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Abstract  We prepared 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO)-oxidized samples from never-
dried Japanese cedar (JC) holocellulose, JC-callus, 
and bacterial cellulose (BC). The original never-
dried samples and their TEMPO-oxidized products 
were characterized by neutral sugar composition 
analysis. TEMPO-oxidized cellulose nanofibrils 
(TEMPO-CNFs) were prepared from the TEMPO-
oxidized samples by ultrasonication in water. The 
carboxy groups in TEMPO-CNFs were position-
selectively esterified with 9-anthryl diazomethane 
(ADAM) to prepare TEMPO-CNF-COOCH2-C14H9 
samples, which had UV absorption peak at 365 nm. 
The mass-average degree of polymerization (DPw) 
values of 1% lithium chloride/N,N-dimethylaceta-
mide (LiCl/DMAc) solutions of the original samples 
were determined by size-exclusion chromatography 
in combination with multi-angle laser-light scat-
tering, ultraviolet absorption, and refractive index 

detection (SEC/MALLS/UV/RI), and were 5490, 
2660, and 2380 for the JC holocellulose, JC-callus, 
and BC samples, respectively. The TEMPO-CNF-
COOCH2-C14H9 sample solutions in 1% LiCl/DMAc 
were analyzed by SEC/MALLS/UV/RI to obtain 
SEC elution patterns. The patterns corresponded 
to the molar mass and carboxy group distributions 
of the samples, which were detected by RI and UV 
absorption of anthryl groups, respectively. The car-
boxy groups existed in the entire molar mass dis-
tribution regions of all the TEMPO-CNF samples, 
although their lower molar mass regions contained 
higher carboxy group densities. The obtained results 
indicate that random depolymerization occurred on 
the cellulose microfibril surfaces at the initial stage 
of TEMPO-catalyzed oxidation and/or ultrasonica-
tion in water. This depolymerization mechanism can 
explain all the obtained SEC-elution patterns of the 
TEMPO-CNFs, without considering the presence 
of periodically disordered regions in the cellulose 
microfibrils of the never-dried cellulose samples.
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Introduction

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) is a 
stable water-soluble radical. When native cellulose 
samples are subjected to TEMPO-catalyzed oxidation 
in water at pH 10 and room temperature, numerous 
sodium C6-carboxy groups are formed on the cellu-
lose microfibril surfaces (Isogai et  al. 2018). Cellu-
lose I crystal structures and crystallinities are mostly 
retained in TEMPO-oxidized products. TEMPO-oxi-
dized cellulose samples with suitable carboxy group 
contents are convertible to gels consisting of indi-
vidually nano-dispersed TEMPO-oxidized cellulose 
nanofibrils (TEMPO-CNFs) with similar widths by 
mechanical disintegration in water (Isogai et al. 2011; 
Isogai 2018). The widths of TEMPO-CNFs originate 
from those of the crystalline cellulose microfibrils 
present in the native cellulose samples (Okita et  al. 
2010). Therefore, TEMPO-catalyzed oxidation and 

subsequent mechanical disintegration in water to pre-
pare TEMPO-CNFs can be used as a probe for struc-
tural analyses of native cellulose microfibrils, or for 
the investigation of individualized native cellulose 
microfibrils by transmission electron microscopy 
(TEM) or atomic force microscopy (AFM).

However, side reactions do occur. These include 
depolymerization (Zhou et  al. 2020), the forma-
tion of C6-aldehyde groups (Shinoda et  al. 2012) 
and sodium polyglucuronate homopolymer chains 
(Hirota et  al. 2010), the additional oxidation of cel-
lulose molecules inside each cellulose microfibril 
(Ono et  al. 2021), and fibril shortening (Zhou et  al. 
2020) during TEMPO-catalyzed oxidation and subse-
quent mechanical disintegration in water. These side 
reactions depend on the oxidation and disintegration 
conditions (Hou et  al. 2023). Therefore, it is impor-
tant to carefully consider the side reactions described 
above during structural analyses of native cellulose 
microfibrils when TEMPO-catalyzed oxidation and 
subsequent mechanical disintegration in water is used 
as a probe. The TEMPO-CNFs investigated by TEM 
or AFM are, therefore, chemically treated cellulose 
nanofibrils containing numerous hydrophilic sodium 
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C6-carboxylate groups and other groups formed by 
side reactions, none of which exist in the original cel-
lulose microfibrils.

Elucidating the distributions of carboxy groups in 
TEMPO-CNFs against their molar mass distributions 
may provide significant information about the pack-
ing structures of cellulose molecules and the distri-
butions of periodically disordered structures in each 
crystalline native cellulose microfibril. Given that 
carboxy groups are formed on the crystalline cellu-
lose microfibril surfaces and periodically disordered 
regions by TEMPO-catalyzed oxidation, and that 
partial depolymerization occurs preferentially at the 
periodically disordered regions, based on the core-
clad structural model of native cellulose microfibrils 
(Hiraoki et al. 2014; Funahashi et al. 2017), the molar 
mass distributions of the TEMPO-CNFs should be 
somewhat bimodal. Furthermore, the carboxy groups 
should predominantly be present in lower molar mass 
regions formed by partial depolymerization during 
TEMPO-catalyzed oxidation.

