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a  b  s  t  r  a  c  t

This is  the  first report  on  surface  structural  elucidation  of individual  nanocellulose  as  colloidal  suspen-
sions  by  1D 1H, 2D  heteronuclear  single  quantum  coherence  (HSQC)  as well  as 13C nuclear  magnetic
resonance  (NMR). 1H  NMR  of  rice  straw  CNCs  (4.7  nm  thick,  143  nm  long,  0.04  sulfate  per  AG  or 19.0%
surface  hydroxyl  to sulfate  conversion)  resembled  that  of  homogeneous  cellulose  solution.  Conventional
2D  HSQC  NMR  of CNC,  CNF  1.5  (2–14 nm  thick,  several  micrometers  long,  0.10  COOH  per  AG) and  CNF10
(2.0  nm thick,  up  to 1  �m long,  0.28  COOH  per AG)  gave  H1:H2  ratios  of  1.08:1,  0.97:1  and  0.94:1,  respec-
tively,  all  close  to the  theoretical  1:1  value  for cellulose.  The  H1:H6  ratios  determined  from  2D  HSQC  NMR
for CNCs,  CNF1.5  and CNF10  were  1:1.47,  1:0.88  and  1:0.14,  respectively,  and  corresponded  to  26%,  56%
and  93%  C6  primary  hydroxyl  conversion  to  sulfate  and  carboxyl  groups,  consistent  with,  but  more  sen-

1
HSQC)
ellulose nanocrystals
ellulose nanofibrils

sitive  than  those  by conductometric  titration  and  X-ray  diffraction.  Both H and  2D HSQC  NMR  data
confirm  that  solution-state  NMR  detects  nanocellulose  surface  carbons  and  protons  primarily,  validating
this technique  for direct  surface  characterization  of  nanocellulose  in aqueous  colloidal  suspensions,  pre-
senting a sensitive  and  meaningful  NMR  tool  for  direct  characterizing  individual  nanocellulose  surfaces
in  never-dried  state.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Nanocellulose, the nano-scale fibrillar crystalline domains
erived from cellulose, has attracted significant attention due to
heir ultra-high strength and modulus, low thermal expansion coef-
cient in the axial direction, high specific surface, chemical reactiv-

ty and low densities (Habibi, Lucia, & Rojas, 2010; Isogai, Saito, &
ukuzumi, 2011; Klemm et al., 2011). Nanocellulose has been com-
only derived by chemical or mechanical means, including acid

ydrolysis (Beck-Candanedo, Roman, & Gray, 2005; Jiang, Esker,
 Roman, 2010), 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO)
ediated oxidation (Saito & Isogai, 2004), biochemical enzymatic

ydrolysis (Paakko et al., 2007), mechanical defibrillation (Uetani
 Yano, 2011) or a combination of the above, in the form of
queous suspensions. Structural characterization of nanocellulose,
owever, has been mainly carried out on their solids by well-
eveloped solid state techniques such as Fourier transform infrared

pectroscopy (FTIR) (Araki, Wada, & Kuga, 2001), X-ray photo-
lectron spectroscopy (XPS) (Jiang et al., 2010; Yuan, Nishiyama,
ada, & Kuga, 2006), energy-dispersive X-ray spectroscopy

∗ Corresponding author. Tel.: +1 530 752 0843; fax: +1 530 752 7584.
E-mail address: ylhsieh@ucdavis.edu (Y.-L. Hsieh).

ttp://dx.doi.org/10.1016/j.carbpol.2014.03.043
144-8617/© 2014 Elsevier Ltd. All rights reserved.
(EDX) (Lu & Hsieh, 2011) and solid-state 13C nuclear magnetic reso-
nance (NMR) (Berlioz, Molina-Boisseau, Nishiyama, & Heux, 2009;
Cetin et al., 2009). Nanocellulose is widely known to agglomer-
ate during drying, therefore solid-state characterization may  reflect
certain structural changes from drying and not necessarily the pre-
cise nature of the individual nanocellulose.

