b is observed for cellulose in algal cell walls, bacterial pellicles, tunics

of tunicates, and walls of young growing cell walls (called primary cell walls) in land plants.

Using the insights obtained from in Figure 19 (Chen et al. 2017) and Figure 21 (Lee et al.
2014), the spectral difference between these two groups can be explained with the meso-scale
packing of cellulose microfibrils. Secondary cell walls of land plants are known to have S1, S2,
and S3 layers with different thicknesses (Figure 3) (Barnett and Bonham 2004). In each layer,
cellulose microfibrils are aligned along a preferential axis. The angle between this axis and the
main cell axis is called microfibril angle (MFA). Each layer can have different MFAs (Barnett and
Bonham 2004). In each layer, cellulose microfibrils are deposited along this axis without specific
preference in polarity. In other words, the number of cellulose microfibrils pointing to one
direction would be equal to that pointing to the other direction. Thus, the net dipole would be zero.
In such cases, the OH SFG intensity becomes small due to the symmetry cancellation (Figure 19)
(Chen et al. 2017). Thus, the OH SFG intensities of secondary cell walls are generally weak and
often significantly weaker than the CH/CH2 SFG intensity when the cellulose concentration is high
(Figure 26a). In this structure, the 2944 cm™ peak is the main component in the CH/CHz stretch
region (Figure 26a).
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Figure 26. SFG spectra of cellulose in biological tissues. a) Mature secondary cell walls of land
plants: flax, ramie, cotton, Brachypodium, poplar, Arabidopsis, pine, maize and switchgrass. b)
Algal cell walls (Glaucocystis, Oocystis, Valonia, and Cladophora), cellulose biofilm produced
from G. xylinus, Halocynthia mantle, Onion epidermis and Arabidopsis aerial tissue. (Lee et al.
2014)

Primary cell walls typically consist of multiple lamellae; each lamella is a few tens of
nanometer thick (much thinner than the SFG coherence length) (Anderson et al. 2010; McCann et
al. 1990; Zhang et al. 2016). In each lamella, cellulose microfibrils are laid along some preferential
orientation, but that orientation is progressively changing among adjacent lamellae (Anderson et
al. 2010; Zhang et al. 2016). So, many possible orientations are likely to be found within the SFG
coherence length, which is similar to the situation of the randomly-packed cellulose crystals in

Figure 21 (Lee et al. 2014). Similarly, cellulose microfibrils in bacterial pellicles are deposited in
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random directions in two-dimensional lamellae (Lee et al. 2015b). In algal cell walls, cellulose
microfibrils are often deposited in the cross-lamellar fashion. In such situations, the symmetry
cancellation effect of OH dipoles within the SFG coherence length is relatively small compared to
the uniaxial and anti-parallel packing of fibrils. Thus, the OH SFG intensity is high — comparable
to or even larger than to the CH/CH2 SFG peaks (Figure 26b). For these non-uniaxial packing
structures, the multiple SFG peaks are observed in the 2920 — 2970 cm region and sometimes the

2944 cmt is a minor component (Figure 26b).

In IR spectroscopy, the attenuation of IR by water can interfere with detection of absorption
peaks of cellulose and other matrix polymers in primary cell walls in the fully hydrated state (Chen
et al. 1997; McCann et al. 1992; Wilson et al. 2000). Similarly, the amorphous scattering of water
makes it difficult to use wide-angle XRD for detection of diffraction peaks of crystalline cellulose
in native PCWs (Newman et al. 2013; Thomas et al. 2012). For that reason, primary cell walls
have often been analyzed in the dehydrated state. However, dehydration alters the gel-like
structures of pectin in PCWs (Ha et al. 1997; Jarvis 1992; Jarvis 1984); thus, dehydration can
change the porosity, thickness and rigidity of the cell walls, which may result in alteration of
cellulose — matrix polymer interactions (Wang et al. 2015) Such dehydration will not change the
molecular structure of cellulose microfibrils, but it can change the crystalline order or packing of
cellulose microfibrils because the (200) width of elementary microfibrils is only ~3.6 nm
(Donaldson and Xu 2005; Zhang et al. 2016) and a large portion of chains are exposed at the
microfibril surface interacting with water molecules and other matrix polymers (see Figure 1d).