In a previous paper, we position-selectively esteri-
fied the carboxy groups of algal cellulose, and those 
of commercial cotton lint and wood cellulose sam-
ples with 9-anthryl diazomethane (ADAM) to prepare 
TEMPO-CNF-COOCH2-C14H9 samples. We investi-
gated solutions of these samples in 1% (w/v) lithium 
chloride/N,N-dimethylacetamide (LiCl/DMAc) by 
size-exclusion chromatography in combination with 
multi-angle laser-light scattering, ultraviolet absorp-
tion, and refractive index detection (SEC/MALLS/
UV/RI) (Ono et al. 2019). The SEC elution patterns 
of the algal cellulose detected by UV revealed that the 
carboxy groups existed in the low molar mass region. 
This was consistent with the structural model of 
TEMPO-oxidized cellulose microfibrils based on the 
core-clad model. However, the SEC-elution patterns 
for the cotton and wood cellulose samples indicated 
that the carboxy groups were distributed against the 
entire molar mass distributions, which is not consist-
ent with periodically disordered cellulose microfibril 
structures. In the previous study, we used commer-
cial cotton lint and wood cellulose samples, and their 
thermal or dying histories were, therefore, unknown.

In the present study, we prepared never-dried Japa-
nese cedar (JC) holocellulose, purified JC-callus, 
and BC samples, and oxidized them in water at pH 
10 using the TEMPO-catalysis system. The TEMPO-
oxidized products were converted to TEMPO-CNFs 

by ultrasonication in water. The carboxy groups in the 
TEMPO-CNFs were esterified with ADAM. The dis-
tributions of anthryl groups in 1% LiCl/DMAc solu-
tions of the TEMPO-CNF-COOCH2-C14H9 samples 
were regarded as those of carboxy groups against the 
molar mass distributions, and were analyzed by SEC/
MALLS/UV/RI. The packing models of the cellulose 
molecules in the microfibrils of each of the three sam-
ples were then determined from the SEC-elution pat-
terns obtained by RI and UV.

Anthracene groups in the TEMPO-CNF-COOCH2-
C14H9 samples show fluorescence under laser-light 
irradiation depending on its wavelength. However, 
the laser light irradiation used in the present MALLS 
analysis had no influence on the scattered light pat-
tern or UV absorption pattern at 365 nm in the entire 
SEC elution volume (Ono et al. 2019). The esterifica-
tion of carboxy groups in cellulosic materials with 
9H-fluoren-2-yl-diazomethane (FDAM) has already 
been reported for the distribution analysis of car-
boxy groups using a SEC/MALLS/RI system with a 
fluorescence detector (Bohrn et  al. 2006; Henniges 
et  al. 2006; Öztürk et  al. 2008; Gehmayr et  al. 2012; 
Milanovic et al. 2013; Zimmermann et al. 2016; Jusner 
et al. 2022). However, we used a commercial ADAM/
hexane solution for esterification of the carboxy groups 
in TEMPO-CNFs because FDAM is not commercially 
available. Furthermore, UV detectors are attached to 
most of SEC/MALLS/RI systems in laboratories rather 
than fluorescence detectors.

Materials and methods

Samples

The Japanese cedar (Cryptomeria japonica) (JC) hol-
ocellulose was prepared from wood powder (particle 
size of ≥ 180 μm). The powder was dewaxed by soak-
ing in 90% acetone/water and subsequent delignifica-
tion with sodium chlorite (NaClO2) in water at pH 
4–5 and 70–80  °C for 1  h. This delignification was 
repeated six times (Ono et  al. 2022a). JC callus tis-
sue was obtained from young needles according to a 
previously published method (Yamagishi et al. 2015). 
Incubation was conducted on a solidified 0.2% gel-
lan gum at 25  °C in the dark. The heterogeneously 
shaped JC-callus was converted to fine gel particles 
using a domestic blender. A JC-callus sample was 
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prepared by soaking the gel particles in 5% potassium 
hydroxide (KOH) for 1 d, then treating twice with 
NaClO2 using the same procedure as described above 
(Hirano et  al 2020). The KOH- and NaClO2-treated 
JC-callus sample is hereafter referred to as JC-cal-
lus-2. The BC pellicles prepared by the cultivation of 
Gluconacetobacter xylinus (JCM10150) (Kim et  al. 
2002; Sun et al. 2017) were purified and converted to 
fine gel particles according to a previously reported 
method (Ono et  al. 2022b). These JC holocellulose, 
JC-callus-2, and BC gel particles were stored in a 
never-dried state before use, and their solid con-
tents in the wet state were measured from their dry 
mass contents obtained by heating potions of them 
at 105  °C for 3  h. ADAM and a 2  M trimethylsilyl 
diazomethane (TMSD) solution in diethyl ether were 
purchased from Sigma-Aldrich (USA) and Funakoshi 
Co., Ltd. (Tokyo, Japan), respectively. TEMPO, and 
other chemicals and solvents (FUJIFILM Wako Pure 
Chemicals, Tokyo, Japan) were of laboratory grade 
and used as received.