Solution-state NMR  gives specific structural information of indi-
vidual molecules and is commonly used to determine chemical
changes of cellulose and degree of substitution of cellulose deriva-
tives, all in soluble forms. Solution-state NMR  has only been
reported on soluble or hydrolysis products of cellulose, such as 1H
and 13C NMR  of water-soluble polyglucuronic acid derived from
TEMPO oxidized cellulose (Hirota, Tamura, Saito, & Isogai, 2009;
Tahiri & Vignon, 2000) and 1H and 2D NMR  of hydrolyzed monosac-
charides of cationized nanocrystalline cellulose (de la Motte,
Hasani, Brelid, & Westman, 2011). To date, solution-state NMR  of
nanocellulose in colloidal suspensions has not been reported.

Solution-state 1H and 13C NMR  have also shown to be effective
for analyzing molecules adsorbed on the surface of carbon nano-
tube (Huang, Fernando, Allard, & Sun, 2003; Sun, Fu, Lin, & Huang,

2002; Tang & Xu, 1999) and gold nanoparticles (Hostetler et al.,
1998; Terrill et al., 1995; Zhou et al., 2008), although the resolved
peaks are broader than those of same molecules in the soluble
form. Similarly, nanocellulose can be considered as nanoparticles

dx.doi.org/10.1016/j.carbpol.2014.03.043
http://www.sciencedirect.com/science/journal/01448617
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ith highly crystalline cellulose cores and functionalized shells.
anocellulose also has nano-scale lateral dimensions and aspect

atios approaching some of the largest macromolecules. It is, there-
ore, hypothesized that solution-state NMR  may  be appropriate for
urface structural characterization of nanocellulose.

In this study, nanocellulose of different dimensions and surface
hemistries was probed using solution-state 1D and 2D NMR  to
etermine their suitability for direct characterizing the surfaces
f individual nanocellulose in colloidal suspensions. Nanocellu-
ose was prepared by either sulfuric acid hydrolysis or coupled
EMPO oxidation and blending to varied dimensions and surface
hemistries and maintained as aqueous suspensions for character-
zation. Integrals of 2D heteronuclear single quantum coherence
HSQC) NMR  were used to determine the degree of surface oxi-
ation of primary hydroxyls and compared with conductometric
itration and X-ray diffraction data.

. Experimental

.1. Derivation and characterization of cellulose nanocrystals
CNCs) and nanofibrils (CNFs)

Pure cellulose was isolated from rice straw (Calrose varity)
nd hydrolyzed into CNCs (64 wt% sulfuric acid, 8.75 mL/g acid-to-
ellulose ratio, 45 ◦C, 45 min) as previously reported (Lu & Hsieh,
011). CNF1.5 and CNF10 were derived from TEMPO mediated oxi-
ation of rice straw cellulose at 1.5 and 10 mmol/g NaClO/cellulose,
hen blended at 37,000 rpm for 60 and 30 min, respectively, follow-
ng a previous procedure (Jiang, Han, & Hsieh, 2013).

CNCs and CNFs were characterized as suspensions and freeze-
ried solids as previously described (Jiang & Hsieh, 2013; Jiang
t al., 2013). The surface charges were determined by conducto-
etric titration of 0.1 wt% suspensions. Individual CNCs and CNFs
ere visualized using an Asylum-Research MFP-3D atomic force
icroscope (AFM). The transverse and longitudinal dimensions of

NCs and CNFs were determined from AFM images and reported
s means and standard deviations. The transverse dimensions were
alculated from the heights of 150 images where the z resolution
as 0.06 nm.  The lengths in the direction parallel to the long axis

re sufficiently long to negate the tip broadening effect. CNCs and
NFs were freeze-dried to be measured on a Scintag XDS 2000 pow-
er diffractometer (XRD) to calculate crystallinity index (CrI) and
rystallite dimensions. CrI was calculated from the intensity of the
00 peak (I200, 2� = 22.6◦) and the intensity minimum between the
00 and 110 (Iam, 2� = 18.7◦) peaks by using the empirical equa-
ion, CrI = (I200 − Iam)/I200 × 100 (Segal, Creely, Martin, & Conrad,
959). The primary C6 hydroxyls on CNF surfaces (mol per mol  of
G, OH/AG) were determined using a method reported previously

