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Abstract Reducing chain ends in various hydro-
lyzed cellulose samples were quantitatively analyzed
by solid-state '*C NMR. Cellulose di- and tetramers
served as model systems to demonstrate that distinct
signals at 97 ppm and 92.7 ppm can be detected
quantitatively and assigned unambiguously to reduc-
ing chain ends in B and o anomers, respectively. In
standard Avicel microcrystalline cellulose, the same
signals were detected at the expected low intensity;
their strength increased significantly upon further
hydrolysis. The assignment of the 97 and 92.7 ppm
signals to reducing chain ends was confirmed by their
absence after ethanolysis, which instead produced an
a-ethyl-ether end group signal at 99 ppm. Due to
moderate-amplitude chain-end mobility, chain-end
signals were relatively enhanced in direct-polarization
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13C NMR with heteronuclear Overhauser enhance-
ment. In 'C-enriched hydrolyzed cellulose, the
assignment of the C—OH chain-end signals was further
corroborated by hydroxyl-proton selection and two-
dimensional '>C-'>C NMR. From the fractional chain-
end signal intensity, the number-average degree of
polymerization (DP,) was determined. For Avicel,
this yielded DP,, = 43 (4 50, -6), consistent with gel-
permeation chromatography but significantly lower
than deduced from a more indirect optical method
likely hampered by limited chain-end accessibility.
After 60 min of hydrolysis of ball-milled Avicel or
cellulose from maize, highly reliable values of DP,,
=18 £ 3 and 15 =+ 3, respectively, were obtained.
Solid-state NMR completely avoids the potential loss
of low-molar-mass chains in solution-based
approaches. The accurate, solvent-free solid-state
NMR method introduced here can serve as a primary
standard to calibrate other methods for molar-mass
determination in hydrolyzed cellulose.
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Introduction

Cellulose, the main component of lignocellulosic plant
biomass and the most abundant biopolymer on Earth,
has attracted significant interest as a renewable
feedstock for the production of fuels, chemicals, and
materials (Shlieout et al. 2002; Zhang and Lynd 2004;
Rubin 2008). Rational design of cellulose-based
structural materials or processes for targeted applica-
tions of cellulose depends on a fundamental under-
standing of the molecular structure of cellulose and its
relationship with properties (Shlieout et al. 2002;
Trache et al. 2016).

Cellulose is a linear homopolymer of glucose
monomers connected via B-1,4 glycosidic bonds
(Crawford 1981). One of its fundamental structural
characteristics as a polymer is the degree of polymer-
ization (DP), i.e. the number of covalently linked
glucose rings. Mechanical properties and susceptibil-
ity to depolymerization have been reported to depend
on DP (Shlieout et al. 2002; Trache et al. 2016). Due to
the implications of molecular weight in cellulose
applications (Shlieout et al. 2002), DP is an important
parameter in theoretical models attempting to unravel
the mechanisms of cellulose depolymerization via
hydrolysis and pyrolysis (Gupta and Lee 2009;
Matsuoka et al. 2014). For instance, chain ends, whose
concentration is inversely proportional to DP, are
considered the active points for pyrolysis (Lu et al.
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2018) and cellobiohydrolase processivity (Gupta and
Lee 2009). Therefore, the ability to accurately quan-
tify the degree of polymerization and chain ends in
cellulose and its hydrolysis products is crucial for the
theoretical description of cellulose chemistry (Puri
1984).

Various solution methods aimed at measuring DP
of cellulose have been developed. In principle, as for
other polymers, the number-average (DP,), weight-
average (DP,,), and viscosity-average (DP,) degrees
of polymerization can be estimated by membrane or
vapor pressure osmometry, light scattering, and vis-
cometry, respectively (Oberlerchner et al. 2015).
However, since cellulose is difficult to dissolve,
complex methods of cellulose solubilization are
required, typically based on derivatization, e.g. with
bulky phenyl carbamate groups, or using targeted
solvent mixtures. During this complex sample prepa-
ration lower-molecular-weight species may be washed
out, leading to overestimate of DP (Evans et al. 1989;
Engel et al. 2012). Size-exclusion or gel-permeation
chromatography, GPC, gives the molecular weight
distribution but requires not only full dissolution
(Roder et al. 2001) but also external calibration, which
typically relies on polystyrene standards that are not
directly representative of the cellulosic oligomers
(Evans et al. 1989), or on careful light-scattering
analysis (Evans et al. 1989; Saalwichter et al. 2000).
At low molecular weights, a transition of cellulose
tricarbanilate (Evans et al. 1989; Wood et al. 1989) or
cellulose-metal complexes (Saalwichter et al. 2000),
common derivatized forms of cellulose, from a
random coil to a rigid rod (Wood et al. 1989;
Saalwéchter et al. 2000) may complicate the analysis.
A polysaccharide-specific method for determining
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DP,, is the 2,2’-bicinchoninate (BCA) method (Waf-
fenschmidt and Jaenicke 1987; Zhang and Lynd 2005;
Gupta and Lee 2009), where the concentration of
reducing (C—OH) chain ends of cellulose in aqueous
suspension is evaluated from the concentration of the
resulting Cu(I)-BCA complex with strong light
absorption at 560 nm. Since cellulose is not fully
dissolved under these conditions, limited chain-end
accessibility may result in an underestimate of chain
ends and therefore an overestimate of DP,. Recently,
it was found that ionic liquid electrolytes can directly
dissolve cellulose samples (Holding et al. 2016; King
et al. 2018), which enables estimation of DP,, of low-
and moderate-molar-mass cellulose via solution NMR
(Holding et al. 2016; Koso et al. 2020).