TEMPO‑catalyzed oxidation of the never‑dried 
samples

Based on the solid contents of the three wet samples, 
we prepared 1% (w/w, based on dry mass) sample 
suspensions in water. The TEMPO/sodium bromide 
(NaBr)/sodium hypochlorite (NaOCl) oxidation of 
the aqueous sample suspension was conducted at a 
constant pH of 10, and was controlled by the addi-
tion of 0.5 M NaOH. For the oxidation, we added 5 or 
10 mmol/g NaOCl to the JC holocellulose, 5 mmol/g 
NaOCl to the JC-callus-2, and 5 or 10 mmol/g NaOCl 
to the BC sample, based on the dry mass of each sam-
ple (Shinoda et al. 2012). When no 0.5 M NaOH was 
consumed, NaBH4 (~ 0.01 g) was added to the mix-
ture at pH 10 in the same container, and the mixture 
was stirred for 3 h to reduce the low levels of C6-alde-
hydes present in the oxidized product to C6-OH 
groups (Takaichi et al. 2014). The mixture was then 
acidified to pH ~ 2.5 with dilute HCl to convert the 
COONa groups in the product to COOH groups. We 
obtained water-insoluble, TEMPO-oxidized products 
with protonated COOH groups by repeated washing 
with water through centrifugation, and stored them 
in the wet state before use. The solid contents of the 
wet TEMPO-oxidized products were measured by 
heating portions of them at 105 °C for 3 h. The mass 

recovery ratios of the TEMPO-oxidized products 
were calculated from the solid contents before and 
after oxidation.

Preparation of TEMPO‑CNF/water dispersions

The wet TEMPO-oxidized JC and JC-callus-2 sam-
ples with protonated carboxy groups were suspended 
in water at a 0.1% solid content, and the TEMPO-
oxidized BC samples were suspended at a 0.01% 
solid content. The COOH groups were converted to 
COONa groups by adding dilute NaOH to the sus-
pension to form a solution with a pH of ~ 10. The 
TEMPO-oxidized JC holocellulose and BC samples 
were sonicated for 10 min, and the TEMPO-oxidized 
JC-callus-2 sample was sonicated for 6  min using 
an ultrasonic homogenizer (UTS300T, Nihon Seiki, 
Tokyo, Japan) at 300 W and 19.5 kHz power to pre-
pare transparent TEMPO-CNF/water dispersions. 
Each dispersion was centrifuged at 12000 × g for 
20 min, and the supernatants were collected as ~ 0.1% 
or ~ 0.01% TEMPO-CNF-COONa/water dispersions. 
The accurate solid content of each supernatant was 
determined by drying a portion of it at 105 °C for 3 h.

Esterification of the carboxy groups in the 
TEMPO‑CNFs with TMSD or ADAM

A dilute HCl solution was added to the TEMPO-
CNF-COONa/water dispersion containing ~ 100  mg 
(based on dry mass) of TEMPO-CNF-COONa to 
form a solution with a pH of ~ 2 for conversion to 
TEMPO-CNF-COOH. The TEMPO-CNF-COOH 
gel fraction of the acidic mixture was centrifuged 
and washed four times with methanol (40  mL each 
time) by centrifugation, during which almost all the 
TEMPO-CNF-COOH components were recovered as 
a methanol-insoluble fraction. After the final centrifu-
gation to remove excess methanol, DMAc (30  mL) 
and methanol (6  mL) were added to the TEMPO-
CNF-COOH. TMSD (0.5 mL containing 0.114 g or 
1 mM TMSD) was added to the mixture, and it was 
stirred at room temperature for 1 h under a N2 atmos-
phere for position-selective methyl esterification 
of carboxy groups in TEMPO-CNFs. Ethanol was 
added to the methyl-esterified product, and washed 
thoroughly three times with ethanol (40  mL each 
time) and finally with t-BuOH by centrifugation. The 
white powder product was obtained by freeze-drying 
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(Hiraoki et al. 2014; Tot et al. 2009; Ono et al. 2019, 
2021). The methylation of the swollen gel samples 
suspended in the liquid TMSD/methanol/DMAc sys-
tem proceeded heterogeneously (i.e., the TEMPO-
CNFs were insoluble in the reaction medium before, 
during, and after methyl esterification).

In the case of esterification with ADAM, we pre-
pared a solvent-exchanged TEMPO-CNF-COOH gel 
fraction (containing ~ 50  mg TEMPO-CNFs) from 
the TEMPO-CNF-COONa/water dispersion accord-
ing to the same process described above. After cen-
trifugation, DMAc (30  mL) and ADAM-containing 
DMAc (10  mL) were added to the sample contain-
ing a small amount of residual methanol. The sample 
was then stirred at 40 °C for 1 day in the dark under 
a N2 atmosphere. The amount of ADAM dissolved 
in 10  mL DMAc was adjusted to 5 times the molar 
amount of carboxy groups in the TEMPO-CNFs. 
The 9-anthryl methyl-esterified TEMPO-CNFs in the 
mixture were isolated by washing thoroughly three 
times with ethanol (40 mL each time) and then with 
t-BuOH by repeated centrifugation, and successive 
freeze-drying (Ono et  al. 2019). The esterification 
by ADAM of the swollen TEMPO-CNF gel particles 
suspended in the liquid ADAM/DMAc system pro-
ceeded heterogeneously (i.e., the TEMPO-CNFs were 
insoluble in the reaction medium before, during, and 
after esterification with ADAM).