Jiang et al., 2013; Okita, Saito, & Isogai, 2010)

.2. NMR

CNC and CNF suspensions (around 10 mL  at 0.6 wt%) were pre-
ipitated by adding 40 mL  acetone then centrifuged (5000 rpm,
5 min) to decant the supernatant and repeated three times. A frac-
ion of CNC and CNF acetone gels was added into 1 mL  D2O, and was
ispersed by sonication (10 min, Branson 2510), followed by heat-

ng at 60 ◦C under vacuum for 1 h to remove acetone. This sonication
nd evaporation process was repeated several times to remove
esidual acetone and additional D2O was added during evapora-
ion to prevent drying. The final nanocellulose concentration was

round 0.2 wt%.

1H, 13C and 2D HSQC NMR  spectra and 1H spin-lattice relaxation
ime measurements were carried out using a Bruker AVIII 600 MHz
pectrometer using a 5 mm CPTCI H/C/N/D Z-gradient cryogenic
mers 110 (2014) 360–366 361

probe. Spin-lattice relaxation time T1 was  measured using sat-
uration recovery pulse sequence (�/2–TR–�/2), where TR is the
saturation recovery time, ranging from 150 to 7000 ms.  The area
of each peak was  used for the relaxation curve fitted by an mono-
exponential function, I(TR) = I(1−exp(−TR/T1)). Proton spectra were
obtained at 303 K in deuterium oxide (99.96% D) solvent with the
NOESYPR1D experiment. A presaturation field strength of 50 Hz
was applied to the H2O resonance during a 5 s predelay followed
by a 90◦ acquisition pulse and acquisition time of 1 s. The mix-
ing time was 100 ms.  Typical conditions employed eight dummy
pulses and eight scans. Carbon spectra employed a 45◦ tip angle
with a 1.5 s (D1 = 0.5 s, AQ = 1 s) repetition rate for a total acquisition
time of 1 h with GARP decoupler modulation, and no inverse gated
decoupling. 2D heteronuclear correlation experiments employed
the HSQCETGPSP.2. Bruker standard experiment using 2 K × 128
complex data points in T2 and T1 with echo/antiecho data collection
and processing in pure phase. Spectral widths were 16 × 165 ppm
with variable scans per block according to time constraints (44, 80,
and 112 scans for CNC, CNF1.5 and CNF10, respectively). For each
sample, the delay time was  set to at least 5 times of the longest
T1. Processed data were zero filled to 2 K × 1 K with linear predic-
tion in T1 of 768 points. Apodization was  cosine square bell in both
dimensions (SSB = 2). 13C decoupler modulation during acquisition
featured CPD = bi p5m4sp.2. For the integral of 2D HSQC results, the
proton at the anomeric carbon (H1), which is not affected by sulfuric
acid hydrolysis or TEMPO oxidation, was  employed as an internal
standard and the relative integral ratios were reported. (Ahn, Kraft,
& Sun, 2011)

3. Results and discussion

3.1. Morphologies and surface properties of nanocellulose

Rice straw cellulose was hydrolyzed into rigid rod-like CNCs,
averagely 4.7 (±1.3) nm thick and 143 (±31) nm long (Fig. 1a and
d) (Jiang & Hsieh, 2013). Coupled TEMPO mediated oxidation and
mechanical blending yielded 97% CNFs out of the starting rice straw
cellulose, with morphologies depending on the degree of oxidation
(Jiang et al., 2013). The CNF1.5, isolated at 1.5 mmol NaClO/g of cel-
lulose, were 2–14 nm thick and several micrometers long, showing
bimodal distributed thin and thick nanofibrils (Fig. 1b and e). Oxi-
dized at a higher 10 mmol  NaClO/g of cellulose, CNF10 measured
averagely 2.0 (±0.7) nm thick and from hundreds to thousands
nanometers long (Fig. 1c and f).