For a meaningful comparison of DP,, from different
techniques, results from a reproducibly prepared
model cellulose are needed. Avicel PH-101, a widely
used and comprehensively characterized (Evans et al.
1989; Schelosky et al. 1999; Saalwichter et al. 2000;
Zhang and Lynd 2005; Zhang et al. 2006; Pala et al.
2007; Engel et al. 2012) microcrystalline cellulose
(MCC) material produced by hydrolysis of wood
cellulose and spray drying (Chaerunisaa et al. 2020),
can be used for this purpose, assuming that batch-to-
batch variations are minor. A fairly wide range of DP,,
values, from 56 to 212 + 7, has been reported for
Avicel PH-101. GPC of Avicel tricarbanilate carefully
calibrated with light scattering gave DP,, = 56 (Evans
et al. 1989). GPC of Avicel PH-101 in a mix of DMF
and an ionic liquid yielded a similar DP,, of 57 (Engel
et al. 2012). A less detail-oriented GPC study reported
a twice-higher DP,, = 129 (Pala et al. 2007). An even
higher DP,, = 212 £ 7 was confidently reported from
the BCA method, which has been touted as an efficient
technique for determination of DP, of cellulose
(Zhang and Lynd 2004, 2005; Zhang et al. 2006;
Yang et al. 2019). Given this wide scatter of results, a
reliable technique for direct DP, determination of
microcrystalline cellulose is of interest.

Here we introduce solid-state '>C nuclear magnetic
resonance (ssNMR) spectroscopy as a direct, solvent-
free primary method for determining DP,, in hydro-
lyzed cellulose. Without the necessity to dissolve or
otherwise pretreat cellulose, solid-state NMR can
directly and quantitatively determine DP,, as the ratio
of the number of anomeric carbons to the number of
reducing chain ends, from the intensities of the
corresponding NMR signals. The approach is quite

accurate and no external standards are needed. It is
validated here by measurements on cellulose (i.e., -
glucose) oligomers.

The reducing chain ends are OC10H groups, which
are resolved from the regular OC10C ether carbons in
cellulose by the systematic ~ 7-ppm chemical shift
difference between alcohols and ethers (Reich, 2021).
We analyze the backbone C1 carbons resonating at
100-110 ppm and the a- and B-C1 carbons of reducing
chain ends resolved at ~ 93 and 97 ppm in cellulose
oligomers and in hydrolyzed cellulose. The mobility
of chain ends is assessed by direct polarization with
heteronuclear Overhauser enhancement (Schmidt-
Rohr and Spiess 1991). Ethanolyzed ball-milled
cellulose (Tyufekchiev et al. 2020) provides a refer-
ence of moderate DP,, without reducing chain ends.

The ssNMR method is demonstrated on Avicel PH-
101 and Avicel recrystallized after ball milling and
hydrolysis, which provides particularly clear chain-
end signals. The analysis is validated in a different
sample, uniformly '*C-enriched cellulose from maize
recrystallized after ball milling and hydrolysis, where
the signal-to-noise ratio is excellent and advanced
characterization of chain-end signals, for instance by
2D "3C-">C exchange (Johnson et al. 2013; Kang et al.
2019) and hydroxyl-proton selection (HOPS) NMR
(Duan and Schmidt-Rohr 2019), becomes possible.
The DP, of Avicel is determined and compared with
literature values.

Experimental
Materials

Avicel PH-101 cellulose was purchased from Sigma-
Aldrich (catalog number 11365), D(+)-cellobiose
from Fisher Scientific (catalog number
AC108460050). Microcrystalline cellulose was pur-
chased from Aldrich (catalog number 43,523-6).
Cellotetraose (> 90% purity, 25 mg) was obtained
from ThermoFisher. Ethyl a-D-glucopyranoside was
purchased from Carbosynth. The samples were packed
into NMR rotors and measured as received.

The uniformly '*C-labeled cellulose (u-'*C-cellu-
lose, 97% '*C) from maize was purchased from
IsoLife (Wageningen, The Netherlands). It con-
tains ~ 68 wt.% glucan with a high degree of

@ Springer



2134

Cellulose (2022) 29:2131-2144

polymerization, ~ 20 wt.% of hemicellulose, and ~
10 wt.% impurities.

Ball milling

Ball milling was used to decrystallize cellulose
samples before hydrolysis or ethanolysis with recrys-
tallization (Tyufekchiev et al. 2019, 2020). Briefly,
5 g of Avicel or 0.4 g of *C enriched cellulose and
three stainless-steel balls (two 9.5 mm in diameter and
one 15.9 mm in diameter) were placed in a stainless-
steel cylinder 18 mm in diameter and 55.5 mm in
length with a total volume of 10 mL. The cylinder was
clamped in a Retsch MM2000 vibratory shaker and
shaken for 50 min to yield amorphous cellulose
(Avicel-bm and u-">C-cell-bm).

Hydrolysis and ethanolysis

Procedures of hydrolysis and ethanolysis were fol-
lowed as detailed previously (Tyufekchiev et al.
2019, 2020). For the Avicel series, 0.25 g of Avicel-
bm samples were hydrolyzed for 5 min and for 60 -
min at 150 °C and 0.1 M HCI to produce Avicel-bm-
HCI5 and Avicel-bm-HCl samples, respectively.
Double ethanolysis of 0.25 g Avicel-bm, each time
for 90 min at 140 °C and 0.1 M HCI, produced
Avicel-bm-Eth.