Preparation of sample solutions in 1% LiCl/DMAc

The never-dried JC holocellulose, JC-callus-2, and 
BC samples were freeze-dried. The samples (8 or 
16 mg each) were soaked in ethylenediamine (EDA). 
EDA was then exchanged for DMAc via methanol by 
repeated centrifugation without drying. After a final 
centrifugation to remove excess DMAc, 8% (w/w) 
LiCl/DMAc (2 mL) was added to each sample, which 
contained a small amount of residual DMAc. The 
resulting mixtures were stirred for up to 2  months 
to prepare transparent solutions, which were then 
diluted with fresh DMAc (14 mL) to form 0.05% or 
0.1% sample solutions in 1% (w/v) LiCl/DMAc (Ono 
et  al. 2016, 2022a, b, 2023). LiCl/DMAc solution 
(8% (w/w); 2  mL) was added to each freeze-dried 
methyl- and 9-anthryl methyl-esterified sample (8 or 
16  mg), and the resulting mixtures were stirred for 
up to 1  week to obtain transparent solutions. Fresh 
DMAc (14  mL) was then added to each solution to 

prepare 0.05% or 0.1% sample solutions in 1% (w/v) 
LiCl/DMAc. Each sample solution in 1% (w/v) LiCl/
DMAc was passed through a 0.45 μm disposable fil-
ter before SEC/MALLS/UV/RI analysis.

Analyses

Neutral sugar composition analysis of the original 
samples was performed according to a previously 
reported method (Ono et al. 2016; Hou et al. 2023): 
dissolution in 72% H2SO4, heating in 3% H2SO4 at 
120  °C for 1  h, and high-performance liquid chro-
matography analysis of the hydrolysate (Hou et  al. 
2023). The carboxylate contents of the TEMPO-oxi-
dized products were determined using an electrical 
conductivity titration method (Zhou et al. 2018; Hou 
et  al. 2023). The SEC-elution patterns of the sam-
ple solutions, which were based on data determined 
by MALLS, IR, and UV absorption at 365 nm, were 
obtained using a SEC/MALLS/UV/RI system with 
1% (w/v) LiCl/DMAc as an eluent (Hiraoki et  al. 
2014; Ono et  al. 2016, 2019). Solid-state carbon 13 
nuclear magnetic resonance (13C-NMR) spectra were 
obtained according to a previously reported method 
(Zhou et al. 2020; Ono et al. 2019, 2022a; Hou et al. 
2023). The particle size distributions of the TEMPO-
CNF-COONa/water dispersions were determined 
over ~ 10 min using a particle size analyzer (Litesizer 
DLS 500, Anton Paar, Graze, Austria) equipped with 
a backside detection system to accumulate the data 
for each sample.

The detailed procedure for preparation of methyl- 
and 9-anthryl methyl-esterified TEMPO-CNFs pre-
pared from never-dried JC and BC samples, and their 
SEC/MALLS/UV/RI analysis process are shown in 
Fig. 1.

Results

Preparation of TEMPO‑oxidized products from wet 
samples

The JC holocellulose and JC-callus-2 samples were 
obtained in mass recovery ratios of 83% and 65%, 
based on the dry masses of the JC wood powder 
and JC-callus, respectively. The non-cellulosic com-
pounds in these samples were partly removed dur-
ing the repeated NaClO2 treatment (and the 5% KOH 



4236	 Cellulose (2024) 31:4231–4245

1 3
Vol:. (1234567890)

treatment for the JC-callus), resulting in the mass 
recovery ratios given above. The mass recovery ratios 
of the TEMPO-oxidized JC holocellulose and JC-cal-
lus-2 products were 55% and 60%, respectively, based 
on the dry masses of the holocellulose samples. The 
hemicellulose in these samples was mostly removed 
as water-soluble fractions during washing by cen-
trifugation, resulting in the mass recovery ratios given 
above. The TEMPO-oxidized BC products were 
obtained almost quantitatively from the original BC.

The results of neutral sugar composition analy-
sis are listed in Table 1 with references. The “oth-
ers” fractions comprised carboxy group-containing 
compounds originating from pectin, TEMPO-oxi-
dized cellulose molecules, and NaClO2-oxidized 
lignin. The hemicellulose-originating neutral sug-
ars present in the JC holocellulose and JC-callus-2 
samples were substantially removed by TEMPO-
catalyzed oxidation. The JC-callus-2 had relatively 
large galactose, arabinose, and “others” contents, 
indicating that pectin remained in this sample, 
even after extraction with 5% KOH and subsequent 

NaClO2 treatment. The pectin molecules present 
in the JC holocellulose and JC-callus-2 may have 
been mostly removed by TEMPO-catalyzed oxi-
dation, because almost no galactose, arabinose, 
or rhamnose was present in the TEMPO-oxidized 
product. The levels of “others” fractions in the 
three samples were increased by oxidation because 
glucuronic acid units were formed from cellulose 
in the TEMPO-oxidized products.