Figure 27 shows how the SFG spectral features are changed upon dehydration and
rehydration of an onion epidermis cell wall used as a model primary cell wall (Huang et al. 2018b).
The most significant changes in SFG spectral features upon dehydration are the decrease in the
OH stretch band intensity and the disappearance of the 2944 cm™ accompanied by the appearance
or dominance of the 2920 and 2964 cm™ peaks in the CH/CHz stretch region. These changes are
associated with the decrease in the cell wall thickness by ~60% upon dehydration due to the
collapse of pectin network from the fully-hydrated hydrogel-like state to the collapsed glassy state
(Huang et al. 2018b). The collapse of pectin networks would not be uniform because of the
presence of load-bearing biomechanical hot spots in the cellulose microfibril network (Park and

Cosgrove 2012); this could result in inhomogeneous strains in cellulose microfibrils (Figure 27c).
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During this physical collapse, it is possible that cellulose microfibrils interspersed in the originally
swollen pectin network are subject to inhomogeneous physical deformation, as illustrated in
Figures 27b and 27c. Such deformation can decrease the coherency of OH stretch vibration modes
along the microfibril axis, which will reduce the OH SFG intensity. Inhomogeneous local strains
can also alter the coherency of CH/CHz: stretch modes such that symmetry-forbidden bands in the

relaxed state can become SFG-active in the strained state (Lee et al. 2014; Lee et al. 2013b).
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Figure 27. (a) Comparison of SFG spectra of cellulose microfibrils in the abaxial epidermal wall
of the fifth scale of onion bulb in the never-dried, air-dried, and re-hydrated states. (b,c) Schematic
representation of cellulose microfibrils in (b) fully-hydrated and (b) dehydrated primary cell walls.
cellulose microfibrils (green rods) are embedded in the pectin network (orange splatters) which
also contains a hemicellulose (red lines). (d) Relationship between full-width-half-maximum and
d-spacing of the (200) plane diffraction determined from XRD of cellulose in various dehydrated
plant cell wall samples (Huang et al. 2018b).

The fact that cellulose microfibrils in the dehydrated primary cell walls have locally
inhomogeneous strains, which was revealed by SFG, has a significant implication in XRD analysis
(Huang et al. 2018b). In XRD analysis, the full-width-half-maximum and d-spacing of (200)
diffraction peak of cellulose If are substantially increased for the primary cell walls compared to
cellulose in secondary cell walls (Figure 27d). The larger d-spacing might be due to strain in the

unit cell. The inhomogeneity in strain also increases the FWHM of the diffraction peak
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(Cammarata and Eby 1991; Cammarata 1994; Rivnay et al. 2011). This means that the FWHM of
the (200) diffraction peak is a function of the degree of inhomogeneous strains as well as the crystal
size. Thus, using the Scherrer equation with the FWHM value of the (200) diffraction peak
measured from XRD data of the dehydrated sample will lead to an error in estimation of the crystal
size or diameter of cellulose microfibrils in primary cell walls. It is possible to deconvolute the
inhomogeneous deformation effect in the FWHM of diffraction peaks, but it requires detection of
multiple sharp peaks for regression (Williamson and Hall 1953). Unfortunately, the XRD of
cellulose in primary cell walls gives only two or three broad peaks, which are too few to do

deconvolution.
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Figure 28. Azimuth angle dependence of the 2944 cm™ (CH/CH?2) and 3320 cm™ (OH) SFG peaks
of uniaxially-aligned cellulose microfibrils in (a) flax and (b) ramie fibers. SFG signals were
collected with the ssp polarization and the azimuth angle is defined as the angle between the fiber
axis (perpendicular to the azimuth rotation axis) and the laser incidence plane.