Of the ball-milled uniformly "*C-enriched cellu-
lose, 0.10 g was hydrolyzed for 60 min to produce
u-"3C-cell-bm-HCl (conversion 57%), and 0.15 g was
ethanolyzed for 120 min to give u-'>C-cell-bm-Eth
(conversion 54%).

General NMR parameters

Solid-state NMR experiments were performed on a
Bruker Avance Neo 400WB NMR spectrometer at 'H
and '’C resonance frequencies of 400 and 100 MHz,
respectively. Most of the measurements were con-
ducted using a Bruker double resonance magic-angle-
spinning (MAS) probe with 4-mm zirconia rotors.
Samples were loaded into the rotor directly, except for
the u-'3C-cellulose and u-'>C-cell-bm-HCI samples,
which were each first packed into a Kel-F HR-MAS
rotor insert. The 90° pulse lengths for 'H and '*C were
3.6 us and 4.0 ps, respectively. Two-pulse phase
modulation (TPPM) (Bennett et al. 1995) 'H
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decoupling at a field strength of yB,/2n = 95 kHz
was used for 'H dipolar decoupling during the Hahn
echo (Hahn 1950) or total suppression of sidebands
(TOSS) (Dixon et al. 1982) for dead-time-free detec-
tion, while decoupling by SPINAL-64 (Fung et al.
2000) at yB;/2m = 85 kHz was used during signal
acquisition. '*C chemical shifts were referenced to
TMS via the carboxyl resonance of 1-'*C-glycine in
the o-modification at 176.49 ppm as a secondary
reference.

An acquisition time of 19 ms was used for all the
1D '*C NMR experiments. The '*C B, field strength
used in cross-polarization was optimized for each
MAS frequency. The typical contact time for ramped
(90-100%) CP was 1.1 ms. CP '*C NMR spectra of
cellobiose, Avicel, Avicel-bm-HCI, and Avicel-bm-
Eth samples were acquired at 9 kHz MAS for DP,
determination, with total signal averaging times
ranging from one day for cellobiose to four days for
Avicel. The resulting quantitative spectra were
directly integrated and also deconvoluted using the
MultiPeakFit package in iGor 5.3. Quantitative com-
posite-pulse multiCP (Duan and Schmidt-Rohr 2017)
13C NMR spectra were all acquired at 12 kHz MAS
for u-">C-cellulose, u-'*C-cell-bm-HCl and u-'3C-
cell-bm-Eth samples. Five 1.1 ms CP blocks separated
by 4 'H repolarization periods of 4 s each were used
and 64 scans were accumulated for the spectra shown.
Direct polarization of '*C with selective enhancement
of chain-end signals by (hetero)nuclear Overhauser
enhancement (NOE) was achieved with a 5-s recycle
delay and saturation of 'H by inversion pulses spaced
by 0.2 s.

HOPS '>C NMR

The structure near the C1 carbons of reducing chain
ends is distinct from that of Cl1 sites in the backbone
of cellulose, in that the former are O—CH-OH groups
while the latter are O—CH-O-C ethers. In '’C-
enriched organic materials, the signals of C-OH
protons and carbons can be selectively observed by
hydroxyl proton selection (HOPS) (Duan and Sch-
midt-Rohr 2019). HOPS relies on dipolar dephasing
of '"H magnetization in '>C-"H groups by the strong
dipolar coupling of the '*C spin, while OH proton
magnetization remains mostly unaffected. The exper-
iment can be implemented conveniently at 13.5 kHz
with the one-bond dipolar dephasing occurring in one
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rotation period with a recoupling 'H m-pulse at its
center. Cross polarization of moderate duration
(< 400 ps) transfers the surviving OH proton mag-
netization to nearby carbons, most prominently in C—
OH groups.

While HOPS works well for C not directly bonded
to H (Duan and Schmidt-Rohr 2019), in the (CH-OH)-
rich structure of polysaccharides additional challenges
arise. Even ether carbons are surrounded by and cross-
polarized from OH groups bonded to neighboring
carbons. In order to suppress the ether signal, we take
advantage of the dipolar evolution of 'H in '*C-'H
groups partially inverting the magnetization of these
methine protons. Accordingly, the carbon magnetiza-
tion is negative at short cross polarization times < 70
ps. However, at longer times the negative C-H
contribution is compensated by the large positive
magnetization of OH protons. For HC-OH groups, the
positive contribution is stronger than for HC-O-C
ethers and therefore the '*C magnetization of the
former is already positive when that of the latter passes
through zero, after cross polarization times of ca.
115 ps. This makes it possible to obtain a spectrum
with only minimal O-C-O-C ether signals. Since the
spectrum contains known C-OH peaks between 70
and 80 ppm and known C-O-C ether peaks near
105 ppm and 89 ppm, the cross-polarization time can
be fine-tuned to null the ether signal. The HOPS (Duan
and Schmidt-Rohr 2019) spectra were collected with a
recycle delay of 2s, and a typical spectrum was
averaged overnight.

2D B3C-13C NMR

A two-dimensional "*C-'3C exchange NMR spectrum
(Jeener et al. 1979) of u-'>C-cell-bm-HCl was mea-
sured at 7.5 kHz MAS with high power dipolar
decoupling and TOSS before detection. The mixing
time was set to 10 ms to allow for dipolar magneti-
zation transfer over a few bonds and thus probe the
local environment of each carbon. A recycle delay of
1.8 s was used for 13 h of signal averaging.