Isolating nanocellulose under strongly acidic and highly oxida-
tive conditions causes not only defibrillation and chain scissions but
also chemical modification of the surface hydroxyls. The hydroxyls
on CNCs are semi-esterified during sulfuric acid hydrolysis whereas
the C6 primary hydroxyls are oxidized to carboxyls on CNF surfaces
from TEMPO mediated oxidation. The negatively charged sulfates
on CNCs and carboxyls on CNFs were confirmed and quantified by
conductometric titration to be 0.24, 0.59 and 1.68 mmol/g of cellu-
lose, equivalent to 0.04, 0.10 and 0.28 DS values per anhydroglucose
(AG) unit (Fig. 1g) for CNC, CNF1.5 and CNF10, respectively.

The derived nanocellulose are highly crystalline with CrI of
90.7%, 70.8%, and 84.8% for CNC, CNF1.5 and CNF10, respectively.
The increased crystallinities for CNC and CNF10 as compared with
the original rice straw cellulose (72.2% CrI) are expected from the
removal of less ordered cellulose chains by the extensive acid
hydrolysis and oxidation reaction, manifesting these chemical con-
versions to be limited to the crystal surfaces. The average crystallite

size of CNCs from XRD is 4.3 nm (Fig. 1g), very close to their
average 4.7 nm lateral dimension by AFM. The average crystallite
sizes of 3.0 and 2.6 nm for CNF1.5 and CNF10 are also approx-
imate to their respective 2–14 and 2.0 nm lateral dimensions,
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Fig. 1. AFM height images (a–c) and height profiles (d–f): (a, d) CNC; (b, e) CNF1.5; (e, f) CNF10; (g) Crystallite dimension, surface primary hydroxyls, degree of substitution
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DS)  and surface hydroxyl substitution of CNCs, CNF1.5 and CNF10. The DS is calcula
olecular weights of anhydroglucose (C6H10O5, 162 g/mol), anhydroglucuronic ac

nd  q is the charge density determined from conductometric titration in mol/g.

uggesting their highly crystalline cores. Within the crystalline
ore of these nanocellulose, the hydroxyls are intra- and inter-
olecularly hydrogen bonded while only the surface ones are

ccessible and reactive. The theoretical quantities of surface C6
rimary hydroxyls on CNC, CNF1.5 and CNF10 are calculated from
heir crystallite dimensions to be 0.21, 0.27 and 0.30 OH/AG, respec-
ively (Fig. 1g) (Jiang et al., 2013). The proportions of the surface C6
ydroxyls that were substituted were calculated by dividing the
.04, 0.10 and 0.28 DS values derived from conductometric titration
y the original surface C6 primary hydroxyls derived from XRD to
e 19.0%, 37.0% and 93.3% for CNC, CNF1.5 and CNF10, respectively
Fig. 1g).

.2. NMR  characterization of nanocellulose
Proton spin-lattice relaxation time (T1) reflects the recovery
ate of the longitudinal component of the magnetization vector
oward thermodynamic equilibrium, and is affected by solvent,
om DS = (q × MWa)/(1 + q × (MWa − MWb or c)); where MWa, MWb and MWc are the
H8O6, 176 g/mol) and anhydroglucose sulfate (C6H10O8S, 242 g/mol), respectively,

temperature, nuclear environment and molecular motion, etc.
T1s of all nanocellulose were measured in D2O using saturation
recovery pulse sequence, and calculated using a monoexponential
function, representing the time required for 63% of magnetization
to recover to equilibrium. From the saturation recovery curves of H2
(Fig. 2a), it shows that the recovery is slowest for CNCs, followed by
CNF1.5 and CNF10, with calculated T1s being 1.83, 1.05, and 0.44 s,
respectively (Fig. 2b). This decreasing T1 trend is consistent with the
decreasing lateral dimensions of these nanocellulose. The longer T1
for CNCs could be due to their wider lateral dimension and higher
crystallinity, rendering slow tumbling and reorienting of the large
molecules. For CNF1.5, the lateral dimensions are much smaller and
the crystallinity is lower, therefore the molecular motions are more
rapid to generate shorter T1. As expected, CNF10 showed shortest