SFG can provide the cellulose microfibril orientation information in plant cell walls. The
basic principle is already explained in Figure 15 (Chen et al. 2017). Figure 28 displays the azimuth
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angle (¢) dependence of the ssp SFG signals of the 2944 cm™ (CH/CHz stretch) and 3320 cm'™?
(OH stretch) peaks of cellulose microfibrils in flax and ramie fibers. In these vegetative fibers,
cellulose microfibrils are highly aligned along the fiber axis. The average microfibril angle
calculated using XRD is ~9° for flax fibers and ~7.5° for ramie fibers (Bourmaud et al. 2013; Goda
etal. 2006). The 2944 cm™ peak has the maximum intensity around ¢ ~ 56° (consistent with Figure
15a). The 3320 cm™ intensity is maximum at ¢ = 0° and extremely small at ¢ = 90° at the ssp
polarization. Based on this data, it can be said that cellulose fibers are aligned more along the ssp

incidence plane when the 3320 cm™ / 2944 cm intensity ratio increases as ¢ decreases to 0°.

This simple empirical rule has been employed to find if the preferential orientation angle
of cellulose microfibrils averaged over the SFG probe volume is tilted toward to the main axis of
the cell or closer to the perpendicular direction of the cell main axis. The long and short axes of an
anisotropic cell are called longitudinal and transverse directions, respectively. Figure 29a displays
a picture of tension wood formed in a poplar stem grown under gravitropic stress and the ssp SFG
spectra collected at the parallel (¢ = 0°) and perpendicular (¢ = 90°) to the stem axis. The OH
signal is significantly stronger at ¢ = 0°, indicating that cellulose microfibrils in the tension wood
section are highly aligned along the stem direction (Kafle et al. 2014b). Figure 29b exhibits an
optical image of the abaxial epidermal cell wall of the second scale of an onion bulb and an AFM
image of cellulose microfibrils exposed and accessible with AFM tip from the cytoplasm side; it
also compares the ssp SFG spectra of the onion epidermal cell wall collected at the longitudinal
(¢ = 0°) and transverse (¢ = 90°) directions (Park et al. 2014). The AFM image clearly showed
that the newly-deposited cellulose microfibrils exposed at the cytoplasm side are highly oriented
in the transverse direction, but it cannot not provide any information about microfibrils that are
not accessible by the AFM tip. The SFG spectra clearly showed that the OH SFG intensity is
significantly enhanced at the transverse direction, indicating that the orientation averaged over the
entire cell wall thickness is closer to the transverse direction. Similarly, the comparison of ssp SFG
spectra of cellulose collected for a hypocotyl cell wall of Arabidopsis jia-1 mutant also shows a
similar pattern as the onion cell wall (Figure 29c). The jia-1 mutant tends to deposit cellulose
microfibrils preferentially along the transverse direction, similar to the onion cell wall, than the
longitudinal direction (Lei et al. 2014).
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Figure 29. Dependence of SFG spectral features on preferential orientation of cellulose
microfibrils in (a) tension wood, (Kafle et al. 2014b) (b) onion epidermal cell wall (Park et al.
2014), and (c) hypocotyl of jia-1 mutant of Arabidopsis (Lei et al. 2014).

Another possibility of using SFG is to distinguish the OH groups exposed at the crystalline
domain surface interacting with surrounding molecules versus the OH groups inside the domain
keeping the integrity of the crystalline order. From the SFG scattering experiment (Figure 16), it
is found that the surface OH groups tend to have weaker hydrogen bonding interactions, so their
OH stretch bands appear in the region higher than 3400 cm™, while the bulk OH groups are
involved in strong hydrogen bonds and thus their vibrations are in the lower wavenumber region
(<3400 cm™). The OH stretch dipole is also different for the surface versus bulk OH groups (see
Figures 12c, 13e, and 13g). These findings allow the deconvolution of OH stretch bands into the