Results
Quantitative '>C NMR of cellulose oligomers

Cellulose oligomers contain reducing chain ends at
known concentrations and are therefore useful refer-
ence materials for developing the chain-end measure-
ment methodology in this study. The spectra of
cellobiose (a glucose or cellulose dimer) and cellote-
traose are shown in Fig. 1. They exhibit well-resolved
signals of reducing chain ends near 97 and 93 ppm.
The spectrum of cellotetraose shows broad bands
characteristic of an amorphous carbohydrate; never-
theless, the chain-end signals are sufficiently well
resolved for a quantitative analysis. Based on corre-
sponding signals in glucose, chemical shift trends, and
peak intensity ratios, the assignment of these O—CH-
OH signals is completely certain. The greater intensity
of the B-anomer peak at 97 ppm relative to the o-
anomer signal at 93 ppm is consistent with the
predominance of the B-anomer in the monomer,
glucose (Roslund et al. 2008). The ratio of the two
end-group Cl1 signals to the total peak integrals of all

(a) H Cellobiose HG-CH_ 5503
?‘/L/O H [ HO-CHz
A / 6
s
OH /e’
0O-CH-OH
O-CH-0O-C ] f
%11 redgcing |
ether en f
C4 |
/ | 0.972

(b) Cellotetraose

H H
e

1.000
ether ——0-CH-OH
X 0123 (x2)

0-CH-O-C
Cl

092

10 100 90 80 70

60 [ppm]

Fig. 1 Quantitative solid-state '>C NMR spectra of a cellobiose
and b cellotetraose. Peak integrals, shown in red, are accurate to
within &+ 2% of each peak area for resolved CH signals. The
signals of reducing chain ends near 97 and 93 ppm are clearly
and quantitatively detected. Note that the peak-to-peak integral
of the chain-end signals in b gives only half of their total area
and therefore needs to be multiplied by two
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C1 signals (91.5-110 ppm) is 1/(2.0 &= 0.05) for
cellobiose, and 1/(4.06 + 0.2) for cellotetraose. This
is consistent with the expected chain end signal
fraction of 1/DP,, where DP, is the number of repeat
units in the oligosaccharide, and confirms that the
determination of low DP, by ssNMR is quantitative.

Quantitative '>C NMR of hydrolyzed cellulose

Extending the analysis to representative cellulose
substrates, Fig. 2 displays the spectra of standard
Avicel PH-101 cellulose before and after ball milling
plus hydrolysis or ethanolysis. The highlighted signals
at 97 and 92.7 ppm are in a ~ 2:1 intensity ratio. In
the hydrolyzed sample, the peaks clearly arise from
reducing chain ends. The absence of the 97 and
92.7 ppm signals in Fig. 2c after ethanolysis, which
produces ethyl ethers at the reducing chain ends,
confirms the assignment, as does advanced NMR
applied to a corresponding ball-milled and hydrolyzed
13C-enriched cellulose, see below.

Due to resolved signals of crystalline cellulose,
NMR can be used to identify crystal modifications
(VanderHart and Atalla 1984) and quantify the degree
of crystallinity (Haslinger et al. 2019; Pintiaux et al.

()

Avicel

(b)

Avicel-bm-HCl

(©

Avicel-bm-Eth
120 110 100 90 80 70 60

50 [ppm] "

Fig. 2 Quantitative solid-state '>*C NMR spectra of a Avicel
PH-101 cellulose before hydrolysis; b hydrolyzed Avicel, with
arrows highlighting the chain-end peaks and resolved crystalline
signals of cellulose I and II (VanderHart and Atalla 1984)
confirmed by 2D NMR below; and ¢ ethanolyzed Avicel.
Expanded views of the chain-end signals are shown further
below
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2019). The spectra in Fig. 2 show spectral changes
from cellulose-1II crystallites produced during hydrol-
ysis (Tyufekchiev et al. 2019), with distinct reso-
nances near 107, 88, and 63 ppm (VanderHart and
Atalla 1984); nevertheless, the positions of the chain-
end signals have remained unchanged.

Direct polarization with heteronuclear Overhauser
enhancement

The chain end signals can be detected more clearly,
with better dynamic range, after selective enhance-
ment by direct '*C polarization with a fairly short 5 s
recycle delay and pulsed saturation of 'H that gener-
ates a heteronuclear nuclear Overhauser enhancement
(NOE) of mobile segments. Figure 3 shows the chain-
end signals in Avicel and hydrolyzed Avicel increased
relative to others when compared with suitably scaled
cross-polarization spectra. The greatest enhancement
is observed for noncrystalline CH,-OH side groups
resonating near 62 ppm, which can evidently perform
fast motions of fairly large amplitudes. The relative
intensity of the chain-end signals at 97 and 93 ppm is
greater than that of the main C1 peak, greater in fact

A

130 110100 90 ~ 80 70 _§60 [ppm]

(b)
Avicel-
bm-HCI

Cp

Direct Polariz-
ation / NOE

120 110 100 90 80 70 60 [ppm]

Fig. 3 Direct-polarization solid-state '>*C NMR spectra with
heteronuclear nuclear Overhauser enhancement (NOE) of
mobile segments in a Avicel cellulose before hydrolysis and
b ball-milled and hydrolyzed Avicel. Arrows highlight the
chain-end signals. The corresponding CP spectrum, matched at
the chain-end peaks, is shown dashed for reference
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than all other OCH signals, due to faster relaxation
and therefore greater NOE. The faster relaxation of the
chain ends compared to the other OCH sites, including
the noncrystalline surface sites, is confirmed by a
Torchia experiment (Fig. S5). This faster relaxation
and the NOE can be attributed to faster relaxation
driven by moderate-amplitude motions with rates
exceeding 1 MHz, which is not unexpected for chain
ends since they are less constrained than segments in
the interior of a cellulose chain. It is interesting to note
that a broad defect signal around 98 ppm in amor-
phous cellulose, see Fig. S4b, does not show this signal
enhancement in the direct-polarization/NOE experi-
ment, which is clearly characteristic of side and end
groups.