The carboxy contents of the TEMPO-oxidized 
JC holocellulose and BC samples prepared with 
5  mmol/g NaOCl were 1.0 and 1.1  mmol/g, respec-
tively, and those prepared with 10  mmol/g NaOCl 
were 1.7 and 1.4  mmol/g, respectively. The car-
boxy contents of the TEMPO-oxidized JC-callus-2 
could not be determined owing to an insufficient 
sample mass for the electrical conductivity titra-
tion. However, the C = O/C1 signal area ratio in the 
solid-state 13C-NMR spectrum of this sample (Fig. 2, 
as described below) indicated a carboxy content 
of > 1.5 mmol/g, based on previously reported results 
(Ono et al. 2021, 2022b; Hou et al. 2023).

Fig. 1   Scheme for preparation of methyl- and 9-anthryl methyl-esterified TEMPO-CNFs prepared from never-dried JC and BC sam-
ples, and their SEC/MALLS/UV/RI analysis
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The solid-state 13C-NMR spectra of the JC-cal-
lus-2 and its TEMPO-oxidized product are shown in 
Fig. 2. The JC-callus-2 produced an intense carboxy 
carbon signal, indicating the presence of pectin. After 
TEMPO-catalyzed oxidation, the carboxy carbon and 
amorphous C4 carbon peak areas centered at 175 and 
84  ppm, respectively, decreased. This indicated that 
the amorphous pectin molecules containing carboxy 
groups present in the JC-callus-2 had been removed 
from the water-insoluble TEMPO-oxidized product 
as water-soluble oxidized and degraded compounds. 
The carboxy carbon peak at 174 ppm present in the 
TEMPO-oxidized product can probably be attrib-
uted to the C6-OH groups formed on the crystalline 
cellulose microfibril surfaces by TEMPO-catalyzed 
oxidation.

TEMPO‑CNF/water dispersions

Transparent TEMPO-CNF/water dispersions were 
obtained from the TEMPO-oxidized JC holocellu-
lose, JC-callus-2, and BC samples by ultrasonication 
in water and subsequent centrifugation to remove 
fine metal particles formed from the tip of the ultra-
sonic homogenizer. The mass recovery ratios of the 
TEMPO-CNFs based on their TEMPO-oxidized 
samples were almost 100%; there were almost no un-
fibrillated fractions in any of the dispersions obtained 
by ultrasonication. The particle size distributions 
of the TEMPO-CNFs in the dispersions at vari-
ous TEMPO-CNF contents were determined for the 
TEMPO-oxidized JC holocellulose and JC-callus-2 
samples, and the results are shown in Fig.  3. Each 
TEMPO-CNF dispersion had a suitable TEMPO-
CNF content, as shown in the green range in Fig. 3a, 

so that reliable and reproducible average particle 
sizes could be obtained (Fig. 3a). When the TEMPO-
CNF content was higher than the suitable content, 
the TEMPO-CNFs formed network structures in the 
dispersion, resulting in a larger average particle size. 
When the TEMPO-CNF content was significantly 
lower than the suitable content, the scattered light 
intensity became low, resulting in inaccurate average 
particle sizes.

Solid‑state 13C‑NMR spectra of JC 
holocellulose‑related materials

The solid-state 13C-NMR spectra of the JC holocellu-
lose and TEMPO-oxidized JC holocellulose, and the 
methyl- and 9-anthryl methyl-esterified samples pre-
ferred from the TEMPO-CNFs are shown in Fig.  4. 
The broad signals at 110–156  ppm are ascribed to 
aromatic carbons of residual lignin in the JC holocel-
lulose (Ono et  al. 2022a). The methoxy methyl car-
bon peak of the residual lignin was also detected at 
56  ppm. The broad carboxy signal at 160–180  ppm 
was formed by oxidative degradation of aromatic 
rings of lignin in NaClO2-oxidation (Ono et  al. 
2022a). The aromatic and methoxy carbon signals 
originating from the residual lignin disappeared by 
TEMPO-catalyzed oxidation, showing that the resid-
ual lignin components were mostly removed as water-
soluble and degraded compounds from the water-
insoluble TEMPO-oxidized JC holocellulose. The 
carboxy carbon peak at 174 ppm is primarily formed 
from the C6-OH groups present on the crystalline cel-
lulose microfibril surfaces and facing the outside in 
the JC holocellulose by TEMPO-catalyzed oxidation.