T1 due to its much smaller lateral and longitudinal dimensions as
compared to CNF1.5. The T1s for H6 are much shorter than those
for H2 for both CNC (0.61 s) and CNF1.5 (0.42 s) (Fig. 2b), which
could be due to faster internal motion as they are attached to the
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ig. 2. (a) Saturation recovery curves of H2 for CNC (©), CNF1.5 (�), and C
(TR) = I(1−exp(−TR/T1)); (b) Spin-lattice relaxation T1 of H2 and H6.

econdary carbon. T1 for H6 in CNF10 could not be determined due
o its absence, i.e., oxidation of C6 methylene groups to carbonyl
roup.

Solution-state 1H NMR  (Fig. 3) was obtained from never-
ried nanocellulose/D2O, i.e., solvent exchanged from aqueous
uspension, to avoid drying and possible agglomeration. For
ll nanocellulose/D2O suspensions, clear 1H NMR  spectra were
btained in less than 2 min, indicating nanocellulose to remain
ell dispersed in D2O after H2O–acetone–D2O solvent exchange
rocess, behaving like soluble macromolecules. For the CNC/D2O
uspension (Fig. 2a), the furthest downfield peaks at ı 4.45 could be
ssigned to the proton at the anomeric carbon (H1), which is in close
pproximation to the previously reported chemical shift values of
1 in dissolved cellulose, i.e., ı 4.5 for cellulose/NaOD/D2O system

Kowsaka, Okajima, & Kamide, 1988), ı 4.6 for cellulose/N,N-
imethylacetamide-d9/LiCl (Nardin & Vincendon, 1986), ı 4.35 for
ellulose/dimethyl sulfoxide-d6 (Buchanan, Edgar, Hyatt, & Wilson,
991). The doublet peaks present at ı 3.90 and ı 3.75 for CNC
ould be assigned to the methylene protons or H6 and are consis-
ent with the previous reported ı 3.65–3.88 in cellulose/NaOD/D2O
Isogai, 1997). The appearance of doublet is from the spin–spin cou-
ling between the two  vicinal protons. The plural peaks between

 3.34 and 3.66 are from the three C3, C4 and C5 protons, but
mpractical to separate due to their significant overlapping with
ach other. The furthest upfield peak at ı 3.27 coincides with the
hemical shift of H2 and is consistent with the previous reported
 3.29 for cellulose/NaOD/D2O (Kowsaka et al., 1988), ı 3.05 for
ellulose/DMA-d9/LiCl (Nardin & Vincendon, 1986) and ı 4.10 for
ellulose/dimethyl sulfoxide-d6 (Buchanan et al., 1991).

ig. 3. 1H NMR  spectra of nanocellulose in D2O suspension: (a) CNC; (b) CNF1.5; (c)
NF10.
(�), dash lines are fitting curves calculated from monoexponential function

The 1H peak assignment for CNC/D2O was further confirmed
with 2D 1H–13C HSQC spectrum (Fig. 4a), offering one-bond corre-
lation between carbon and proton. The projection of 13C spectrum
correlated with the proton nuclei was  shown on the vertical axis
and the projection of 1H spectrum correlated with the carbon nuclei
was shown on the horizontal axis. The well resolved 13C NMR
spectrum of cellulose had shown the most deshielded anomeric
carbon at ı 102.00, followed by a less deshielded carbon C4 at ı
79.00–80.00 and the most shielded methylene carbon C6 at ı 60.00,
with other C2, C3, and C5 signals at around ı 74.00 (Bain, Eaton,
Hux, & Tong, 1980; Elkafrawy, 1982; Nehls, Wagenknecht, Philipp,
& Stscherbina, 1994). The H1 at ı 4.45 was  coupled with anomeric
C1 at ı 102.1. The H6 signals at ı 3.90 and 3.75 were coupled with
the primary methylene C6 at ı 59.8. The H4 at ı 3.58 correlated with
C4 at ı 78.5 whereas the H2 at ı 3.27 with C2 at ı 72.8. The two over-
lapping contour peaks of H3 and H5 at ı 3.55 were coupled with
C3 and C5 at ı 74.2. Essentially, the 1H NMR  spectrum for CNC/D2O
suspension display significant resemblance to that of homogeneous
cellulose solutions (Gagnaire, Mancier, & Vincendon, 1980) and the
chemical shift values from both 1H and 2D HSQC NMR  spectra coin-
cide well with the reference data. This observation indicates that
solution 1H and 2D HSQC NMR  are suitable for resolving chemical
structures of CNC in suspensions. Previous 1H magic angle spin-
ning (MAS) NMR  of swollen cellulose nanowhiskers in D2O showed
only a broad and unresolved peak centered at � 3.5, which has no
structural meaning (Goetz, Foston, Mathew, Oksman, & Ragauskas,
2010). To the best of our knowledge, this is the first report of struc-
tural elucidation by solution-state 1D 1H and 2D NMR of aqueous
nanocellulose suspensions.