Ethanolyzed chain ends

After ethanolysis, the 97- and 93-ppm signals of the
reducing chain ends disappear (see Fig. 2) and instead
a 99-ppm signal is observed, which can be convinc-
ingly assigned to ethylated o-C1 by comparison with
a-ethylglucoside (see Fig. S6) and based on the CHjy
cross peak in "H-">C HetCor NMR (see Fig. S7). In a
recent publication (Tyufekchiev et al. 2020), quanti-
tative '*C NMR showed the presence of ethyl ethers in
ethanolyzed ball-milled-cellulose samples, indicating
that the reducing ends in cellulose chain have been
capped by ethyl ethers during the ethanolysis process.

While the close chemical shifts of the chain-end
signals at 97 and 99 ppm in the spectra in Figs. 2b and
¢ might suggest similar structures, the similarity is
actually a coincidence, resulting from two distinct,
well-known down-field-shift effects: (i) Ether forma-
tion typically increases the chemical shift by ~ 4 7
ppm relative to the corresponding C—OH (Reich,
2021); (ii) the P anomer of glucose and xylose is
typically + 5 ppm higher in chemical shift than the o
anomer.

Evidence for reducing chain ends in u-'>C-
cellulose from spectral editing

In the following, we show that the small chain end
signals at 97 and 93 ppm are not unique to Avicel.
They can be detected with ~ 90-fold improved
signal-to-noise ratio in uniformly '*C-enriched cellu-
lose that has been ball-milled and HCI-treated. Thanks
to the l3C-enrichment, the molecular environment of

the 97- and 93-ppm carbons can be probed by
advanced NMR experiments to further confirm the
assignment to the reducing chain ends.

The increased signal intensity enables spectral
editing even of small peaks. 'H-'>C dipolar dephasing
and CH selection by dipolar DEPT, see Fig. S3, show
that the signals between 93 and 97 ppm arise from CH
groups without fast /arge-amplitude mobility. Their
chemical shift requires assignment to O—CH-O seg-
ments. Hydroxyl-proton selection (HOPS) can yield
selective spectra of C-OH groups in '*C-enriched
solids (Duan and Schmidt-Rohr 2019). As explained
in the Experimental section, for '*C-labeled polysac-
charide samples, initially negative (inverted) signals
of CH carbons not bonded to OH groups recover more
slowly than the OH-bonded CH, since only the OH
protons can provide positive magnetization. With a
fine-tuned short CP contact time, the signal of CH not
bonded to OH is nulled or slightly negative while that
of CH-OH is positive, and thus only signals of CH-OH
carbons are significant.

Figure 4 shows the HOPS spectra for u-'>C-cell-
bm-HCl and u-">C-cell-bm-Eth and compares them to
the corresponding quantitative multiCP spectra
(dashed). The signals of C1 and C4, which have ether
linkages and are not directly bonded to OH groups, are

(a)u-13C-Cell-bm-HCl-1h

MultiCP:

HOPS:

MultiCP:

130 120 110 100 90 80 70 60 [ppm]

Fig. 4 Hydroxyl-proton selection (HOPS) 'H-'*C NMR of
u-"?C-cellulose provides evidence for C1-OH reducing chain
ends after ball milling and a hydrolysis, but not after
b ethanolysis
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small when the CP contact time was set to 114 ps,
while both o and B reducing chain end C1 carbons
show distinct positive peaks whose scaling fully
agrees with that of the C—OH backbone signals, as
demonstrated by comparison with the quantitative
unmodulated reference spectrum (dashed line). This
confirms that the peaks at 93 ppm and 97 ppm must be
assigned to OH-bonded CH groups in the glucan ring.
By contrast, in u-'>C-cell-bm-Eth the ethoxy-pro-
tected oo chain ends are not bonded to OH, and
therefore their signal intensity at 99 ppm is very small
after 115 ps CP, similar to that of the ether C1 and C4
in the backbone but unlike the COH signals between
70 and 80 ppm.

Evidence for reducing chain ends in u-'>C-
cellulose from 2D exchange NMR

Two-dimensional '*C-'>C exchange NMR with a
moderate spin-exchange mixing time of 10 ms can
probe the local environment of the carbons resonating
at 97 and 93 ppm. Figure 5a presents a 2D exchange
spectrum where the chain ends’ strongest cross peaks,
at 75 and 72 ppm, respectively, show that both C1 and
C2 chemical shifts are lower for the o~ than for the -
anomer, as is also the case in glucose and its various
dimers (Roslund et al. 2008).

A comparison of cross sections from the 2D
exchange spectrum at the C1 backbone and chain-
end peak positions in Fig. 5b also exhibits structurally
telling intensity differences. For the ether CI in the
cellulose backbone, the C4 exchange intensity is
nearly twice the C6 intensity due to inter- and intra-
ring C1-C4 exchange, the former across C10C4 in the
glycosidic linkage. For the chain ends, only intra-ring
C1-C4 exchange is significant and matches C1-C6
intra-ring exchange. The peak position and shape of
C4 detected near the chain ends in Fig. 5b is that of
noncrystalline C4, which indicates that the chain ends
are mostly located in the noncrystalline regions.