The amorphous C4 peak at 84 ppm increased in inten-
sity during the ultrasonication of the TEMPO-oxidized 

Table 1   Neutral sugar 
compositions (%, w/w) of 
the original JC, JC-callus, 
and BC samples, the JC 
and JC-callus-2 samples, 
and the TEMPO-oxidized 
products prepared with 
5 mmol/g NaOCl

JC Japanese cedar, BC bacterial cellulose, TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl radical

Sample Glc Gal Man Ara Xyl Rha Others Ref

JC 54.6 1.5 6.6 1.1 5.1 0.9 30.2 Ono et al. 2018
JC holocellulose 72.0 1.6 5.7 0.9 4.6 0.7 14.5 Ono et al. 2017
TEMPO-oxidized JC holocellulose 66.2 0.0 2.0 0.0 3.7 0.0 28.1
JC-callus 26.2 4.2 1.4 6.9 5.6 2.1 53.6
JC-callus-2 40.2 5.6 1.3 4.6 6.8 1.5 40.1
TEMPO-oxidized JC-callus-2 40.6 0.0 0.8 0.0 2.5 0.0 56.0
BC 90.6 0.0  +   +   +  0.0 9.4 Ono et al. 2022b
TEMPO-oxidized BC 59.9 0.0  +   +  0.0 0.0 40.1 Ono et al. 2022b
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product in water and the subsequent methyl esterification 
of the carboxy groups (Zhou et al. 2020). A peak attrib-
utable to methyl-esterified carboxy carbons was located 
at 172  ppm, and a peak attributable to methyl carbons 
appeared at 55  ppm. The carboxy carbon peak shifted 
to 170 ppm during esterification with ADAM, and the 
aromatic carbon signals produced by the anthryl groups 
appeared at 120–136  ppm. Although the solid-state 
13C-NMR analysis was not conducted in the quantita-
tive mode, the aromatic carbon/C1 and methyl carbon/
C1 signal area ratios indicated that the carboxy groups 
in the TEMPO-oxidized JC holocellulose were mostly 
esterified with TMSD and ADAM, respectively, by the 
esterification procedures described in the Experimental 

section. Therefore, it was possible to use the anthryl 
groups as markers of carboxy groups in the TEMPO-
CNFs. Furthermore, the SEC-elution patterns detected 
for the ADAM-treated TEMPO-CNFs by UV absorption 
can be regarded as indicating the corresponding distribu-
tions of carboxy groups in the TEMPO-CNFs in the fol-
lowing section.

SEC/MALLS/UV/RI analysis of the JC 
holocellulose, JC‑callus‑2 and BC samples, and their 
esterified products

Figure 1 in Experimental section is a scheme show-
ing SEC/MALLS/UV/RI analysis of the JC holo-
cellulose, JC-callus-2, and BC samples, and their 
TEMPO-CNFs after esterification of the carboxy 
groups with TMSD or ADAM. The molar mass 
parameters of the JC holocellulose, JC-callus-2, 
and BC samples before TEMPO oxidation were 
obtained by soaking the freeze-dried samples in 
EDA and subsequently exchanging EDA for DMAc 
via methanol. All the samples were analyzed using 
1% (w/v) LiCl/DMAc as the eluent, and the same 
SEC column and system. This is advantageous for 
comparisons of the SEC elution patterns produced 
by the original samples and their TEMPO-CNFs.

The SEC-elution patterns of JC holocellulose and 
its TEMPO-CNFs prepared with 5 or 10  mmol/g 
NaOCl were obtained by measuring the RI values 
and the UV absorption at 365  nm, and are shown 

Fig. 2   Solid-state 13C-NMR spectra of JC-callus-2 and its 
TEMPO-oxidized product

Fig. 3   a Relationships between TEMPO-CNF content in the dispersions and the average particle size of the TEMPO-CNFs prepared 
from JC holocellulose and JC-callus-2, and (b) particle size distributions of the two TEMPO-CNFs prepared with 5 mmol/g NaOCl
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in Fig. 5. The SEC-elution patterns of the TEMPO-
CNFs obtained by measuring the RI shifted to a 
higher elution volume (or a smaller molar size) from 
that of the original JC holocellulose, indicating par-
tial depolymerization during TEMPO-catalyzed 
oxidation and subsequent ultrasonication in water 
to prepare the TEMPO-CNFs. The DPw value of 
the JC holocellulose determined by SEC/MALLS/
RI was 5490, which decreased to 1490 following 
TEMPO-catalyzed oxidation with 5 mmol/g NaOCl 
and subsequent ultrasonication in water. Herein, the 
DPw value of the TEMPO-CNFs prepared from the 
JC-holocellulose was determined from the SEC/
MALLS/RI data for the TEMPO-CNF-COOCH3 
(Hiraoki et al. 2014; Ono et al. 2019).

The ADAM-esterified TEMPO-CNFs prepared 
from the JC holocellulose exhibited clear UV absorp-
tion in the entire molar mass regions. In contrast, the 

methyl-esterified TEMPO-CNFs absorbed almost no 
UV. When the SEC-elution patterns of the TEMPO-
CNF-COOCH2-C14H9 samples obtained by RI detec-
tion were compared with those obtained by UV 
absorption, the carboxy groups were present in the 
entire molar mass distribution regions. However, the 
carboxy groups were distributed in higher densities in 
the lower molar mass regions.