surface and bulk components. Figure 30 plots the ratio between the 3450 cm™ (surface) and 3320
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cm? (bulk) SFG intensities of hardwood samples treated with oxygen delignification at 130°C
(Kafle et al. 2015a). As the delignification time at 130 °C increases, the (200) diffraction peak in
XRD becomes sharper and the surface-to-bulk SFG intensity ratio decreases. Based on the
Scherrer equation, the decrease in XRD peak width means the increase in crystal size; this might
be due to the annealing effect upon heating at 130°C. Thus, this data set supports that changes in
the surface OH and bulk OH groups can be monitored with SFG.
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Figure 30. Correlation between the surface-to-bulk OH peak intensity ratio (Is4so0/13320) in SFG and
the domain size of the (200) crystallographic plane estimated from XRD using Scherrer equation.
for hardwood samples treated with oxygen delignification at 130°C. The data are taken from (Kafle
et al. 2015a).

The amount of crystalline cellulose in plant cell walls or lignocellulose biomass can be

estimated if proper calibration curves can be constructed and used (Barnette et al. 2011; Kafle et
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al. 2015a). Such calibration curves can be obtained by measuring SFG signals of reference samples
prepared with known concentrations. In such approaches, the crystalline cellulose components
chosen for preparation of reference samples must have spatial distributions of crystalline cellulose
domains similar to the cellulose microfibril packing patterns of the sample of interest. If this
condition is uncertain or not confirmed independently, then the crystalline cellulose amount
estimated with the calibration curve should be considered only as a qualitative guide or the value
equivalent to the concentration of model compound (Handakumbura et al. 2013; Park et al. 2013).

If the total amount of cellulose content in the sample can be determined through
independent methods, then changes in the SFG spectral features can be interpreted in terms of
spatial distribution of crystalline cellulose domains in the sample. Figure 20 is a good example
where the relative intensity of CH and OH stretch modes in SFG can be correlated with the average
separation distance between crystalline domains that are uniaxially aligned with antiparallel
directionality in average over the SFG coherence length (Makarem et al. 2017). This principle has
been employed to explain the origin for enhanced efficiency of pre-treated lignocellulose biomass
(Wang et al. 2014b) (Figure 31), superior material properties of G. barbadense cotton fibers
over G. hirsutum fibers (Lee et al. 2015c), inferior properties of immature (im) mutants of cotton
compared to the Texas marker (TM) species (Kim et al. 2017), and degradation mechanism of

woody cell walls by Brown Lot fungi (Goodell et al. 2017).
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Figure 31. (a) Enzymatic digestion, (b) SFG spectra, and (c) TEM images of acid-pretreated corn
stover in zipper-clave (ZP), steam Gun (SG), and horizonal-screw (SC) reactors. In (a) and (c), the
untreated sample data are also shown for comparison. The severity of physical shear during the
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pretreatment increases in the order of ZP<SG<HS. The large increase in enzymatic digestion yield
of cellulose with increasing the shear action is attributed to larger separation among cellulose
microfibrils as suggested from a smaller CH/OH ratio in SFG and a more disintegration of cell
walls. (Wang et al. 2014b)

5.4 Vibrational spectroscopic imaging of cellulose in plant cell walls

Plants have diverse cell types and the arrangement of cell wall components can be
inhomogeneous inside each cell type (Li et al. 2016; Zhang et al. 2016; Zhong et al. 2002). For
example, in 4-day old Arabidopsis hypocotyls, there are different cell types (Fagard et al. 2000;
Hohm et al. 2014) and each cell type can have its own way of arranging cellulose microfibril.
These variances are directly related to diverse functions of different cell types and such vital
information could be missed if one relies only on analysis techniques that average the signal over
a large volume encompassing many different types of cell walls. Thus, it is critical to employ
analytical techniques with sufficiently high spatial resolutions to conduct spectroscopic
characterizations at the individual cellular level. By combining the vibrational spectroscopy with
optical microscopy, it is possible to obtain vibrational spectrum of each cell walls (Gierlinger
2018). Chemical mapping can be done either by plotting the intensity of a particular peak or

drawing chemometric map of the scanning area.