Discussion
Chain-end peak assignment
We have shown overwhelming evidence that the 97-

and 93-ppm signals in hydrolyzed cellulose must be
assigned to reducing chain ends, by HOPS, 2D, and
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70 FI1 [ppm]

80
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110 100 90 80 70

Fig.5 aTwo-dimensional '*C-">C NMR spectrum, with 10 ms
spin exchange, of u-'>C-cellulose after ball milling and
hydrolysis. Some signals of the o and B reducing chain ends
are labeled. I: cellulose-I crystals; II: cellulose-II crystals
(VanderHart and Atalla 1984); the cross peaks of the latter (on
the purple dashed line) confirm the cellulose-II peak assign-
ments in Fig. 2. b Cross section from the 2D spectrum at 97 ppm
(blue trace), which is a spectrum of carbons near the 97-ppm f3-
anomer end group. A spectrum of magnetization originating
from ether C1 resonating at 105 ppm is shown dashed (black
trace) for reference. S: Surface chains

direct-polarization/NOE NMR, as well as comparison
with an ethanolyzed sample. They match the reducing
end groups in oligosaccharides, whose fractional peak
areas are quantitatively correct.

Degree of polymerization of Avicel from ssNMR

The relative area of chain-end and backbone C1 NMR
signals in cellulose of moderate or low molecular
weight can be evaluated to accurately determine the
degree of polymerization. Figure 6 demonstrates the
integration and deconvolution procedure for DP,
estimation. The accurate peak positions and widths
for both reducing C1 ends were obtained through
deconvolution of the most extensively hydrolyzed



Cellulose (2022) 29:2131-2144

2139

(a) Avicel ball milled

hydrolyzed 1 hour

Integral(91.5-110 ppm)
2xIntegral(92.7-97 ppm)
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(b)

Avicel

Integral(91.5-110 ppm)
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DP, from fit = 44

5 chainends  chain ends /.
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0
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Fig. 6 Quantification of cellulose chain-end signals for
a Avicel-bm-HCI and b Avicel PH-101. The corresponding
analysis for Avicel-bm-HCI5 is shown in Fig. S8. Chain-end
fractions (denominator of the integral fractions) were deter-
mined based on peak-to-peak integrations to reduce the potential
overlap from the main C1 and C4 peaks; since this integral range
covers only half of the peak area, a factor of 2 is included in the
denominator. More chain-ends are generated by ball milling and
hydrolysis. The same parameters for the chain-end peaks were
used for both fits. The residuals shown beneath the fits were
referenced to the peak near 105 ppm

Avicel-bm-HCI sample in Fig. 6a. These parameters
were adopted for the deconvolution of the other two
samples as shown in Figs. 6b and S8b. For the
hydrolyzed '*C-enriched cellulose, the chain-end
region shown in Fig. 7 exhibits the same peak pattern
with excellent signal-to-noise ratio and only slightly
larger line widths (due to '*C-'*C couplings) in the
deconvolution.

All DP, evaluations from the Gaussian deconvolu-
tions agree well with the values from the direct
integration of the chain-end signals peak-to-peak,
from 97 to 92.7 ppm, a spectral range where overlap
with backbone signals is minimal; since this integral
covers only half of each peak, its value is multiplied by
two to yield the full chain-end peak area. As Table 1
shows, the highest DP,, of 43 is found for the Avicel
PH-101 sample. A similar line shape was observed for

u-13C-cell-bm-HCI

Integral(91.5-110 ppm)
2xIntegral(93-97.2 ppm)

DP, from fit=15

x5 {8 chain ends
a chain ends,
~—26% ..
r T T T T T T T T T T T T T T T T T
2_5%|— 105 100 95 90 ppm
0

-2.5%|_

Fig. 7 Deconvolution of the chain-end region of the spectrum
of u-'C-cell-bm-HCI. The '*C enrichment greatly improves the
signal-to-noise ratio but results in slightly wider signals due to
the '*C-"3C couplings

the Aldrich MCC sample as for the Avicel sample, see
Fig. S2, and a DP,, of 38 (4 44, -6) was determined by
integration. The DP, is significantly reduced to
24 + 4 after ball milling and 5 min of hydrolysis, as
expected, see Figure S8. Prolonged hydrolysis for
60 min further reduced the DP, to 18 £ 3 (see
Fig. 6a).

Error margins of DP, from ssNMR

Given the significant discrepancy between DP, of
Avicel from NMR and the value of 212 £ 7 from the
BCA method (Zhang and Lynd 2005; Zhang et al.
2006; Gupta and Lee 2009), sources of error need to be
considered. Poor cross polarization of the chain-end
carbons cannot account for the observed discrepancy:
If the chain-end signals were artificially too low, the
NMR-derived DP,, would be artificially too high,
which is not the case. The same applies for oxidation
of the reducing end groups, which would also decrease
the signals between 97 and 92.7 ppm and therefore
artificially increase DP,, which is not observed. The
oxidation products, such as onic acids or lactones, if
present in significant concentrations should be
detectable by NMR between 165 and 215 ppm without
interference from regular cellulose peaks. Background
signals between 97 and 92.7 ppm could artificially
decrease the DP,, value derived from NMR. However,
the deconvolution of the Avicel spectrum with the
well-defined chain-end signals of hydrolyzed Avicel,
see Fig. 6, shows no indication of a significant
background between 97 and 92.7 ppm.