Similar results to those in Fig. 5 were obtained for 
the TEMPO-CNFs prepared from the JC-callus-2 
(Fig.  6). The small peak in the elution volume of the 
JC-callus-2 at ~ 9  mL is probably attributable to non-
cellulosic compounds (such as hemicelluloses and 
pectin) present in the sample, and almost disappeared 
following TEMPO-catalyzed oxidation and subsequent 
ultrasonication in water. The DPw of the original JC-
callus-2 was 2660. The DPw of the TEMPO-oxidized 
and subsequently ultrasonicated product could not be 
determined because the sample amount was insuffi-
cient for additional methyl esterification experiment. 
However, the SEC-elution pattern of TEMPO-CNF-
COOCH2-C14H9 determined by RI detection indicated 
a DPw value of > 1500, based on the results presented in 
Fig. 5. The anthryl groups detected by UV absorption at 
365 nm as markers of carboxy groups in the TEMPO-
CNFs were present in the entire molar mass region of 
the product, although the carboxy group density was 
higher in the lower molar mass region.

The SEC-elution patterns of the BC, TEMPO-CNF-
COOCH3, and TEMPO-CNF-COOCH2-C14H9 sam-
ples prepared from BC with 5 or 10 mmol/g NaOCl, 
and detected by RI and UV absorption at 365 nm, are 
shown in Fig. 7. The results were similar to those pre-
sented in Figs. 5 and 6: 1) depolymerization occurred 
on the TEMPO-CNFs, and the DPw decreased from 
2380 for the original BC to 1530 and 1120 for the 
TEMPO-CNFs prepared with 5 and 10  mmol/g, 
respectively, followed by ultrasonication in water; 
2) the methyl-esterified products did not absorb UV; 
3) the SEC elution patterns of the methyl-esterified 
products detected by RI were similar to those of the 
9-anthryl methyl-esterified products determined in the 
same way; and 4) the carboxy groups were present 
in the entire molar mass regions, but were present in 
higher densities in the lower molar mass regions.

Figure 8 shows the relative value of the UV absorp-
tion to RI intensity (UV/RI) at each SEC elution vol-
ume for the five samples shown in Figs. 5, 6, and 7, 
showing the concentration of anthracene-methyl 

Fig. 4   Solid-state 13C-NMR spectra of JC holocellulose, 
TEMPO-oxidized JC holocellulose, and the methyl- and 
9-anthryl methyl-esterified products prepared from the 
TEMPO-CNFs
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ester groups per mass at each SEC elution vol-
ume. Although the concentrations of anthracene-
methyl groups in the low-molar-mass regions were 
higher than those in the high-molar-mass regions, 
the five samples had significantly high concentra-
tions of anthracene-methyl groups in the high molar-
mass-regions. Thus, the C6-carboxy groups in the 
TEMPO-CNFs prepared from the never-dried JC hol-
ocellulose, JC-callus, and BC were more distributed 
throughout the molecules ranging from low to high 
molar masses.

Discussion

The structures of the cellulose microfibrils in the 
native cellulose of higher plants and BC have not 
been definitively determined. Leveling-off average 
DPs (LODPs) of 200–300 determined for commer-
cial higher plant cellulose samples, such as chemi-
cal wood pulps, cotton lint, and linters cellulose, by 
dilute acid hydrolysis indicate the presence of period-
ically disordered regions along the longitudinal direc-
tions of native cellulose microfibrils (Borrega et  al. 
2018; Horikawa et  al. 2018; Funahashi et  al. 2018). 
Neutron-scattering analysis of commercial ramie cel-
lulose fibers also indicates the presence of periodi-
cally disordered regions (Nishiyama et al. 2003).

LODP values have been obtained from never-
dried higher plant cellulose samples that had been 
subjected to hydrolysis by dilute acid, but they were 

higher than those obtained from dried samples (Funa-
hashi et al. 2018). Therefore, it has been hypothesized 
that the disordered regions indicated by LODPs in 
higher plant cellulose samples are artificially formed 
during drying or other processes (Einfeldt et al. 2005; 
Håkansson and Ahlgren 2005; Atalla et  al. 2014; 
Funahashi et  al. 2018). Furthermore, SEC/MALLS/
RI analysis of microcrystalline cellulose samples 
produced from cotton linters cellulose, and pulps by 
hydrolysis with dilute acid indicates wide DP ranges 
of 60–600 (although their average DP values are 
always 200–300) (Funahashi et  al. 2018; Ono et  al. 
2018; Ono and Isogai 2021). It is not plausible that 
such wide DP values, which correspond to the lengths 
of crystalline regions, are controlled by biosynthetic 
processes and are formed in pristine and never-dried 
plants.

If the core-clad structures of cellulose molecules 
with periodically disordered regions are assumed to 
be present in each higher plant cellulose microfibril, 
the SEC elution patterns of TEMPO-CNFs with suf-
ficiently high DPs detected by RI and UV absorp-
tion at 365 nm should exhibit the patterns shown in 
Fig.  9. The core cellulose molecules in each micro-
fibril should exhibit higher molar masses with lower 
carboxy densities. However, the surface cellulose 
molecules had lower molar masses with higher car-
boxy densities. The formation of alternating glucose/
glucuronic acid co-polymers with polyglucuronic 
acid homopolymer chains has been demonstrated in 
TEMPO-CNFs prepared from wood and tunicate 

Fig. 5   SEC-elution patterns of original JC holocellulose and TEMPO-oxidized JC holocellulose products prepared with (a) 
5 mmol/g NaOCl and (b) 10 mmol/g NaOCl, obtained by RI detection and UV absorption at 365 nm
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cellulose samples by surface peeling with 10% NaOH 
(Hirota et al. 2010).