TEMPO oxidation liberates cellulose nanofibrils containing
some surface carboxyls converted from C6 primary hydroxyls, thus
should display such effect in its NMR  spectra. 1H NMR  spectra show
clear H1 (ı 4.41) and H2 (ı 3.26) peaks for CNF1.5 and CNF10 (Fig. 3b
and c), correlating with 13C chemical shifts at ı 101.9 and ı 72.6
from the HSQC spectra for C1 and C2, respectively (Fig. 4b and c).
For CNF1.5, two  peaks at ı 3.88 and 3.74 were coupled with the
C6 at ı 59.8, which are similar to that for CNCs. Another two  peaks
at ı 4.04 and 3.30 coupled with C at ı 62.6 were also thought to
be from C6. The shifting of these two C6 and H6 peaks of CNF 1.5
was thought to be due to the strong hydrogen bond between the
non-oxidized C6 OH and the C6 carbonyl O of partially oxidized
CNF 1.5 (Abraham & Mobli, 2007; Ajami et al., 2011; Grzesiek,
Cordier, Jaravine, & Barfield, 2004; Moulthrop, Swatloski, Moyna,
& Rogers, 2005). Other peaks present in CNF1.5 were assigned as
follows: H3 at ı 3.75, C3 at ı 75.7, H4 at ı 3.66, C4 at ı 80.1, H5
at ı 3.52; C5 at ı 74.2. For CNF10, it was  clear that the proton sig-

nals coupled with C6 at ı 60 (Fig. 4c) disappeared completely as
compared to CNC (Fig. 4a) and CNF 1.5 (Fig. 4b). This is expected
from losing C6 protons on the surface C6 methylene groups to
TEMPO oxidation. It should be noted that 93.3% surface C6 primary
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to cellulose with theoretical 1:2 value. The reduced H6 intensity
observed on CNC is attributed to the conversion of some primary
hydroxyls to sulfate groups. Actually, the 26% primary hydroxyls
ig. 4. 1H–13C HSQC spectra of nanocellulose in D2O suspension. (a) CNC; (b) CNF1
he  values for cellulose are from theoretical calculation.

ydroxyl-to-carboxyl conversion is equivalent to only 28% conver-
ion counting all C6 hydroxyls in the CNFs, i.e., including those in
he crystalline core (Fig. 1g). In other words, over 70% of the C6
rimary hydroxyls resided within the crystalline cellulose fibrils
nd are unreacted. The fact that almost no C6 and H6 peaks were
etected manifests that only the surface nuclei could be detected
y NMR  of the nanocellulose suspensions. Cellulose chains in the
rystalline cores participate in inter- and intra-molecular hydrogen
onding with each other, thus have restricted molecular mobility.
urface chains, having far less constraint than those in the interior,
xhibit higher molecule motions that average out the dipolar inter-
ction between neighboring spins. That only the surface structure
f nanocellulose in colloidal suspension is detected is another sig-
ificant finding, confirming solution-state NMR  to be an effective
nd efficient method for surface characterization of nanocellulose
n colloidal suspensions. This new finding presents huge advantage
or the direct characterization of nanocellulose surface structures
s a result of isolation processes and/or modification. Other peaks
resent in CNF10 could be assigned as: H1 at ı 4.47, C1 at ı102.3,
3 at ı 3.84, C3 at ı 75.2, H4 at ı 3.61, C4 at ı 80.7, H5 at ı 3.57,
5 at ı 74.0. The signal-to-noise ratios of 13C in 2D HSQC (Fig. 4)
nd 13C NMR  (Fig. 5) are much higher for CNF1.5 and CNF10 than
or CNCs. This may  be attributed to the much narrower and more
exible CNFs, experiencing faster isotropic motion as compared to
he wider and more rigid CNCs.