@ Springer
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Table 1 Degrees of

DP, from ssNMR

DP,, from literature

e Sample
polymerization of
cellodextrins and cellulose Cellobiose
from NMR compared with
Cellotetraose

exact and literature values.

N/K: not known Avicel PH-101

Aldrich MCC

Avicel-bm-HCI5
Avicel-bm-HCI
u-13C-cell-bm-HCI

* Error margin based on
limited purity of > 90%
reported by the supplier

2.0 + 0.05 2
4.06 £ 0.2 4 +£0.4°
43 (+ 50, -6) 56 (Evans et al. 1989),
57 (Engel et al. 2012),
67 (Schelosky et al. 1999),
~ 80 (Saalwéchter et al. 2000),
129 (Pala et al. 2007),
~ 200 (Zhang et al. 2006), and
212 £ 7 (Zhang and Lynd 2005)
38 (+ 44, -6) 55 + 5 (Koso et al. 2020),
78 (Holding et al. 2016),
87 (Holding et al. 2016), and
153 (Koso et al. 2020)
23 +4 N/K
18 £ 3 N/K
15+ 3 N/K

In order to determine a hard upper limit to DP,,, we
assumed a maximum possible background, based on
the signal of cotton balls, see Fig. 8, scaled as high as
possible without generating a negative subtraction
artifact. Even with such a maximum background
assumed as shown in Fig. 8, still DP,, < 93, more than
a factor of two smaller than from the BCA method
(Zhang and Lynd 2005; Zhang et al. 2006; Gupta and
Lee 2009). The fact that the NMR analysis is based on
two chain-end signals makes it less prone to error from
an unexpected impurity signal.

For short chains, e.g. after additional hydrolysis, a
given background signal between 97 and 92.7 ppm

Avicel

Cotton balls
“background
Difference pp TOTfil mteg‘ral~ 93
mm Chain-end int. 1

110 160 9 80 70

60 [ppmi

Fig. 8 Alternative, maximally aggressive deconvolution of the
chain-end region of the spectrum of Avicel, assuming the signal
of cotton balls between 100 and 92 ppm to be non-chain-end
background in Avicel. The intensity of the resulting difference
spectrum (dashed line with green shading) would correspond to
a higher but still moderate degree of polymerization of ~ 93 in
Avicel

@ Springer

has a relatively small effect on DP,. The apparent
DPn‘, true DP,, and background B as a fraction of C1
intensity are related by

1/DP, = 1/DP, + B

For example, a background of B = 1% would result
in a strong decrease from true DP,, = 74 to apparent
DPn’ = 43, since

1/43 = 1/74 + 0.01

while true DP,, = 18 would correspond to an only
slightly smaller apparent DP,, = 15, since

1/15=1/18 + 0.01

Thus, the ssNMR method is particularly accurate
for aggressively hydrolyzed cellulose.

Comparison with Avicel DP,, from other methods

A superficial survey of the literature, in particular
relatively recent publications by a prominent biofuels
expert (Zhang and Lynd 2004, 2005), may give the
impression that the degree of polymerization of Avicel
and similar microcrystalline cellulose materials is
many hundreds to 1000 (Zhang and Lynd 2004), much
greater than the value of 43 reported here. This
discrepancy has more than one origin.
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The molar mass of MCCs like Avicel is likely
batch-dependent to some extent. More importantly, in
a system with a distribution of chain lengths, the
number-average degree of polymerization, as reported
here, is always smaller than the corresponding weight-
or viscosity-averages. The polydispersity index or
dispersity b = DP/DP, > 1, has values of 2-20 in
synthetic polymers unless special synthesis proce-
dures are employed (Odian 2004). GPC measurements
on microcrystalline cellulose (Darhelka et al. 1976;
Schelosky et al. 1999; Pala et al. 2007; Engel et al.
2012; Holding et al. 2016), including Avicel (Sche-
losky et al. 1999; Pala et al. 2007; Engel et al. 2012),
have demonstrated that the dispersity of this type of
hydrolyzed material is D = 3. Thus, the commonly
reported DP,, values will be three times higher than
the DP, measured by NMR.

Even the DP,, values of Avicel recently reported by
Zhang, Lynd, and coworkers based on the BCA
method greatly exceed ours; however, most DP,
values of Avicel reported in the literature (Evans et al.
1989; Schelosky et al. 1999; Saalwichter et al. 2000;
Engel et al. 2012) actually agree with our result within
the experimental uncertainties. Using DMF and an
ionic liquid as the mobile phase, Engel et al. achieved
complete dissolution of Avicel and reported M,,.

= 28,400 and P = 3.1, which corresponds to DP,,.
= 57 and is compatible with our solid-state NMR
result of 43 (4 50, — 6). Another study (Schelosky
et al. 1999) reported DP, =67 and D =~ 3.
Saalwichter et al. (2000) determined DP,, ~ 220
for Avicel PH-101, and Shlieout et al. (2002) found a
similar value for other MCCs, which with P ~ 3
corresponds to DP, ~ 70, still compatible with our
result. A possibly more superficial GPC study (Pala
et al. 2007) reported DP,, = 129.