In the case of IR and Raman spectroscopy, the spatial resolution is determined by the
Abby’s diffraction limit (Lasch and Naumann 2006): Ax > 0.61$ where A is the wavelength

of the probe beam, n is the refractive index and 6 is the half-angle of the focusing beam (note that
nsin @ is known as numerical aperture, NA). In addition to diffraction limitation, the optical
design, detector, and signal intensity can also influence the spatial resolution. Because of long
wavelength in IR spectroscopy, the spatial resolution varies typically from 2-3 pum in the CH and
OH stretch region to ~10 um in the finger print region (Matth&us et al. 2008). In the case of Raman
spectroscopy, the spatial resolution could go down to 300-500 nm in ideal cases (Matth&us et al.
2008). For SFG microscopy, the spatial resolution is limited by the overlap of the focused visible
and tunable IR beams. A sub-micron spatial resolution has been demonstrated for SFG microscopy
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(Li et al. 2017; Raghunathan et al. 2011). But, typical systems deliver a few microns resolution
(Hoang Chi et al. 2011; Kouyama et al. 2014).

Figure 32 shows an example of IR microscopy analysis to understand the distribution of
cellulose, lignin, protein, and lipid in the cotyledon parenchyma cells inside Arabidopsis seed
(Withana-Gamage et al. 2013). The strong intensity of amide-1 band (1650 cm™) near the center
of the cell indicates that the parenchyma cell is rich in proteins. The spatial distribution of the 1740
cm intensity, assigned to lipid, correlates negatively with the protein distribution. In contrast, the
peak intensities associated with cellulose (1059 cm™) and lignin (1513 cm™) are negligible in the
scanning area. Here, caution must be taken because the pick assignments used to draw the chemical
maps can sometime be incorrect. For example, the 1059 cm™ peak cannot be attributed solely to
cellulose; all polysaccharides in the cell wall show broad peaks in the 1000-1100 cm™ region (see
Figure 8a).
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Figure 32. Infrared microscopy imaging of cotyledon parenchyma cells inside Arabidopsis seed.
The cross section of an individual cell is subject to chemical mapping. (a) Optical image of the
cross section of Arabidopsis seed. (b) IR intensity map of cellulose (1059 cm™), lignin (1513 cm
b, lipids (1740 cm™*) and amide-1 (1650 cm™) bands. (Withana-Gamage et al. 2013)
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Raman microscopy can be more advantageous comparing to IR microscopy when higher
resolution chemical mapping is needed. If non-resonance background due to strong fluorescence
can be suppressed effectively (Agarwal 2006), Raman microscopy can particularly be valuable to
study lignin because of its high sensitivity and distinct peak position in Raman analysis. Figure 33
is an example of Raman microscopy mapping of cellulose, lignin, and pectin species in the
secondary cell wall of a poplar tension wood (Gierlinger 2018). The peaks between 1530-1715
cm?, assigned to lignin, is strong in the middle region of the cell wall. The distribution of the 834-
855 cm! peak, assigned to pectin, is negligible except at the middle lamella region (marked as cc
in Figure 33a). That is probably because the thickness of the primary cell walls containing pectin
is too thin compared to the thickened secondary cell walls. The distributions of the 1374 and 1096
cm* peaks are different which can both be attributed to cellulose peaks (see Figure 6). The 1374
cmt intensity is dominant in the S3 (G-layer) region and the 1096 cm™ intensity is strong in the
S1 region. The 1096 cm™ mode is highly polarized, while the 1374 cm™ mode is polarization-
insensitive (see Figure 14). Based on this polarization dependence, it was interpreted that the
orientation of cellulose microfibrils is different in the S3 and S1 regions.
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Figure 33. Microscopic Raman map of a tension wood section of poplar: (a) 1530-1715 cm*