As the delay time used for HSQC measurements are at least 5
imes of the longest T1, it is deemed accurate to integrate the con-

ours for quantitative analysis with uncertainty of ±5%. The H1 at
he anomeric carbon was used as internal standard and the ratios of
ther protons relative to H1 were reported (Fig. 4d). The integrals
etermined from 2D HSQC NMR  spectra show the H1:H2 ratio to
 CNF10; (d) integrals and ratios of proton determined from 2D HSQC NMR  spectra.

be 1.08:1, 0.97:1 and 0.94:1 for CNC, CNF1.5 and CNF10, respec-
tively, close to the theoretical 1:1 value for cellulose (Fig. 4d). The
H1:H6 for CNC is 1:1.47, ca. 26% lower H6 intensity as compared
Fig. 5. 13C NMR spectra of nanocellulose in D2O suspension: (a) CNC; (b) CNF1.5;
(c)  CNF10.
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o sulfate conversion from 2D HSQC is higher than the 19.0%
f surface sulfate group conversion derived from conductomet-
ic titration and XRD. As expected, lower H6 integrals were also
bserved for both CNF1.5 and CNF10, resulting from oxidation of
he primary C6 hydroxyl. The ratios between H1 and H6 were 1:0.88
nd 1:0.14 for CNF1.5 and CNF10, respectively, showing unreacted
6 in these CNFs to be only 44% and 7% of pure cellulose. In other
ords, 56% and 93% of the primary C6 hydroxyls were converted

o carboxyls for CNF1.5 and CNF10, respectively. The hydroxyl-to-
arboxyl conversion derived from NMR  for CNF1.5 is higher (56%)
han the 37.0% value determined by conductometric titration and
RD; whereas the 93% hydroxyl-to-carboxyl conversion for CNF10

s significantly close to the 93.3% value as determined from conduc-
ometric titration and XRD (Fig. 1g). With both CNC and CNF1.5, the
ower conversion values from conductometric titration and XRD
han 2D HSQC NMR  was thought to be due to the use of average
rystallite dimensions for the widely different sized nanocellulose,
hus may  be less accurate the NMR  approach. Both 1H and 2D HSQC
MR  data confirm that solution NMR  detects nanocellulose sur-

ace carbons and protons primarily and quantitatively, validating
his technique for direct surface characterization of nanocellulose
n colloidal suspensions.

13C NMR  spectrum of CNF10 shows five sharp peaks at ı 103, 81,
5, 74 and 72.5, corresponding to C1, C4, C3, C5 and C2 in cellulose,
espectively (Fig. 4c). These results correspond well with 2D HSQC.

 small peak could be detected at ı 60, albeit with significantly
educed intensity, indicating conversion of primary methylene car-
on to carbonyl carbon which was further confirmed by a new peak
ear ı 175. Solution 13C NMR  of dissolved cellulose has shown the
ame chemical shifts, but much broader peaks (Elkafrawy, 1982;
oulthrop et al., 2005; Nehls et al., 1994). Solid-state 13C NMR  of

EMPO oxidized nanocellulose also exhibited a carbonyl peak at ı
74.8 but much broader peaks for all other carbons (Fujisawa, Okita,
aito, Togawa, & Isogai, 2011; Mao, Ma,  Law, Daneault, & Brouillette,
010; Montanari, Rountani, Heux, & Vignon, 2005; Shibata & Isogai,
003). The 13C NMR  spectra for CNF10 also resembles the solution
3C NMR  of water-soluble polyglucuronic acid (Hirota et al., 2009;
ahiri & Vignon, 2000), even though CNFs are highly crystalline
olids in colloidal suspensions and with only 28% of primary C6
ydroxyls converted to carboxyls. Therefore, the 13C NMR  spectra
anifest that cellulose nanofibrils with 2 nm or smaller diame-

ers behave like single cellulose molecules whose surface structure
ould be analyzed by 13C NMR.