The BCA method has yielded higher values of
DP, = 212 + 7 (Zhang and Lynd 2005; Zhang et al.
2006; Gupta and Lee 2009). This may be attributed to
limited accessibility of chain ends in dispersed cellu-
lose fibrils, although in a modified version (Zhang and
Lynd 2005), the same (relatively high) DP, was
obtained both before and after amorphization, which
was taken as evidence that the reducing chain ends are
fully accessible to Cu(Il) in solution. Nevertheless,
given all the previous studies (Evans et al. 1989;
Schelosky et al. 1999; Saalwéchter et al. 2000; Engel
et al. 2012) that found a lower DP, for the same

cellulose material, this still indirect accessibility
evidence is not strong enough.

At 38 (+ 44, -6), the NMR-derived DP,, of Aldrich
MCC is slightly lower than that of Avicel PH-101; the
underlying slightly larger chain-end signals can be
directly recognized in Fig. S2b. This DP,, value agrees
within the error margins with results from solution
NMR, 55 £ 5 (Koso et al. 2020), and 78 (Holding
et al. 2016); before application of T, correction, the
solution-NMR values were even smaller, while GPC
gave 153 (Koso et al. 2020) and 87 (Holding et al.
2016), respectively.

The most likely DP,, value of Avicel obtained from
our NMR investigation, 43, is still somewhat smaller
than all the previously reported values. While back-
ground NMR signals might give the impression of
more chain ends than are actually present, we can
highlight that our solid-state NMR method is the first
that is sure to detect chains of all lengths in their
correct proportions. All previous methods (Danhelka
et al. 1976; Evans et al. 1989; Wood et al. 1989;
Schelosky et al. 1999; Saalwichter et al. 2000; Roder
etal. 2001; Shlieout et al. 2002; Zhang and Lynd 2005;
Zhang et al. 20006; Pala et al. 2007; Gupta and Lee
2009; Engel et al. 2012; Holding et al. 2016; King et al.
2018; Koso et al. 2020) were solution-based and the
required aggressive dissolution procedures may result
in loss of low-molecular material (Evans et al. 1989).
No pretreatment is required for solid-state NMR,
which can comprehensively excite all the chain ends in
the system and therefore provide a more accurate DP,,
estimation. Our study also stands out in that unlike
most previous papers (Darnhelka et al. 1976; Evans
et al. 1989; Wood et al. 1989; Schelosky et al. 1999;
Saalwichter et al. 2000; Roder et al. 2001; Shlieout
et al. 2002; Pala et al. 2007; Engel et al. 2012) it
reports an experimental uncertainty for DP,, of cellu-
lose (note that the dispersity D does not quantify the
error margin of DP,); this is probably witness to its
particularly direct relation between observed signal
and DP,, and thus ultimately its scientific reliability.

Upper DP,, limit of ssNMR

The upper limit of DP, of cellulose that can be
determined by NMR in our laboratory is around 100. It
is partly determined by the '*C NMR detection limit,
which results in a low signal-to-noise ratio of the small
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signals of the few chain ends of higher-DP,, cellulose.
The experiments shown here were performed at 9.4 T
(100 MHz '>C frequency). In a higher external
magnetic field of 19.8 T, the detection limit could be
lowered by at least a factor of two and peak resolution
might be somewhat enhanced as well. This suggests
that the maximum NMR-accessible DP, of clean
cellulose might reach 200 in a high-field NMR
instrument.

The lower range of degrees of polymerization of
cellulose is arguably the most important for properties,
because it corresponds to a significant concentration of
reactive chain ends. This is certainly true during
cellulose depolymerization for biofuels production, as
chain ends are the active sites for enzyme processing
(Gupta and Lee 2009). Since cellulose is not soluble
under biological conditions and cannot easily be
melted, the specific value of its high molecular weight
in plants may not affect tissue properties much. While
in light-scattering analysis, the lowest degrees of
polymerization may pose some special challenges due
to rigid-rod behavior, in solid-state NMR chain ends
from chains of any length are equally detected.

Conclusions

This paper introduces solid-state '*C NMR as a
reliable method for determining the degree of poly-
merization of hydrolyzed cellulose. The approach is
based on quantitative NMR detection of chain-end
signals, without solvent and without requiring an
external reference. The assignment of the chain-end
signals has been validated using cellulose oligomers,
ethanolyzed cellulose, and advanced NMR of Bc.
enriched hydrolyzed cellulose. In Avicel, the number-
average degree of polymerization is at least three
times lower than previously estimated using the
indirect BCA method, but in agreement with several
careful GPC studies. Further hydrolysis is found to
progressively reduce the DP,, value, as expected. The
values of DP,, = 18 & 3 and 15 4 3 for two cellulose
samples that were ball-milled and hydrolyzed for
60 min are highly reliable. The appearance of fwo
chain-end peaks at known chemical shifts, from o- and
[-anomers, makes the method less prone to error from
an unrelated background signal. The upper limit for
cellulose DP, that can be determined by NMR is
currently around 100. Unlike other methods, solid-

@ Springer

state NMR does not require any sample pretreatment
and does not have to assume accessibility of all chain
ends to dissolved reporter molecules. It completely
avoids the potential loss of low-molecular-weight
chains in solution-based methods. For crystalline
cellulose of moderate degree of polymerization
(< 100), the NMR approach probably provides more
accurate DP,, values than previous methods. Two main
applications of cellulose DP,, measurements by NMR
can be envisaged: (i) as the most accurate primary
method against which other, less direct cellulose DP,,
measurements are calibrated; (ii) as a convenient and
reliable method for determining DP, in hydrolyzed
cellulose, for instance in biofuels production.
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