assigned to lignin, (b) 835-855 cm™ assigned to pectin, (c) 1374 cm™ assigned to cellulose, and
(d) 1096 cm* assigned to orientation sensitive cellulose. (Gierlinger 2018)
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As in the case of IR, it should be noted that the 1096 and 1373 cm™ peaks cannot be
attributed to cellulose only. Although the overall cellulose content is higher in tension wood than
normal wood, it still contains a significant amount of hemicellulose such as xylan (Kafle et al.
2014b). Because the G-layer of tension wood is known to have a very high cellulose content, the
strong intensity at 1373 cm™ in the G-layer region can be safely attributed to cellulose. However,
the 1096 cm™ peak in the S1 layer region cannot be solely due to cellulose. For example, xylan
also gives strong peaks at 1095-1120 cm™ and 1370-1383 cm® region, just as does cellulose (Shen
et al. 2004; Zeng et al. 2016).

The problem of peak overlaps between cellulose and hemicellulose species in IR and
Raman microscopy analysis is circumvented if SFG microscopy is used (Huang et al. 2018a).
Although SFG microscopy can detect cellulose only (Figure 8b), the SFG spectral features of
cellulose are highly coupled with spatial distributions of cellulose microfibrils in the amorphous
matrix (for example, see Figures 19, 20, 21, 26, 27, and 29). So, changes in the matrix polymer
composition and amount will be reflect in the cellulose SFG spectral features. Also, SFG can
distinguish polymorphic structures of crystalline cellulose (Figures 9c-9f).

SFG microscopy has been applied to analysis of cellulose structures at the tissue-level
resolution for the inflorescence stems of Arabidopsis (Huang et al. 2018a). Figure 34 displays SFG
spectra of cellulose in interfascicular fiber (IFF), xylem, phloem, cortex, and epidermis regions of
the 6-week and 8-week old Arabidopsis stems. Based on the CH/OH intensity ratio, it can be seen
that cellulose microfibrils in the IFF are not highly packed in the uniaxial direction in the stem of
a 6-week old plant and are fully developed into the uniaxial direction in the 8-week old stem. The
meso-scale packing of cellulose microfibrils in the xylem region is quite different from that in the
IFF region. The hyper-spectral maps also show clearly the difference in spatial distributions of the
CH/CH2 (2944 cm™) and OH (3320 cm™) stretch peak intensities. Two primary walls, cortex and
phloem, do not show drastic changes in their SFG intensity meaning the wall thickness and
cellulose content do not change drastically in these walls. The change in the ratio of CH OH stretch
intensities could mean some alterations in the average orientation of cellulose microfibrils in these
walls. The SFG spectra of epidermal cell wall in 6-week and 8-week plants show the similar trend
observed in the IFF region. The strong 2944 cm™ peak and weaker OH region peaks in 8-week

section indicates better organizations of microfibrils in epidermal cell wall. At this fully-grown
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1442  stage, the epidermis cell walls may not need to expand anymore and the well-organized cellulose
1443  microfibrils in the cell wall may enhance mechanical strength of the wall for better protection from

1444  environmental stimuli or invasions.
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1447  Figure 34. SFG spectra of five different cell types in the inflorescence stem of (a) 6-week and (b)
1448  8-week old Arabidopsis. Also shown are optical and birefringence images as well as SFG
1449  hyperspectral images at 2944 cm™ and 3320 cm™® of the stem cross-section. (Huang et al. 2018a)

1450
1451 5. Summary and Perspective

1452 The experimental data available from IR, Raman and SFG spectroscopy complemented
1453  with DFT calculations are of great value for understanding the structure of cellulose and surface