However, the 13C NMR  of CNF1.5 showed only very weak signals
n the regions of ı 70–105, hardly separated from the background
oise (Fig. 5b), while no 13C NMR  signals were detected for CNC
Fig. 5a). This indicates that 13C NMR  is very sensitive to the surface
hemistry of nanocellulose with 2 nm or smaller lateral dimensions
here each surface carbon could be detected. In other words, at

 nm or smaller widths, individual nanocellulose is detected the
ame as single cellulose chains in 13C NMR. As nanocellulose lat-
ral dimension increases, specific surface reduces, lowering surface
arbon atoms, the 13C signals on nanocellulose surfaces reduce to
e indistinguishable from the background noise in 13C NMR  spec-
ra. Besides, the sensitivity of 13C is considerably less than that of
H NMR  due to the much smaller gyromagnetic ratio (one quarter
f 1H) and far lower natural abundance (1.1% for 13C, and 99.985%
or 1H). Therefore, 13C is highly sensitive for surface structural anal-
sis of nanocellulose that are 2 nm or smaller in width, but is not
uitable for nanocellulose wider than 2 nm due to reduced surface
arbon atoms and less natural abundance of 13C. It should also be
oted that although almost no 13C signal could be detected from

3C spectra for CNF1.5 and CNC, clear spectra of those carbon cou-
led with protons could be detected from the 2D proton-detected
SQC spectra (Fig. 4). Proton-detection offers HSQC more intrinsic

ensitivity as compared to 13C NMR  or other carbon-detected 2D
mers 110 (2014) 360–366 365

NMR, making HSQC a preferential choice for investigating surface
structures of nanocellulose.

4. Conclusions

Surface chemistries of cellulose nanocrystals (CNCs) and
nanofibrils (CNFs) of varied dimensions and degrees of surface sul-
fation and oxidation have been successfully elucidated by solution
NMR  of their aqueous colloidal suspensions for the first time. 1H
NMR of rice straw CNCs (4.7 nm thick, 143 nm long, 0.04 sulfate
per AG or 19.0% surface hydroxyl to sulfate conversion) resembled
that of dissolved cellulose. Conventional 2D HSQC spectra of CNC,
CNF 1.5 (2–14 nm thick, several micrometers long, 0.10 COOH per
AG) and CNF10 (2.0 nm thick, up to 1 �m long, 0.28 COOH per
AG) gave H1:H2 ratios of 1.08:1, 0.97:1 and 0.94:1, respectively,
all close to the theoretical 1:1 value for cellulose. The H1:H6 ratio
for CNCs was 1:1.47 as compared to the 1:2 ratio for cellulose
and the lower H6 was  attributed to esterification of the primary
hydroxyls. The 1:0.88 H1:H6 value for CNF1.5 corresponded to ca.
56% OH-to-COOH conversion, higher than the 37% value by con-
ductometric titration whereas the 1:0.14 H1:H6 ratio for CNF10
represented 93% OH-to-COOH conversion, very close to the 93.3%.
The C6 primary hydroxyl conversion derived from 2D HSQC NMR
consistent with, but more sensitive than, those by conductomet-
ric titration and X-ray diffraction. The 13C NMR  spectrum of CNF10
showed weakened signal at C6 (ı 60) and a new peak at ı 175,
both clearly evident of the carbonyl carbon from TEMPO oxida-
tion of cellulose, indicating solution-state 13C NMR  to be suitable
for only nanocellulose thinner than 2 nm.  These findings confirm
that solution-state NMR  under prescribed preparation and condi-
tions provides direct surface analysis of ultra-fine nanocellulose
in aqueous colloidal suspensions, presenting a useful tool for sur-
face characterization of individual nanocellulose in never-dried
state.
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