The carboxy groups formed by TEMPO-cata-
lyzed oxidation were widely distributed to the entire 
molar mass distribution ranges of TEMPO-CNFs 
when never-dried JC holocellulose, JC-callus-2, 
and BC samples were used in the present study, as 

shown in Figs. 5, 6, and 7. Consequently, irrespec-
tive of whether commercial higher plant cellulose, 
never-dried higher plant cellulose, or BC samples, 
the cellulose microfibril model shown in Fig. 10 can 
explain the obtained results without inconsisten-
cies. In TEMPO-CNFs with DPw values of > 1000, 
the initial depolymerization points are randomly 

Fig. 6   SEC-elution pat-
terns of the original JC-cal-
lus-2 and TEMPO-oxidized 
JC-callus-2 prepared with 
5 mmol/g NaOCl, obtained 
by RI detection and UV 
absorption at 365 nm

Fig. 7   SEC-elution patterns of the original BC and TEMPO-oxidized BC products prepared with (a) 5  mmol/g NaOCl and (b) 
10 mmol/g NaOCl, obtained by RI detection and UV absorption at 365 nm
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formed on the cellulose microfibril surfaces. Oxida-
tion and depolymerization may proceed to cellulose 
molecules inside the microfibril from the initially 
depolymerized point, but will not proceed to the 

surrounding surface chains as in the model shown in 
Fig. 9.

The model shown in Fig. 10 can also explain the 
SEC-elution patterns for fibrous TEMPO-oxidized 

Fig. 8   Relationship 
between SEC elution 
volume and the UV absorp-
tion/RI intensity ratios for 
the five anthracene-methyl-
esterified TEMPO-CNFs in 
Figs. 5, 6, and 7

Fig. 9   A hypothetical model of cellulose microfibrils containing disordered regions periodically distributed along the longitudinal 
direction, and the resultant hypothetical carboxy group distribution pattern against the molar mass distribution of the TEMPO-CNFs
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pulps before ultrasonication in water and also for 
TEMPO-CNFs obtained after ultrasonication in 
water, when detected by RI (Hiraoki et al. 2014; Zhou 
et al. 2020; Ono et al. 2022b). The SEC elution pat-
terns of TEMPO-oxidized pulps and TEMPO-CNFs 
had mostly single peaks (without clear bimodal 
peaks, as in the model shown in Fig.  10). The SEC 
peak position gradually shifted to a lower molar mass 
(or higher elution volume) as the amount of NaOCl 
(the primary oxidant in TEMPO-catalyzed oxidation) 
increased, or the ultrasonication time of the fibrous 
TEMPO-oxidized samples in water increased. There-
fore, during TEMPO-catalyzed oxidation, periodi-
cally disordered regions are not detectable by chemi-
cal species responsible for depolymerization, even 
if they are present in never-dried native cellulose 
samples. This is probably because the active chemi-
cal species that cause depolymerization in TEMPO-
catalyzed oxidation are much larger than the H+ in 
dilute acid hydrolysis. Consequently, depolymeriza-
tion occurs randomly on cellulose microfibril surfaces 
during TEMPO-catalyzed oxidation.

Conclusions

TEMPO-CNFs prepared from never-dried JC 
holocellulose, JC-callus-2, and BC samples by 

TEMPO-catalyzed oxidation and subsequent ultra-
sonication in water had DPw values of > 1000. The 
carboxy groups in the TEMPO-CNFs were posi-
tion-selectively 9-anthryl methyl-esterified without 
drying from the never-dried state. Here, a commer-
cially available ADAM/hexane solution was suc-
cessfully used for the position-selective esterifica-
tion. We prepared 1% (w/v) LiCl/DMAc solutions 
of TEMPO-CNF-COOCH2-C14H9 and TEMPO-
CNF-COOCH3 samples, and subjected them to 
SEC/MALLS/UV/RI analysis. SEC elution patterns 
provided molar mass distributions detected by RI 
and carboxy group distributions detected by UV 
absorption at 365  nm. Carboxy groups were pre-
sent in the entire molar mass distribution regions in 
all the TEMPO-CNF samples, although their lower 
molar mass regions contained higher carboxy group 
densities (Fig. 8). The periodically disordered struc-
ture model used to explain the LODPs of higher 
plant cellulose samples that have undergone hydrol-
ysis with dilute acid was investigated to explain 
the results obtained herein. However, without con-
sidering the periodically disordered regions, the 
random depolymerization on the cellulose micro-
fibril surfaces during the initial stage of TEMPO-
catalyzed oxidation and/or ultrasonication in water 
can explain the results obtained in the present study 
without inconsistency.

Fig. 10   A possible model of cellulose microfibrils without considering the presence of periodically disordered regions, and the 
resultant hypothetical carboxy group distribution pattern against molar mass distribution in SEC-elution patterns of TEMPO-CNFs
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