1454 interactions (e.g., water adsorption, cellulose bundling, etc.). Although DFT calculations have
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limitations in terms of accuracy (i.e., agreement to <1 cm™ cannot be expected) and the ability to
predict intensities and bandwidths, they are reliable enough to provide an objective method for
interpreting vibrational spectra. For example, the coupling of O-H stretches in hydrogen-bonded
hydroxyl groups is clear from animations of DFT-calculated modes but would be hard to envision
via experimental study alone. When combined with comparisons against other experimental
observables such as XRD and NMR spectroscopy, DFT can be benchmarked to distinguish among
competing models (Kubicki et al. 2013). Once reliable models are in hand, the same DFT methods
can be used to provide details not apparent from experimental data and to explore potential
chemistries that made be difficult to probe via analytical methods. Advancements in theoretical
methods, modeling software and computational hardware will continue to improve the accuracy

of DFT and allow for greater insight into molecular-level behavior hidden within complex systems.

Once the vibrational modes corresponding to observable peaks are well understood, then
vibrational spectroscopy can be highly useful and powerful for structural analysis and
quantification of cellulose (and other wall matrix components) in plant cell walls and
lignocellulose biomass. The newly introduced SFG spectroscopy can provide mesoscale structural
information of crystalline cellulose in intact cell walls that cannot be obtained with other
characterization techniques such as IR, Raman, NMR, and XRD. Small angle x-ray and neutron
scatterings could provide mesoscale spatial dimensions such as particle sizes or separation
distances (Saxe et al. 2014; Thomas et al. 2012; Ye et al. 2018), but they are not molecular specific
and cannot be combined with microscopic imaging. AFM and SEM can provide high-resolution
images of cellulose microfibrils at the surface exposed outside (Zhang et al. 2017; Zhang et al.
2016; Zheng et al. 2017). In contrast, SFG provides mesoscale structural information averaged
over the entire cell wall thickness. Another advantage of SFG is that it can be applied to intact cell
walls in the fully-hydrated state, which is extremely difficult for IR and Raman analysis. It is
important to combine several analytical techniques that are complementary to each other to obtain

more accurate and complete structural information.

With better understanding of advantages and limitations of each vibrational spectroscopy
technique, one can more effectively and accurately study biosynthesis of cellulose in plant cell
walls (Cho et al. 2015; Liu 2013; Norris et al. 2017), bacterial synthesis of cellulose (Lee et al.
2015b), cellulose-matrix interactions during cellulose synthesis in model systems (Park et al.
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2014), polymorphic structures of cellulose in algal cell walls (Park et al. 2015). With the
development of more advanced imaging techniques coupled with vibrational spectroscopy (Ma et
al. 2017), it would be possible to investigate the cellulose content and structure at the cellular level.
Such developments will be particularly useful in studies of plant cell walls upon genetic mutations
or under endogenous and exogenous stimuli, because different tissues may respond differently to
such conditions. The vibrational spectroscopy analysis can also advance mechanistic
understanding of biomass pretreatments and enzymatic conversion (Kafle et al. 2015b; Karimi and
Taherzadeh 2016; Wang et al. 2014b) and well as textile processing (Kafle et al. 2014a).

Supporting Information.

movies of vibration modes:

Movie S7A.avi corresponding to 3410 cm™ vibration mode
Movie S7B.avi corresponding to 3370 cm™ vibration mode
Movie S7C.avi corresponding to 3330 cm vibration mode
Movie S7D.avi corresponding to 3270 cm™ vibration mode
Movie S7E.avi corresponding to 2944 cm vibration mode
Movie S7F.avi corresponding to 2867 cm™* vibration mode
Movie S7G.avi corresponding to 1477 cm™ vibration mode
Movie S7H.avi corresponding to 1098 cm™ vibration mode
Movie S7l.avi corresponding to 1169 cm™ vibration mode

Movie S7J.avi corresponding to 710 cm vibration mode

Movie S7K.avi corresponding to 380 cm™ vibration mode

68



1507

1508

1509
1510
1511
1512
1513

1514

1515

1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544

Movie S7L.avi corresponding to 93 cm vibration mode
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