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Polarization transfer solid-state NMR: A new method 

for studying cellulose dissolution 

S. Gustavsson,a L. Alves,b B. Lindman,a ,b and D. Topgaarda 

Polarization transfer solid-state NMR is shown to give 

molecular-level information about both dissolved and solid 

cellulose in aqueous dissolution media with sodium 

hydroxide or tetrabutylammonium hydroxide, thus paving 

the way for future studies of the molecular details of 

cellulose dissolution. 

Commercial processes for regeneration of cellulose into fibers 
and films typically involve dissolution in solvents with toxic 
components such as carbon disulfide or cupper ions. Rational 
design of environmentally benign media for cellulose 
dissolution requires thorough understanding of the forces acting 
between the cellulose molecules in the solid state, as well as 
between the cellulose and the components of the dissolution 
medium. 
 From an economical and environmental perspective, 
dissolution media based on water are strongly preferred. Hence, 
it is of utmost importance to pinpoint the nature of the 
intermolecular forces responsible for the aqueous insolubility of 
cellulose. The predominant view has been to attribute the 
insolubility to extensive hydrogen bonding between adjacent 
polymer chains in the solid state.1,2 This view has recently been 
challenged in the so-called “Lindman hypothesis”,3 instead 
emphasizing interactions between hydrophobic patches on the 
cellulose.4,5 Efficient aqueous dissolution media should 
consequently contain additives that have the capability to 
protect the hydrophobic patches from the surrounding water.  
 Current aqueous dissolution media include additives such as 
NaOH6 or tetraalkylammonium salts.7 Although the literature 
abounds with speculations about the molecular mechanisms of 
the dissolution process, often expressed in terms of “breaking 
the intermolecular hydrogen bonding” or similar phrases,2,8 
direct experimental evidence is still missing. In our opinion, the 
key for understanding cellulose dissolution is a detailed 
molecular characterization of partially dissolved cellulose, i.e. 
the actual dissolution medium with co-existence between solid 
and dissolved cellulose, during the various stages of the 
dissolution process. 
 Solid, dissolved, and regenerated cellulose have been 
separately investigated with a wide range of experimental 
techniques: infrared spectroscopy,9 powder10 and fiber11 X-ray 
diffraction, transmission12 and scanning13 electron microscopy, 
and neutron fiber diffraction14 to mention just a few. Although 
they all give useful information about some aspects of the 
starting material or the final product, neither of them have the 
ability to extract molecular-level information about both the 

dissolved and the solid polymer in the actual dissolution 
medium. 
 Nuclear magnetic resonance (NMR) has in its high-
resolution15 and solid-state16 incarnations been applied to both 
dissolved17,18 and solid19,20 cellulose. We have recently 
suggested an experimental approach dubbed polarization 
transfer solid-state NMR (PT ssNMR)21 that combines features 
of both high-resolution and solid-state NMR, thus enabling 
studies of all the constituent phases in complex materials with 
solid, liquid, and liquid crystalline domains. The method has 
been applied to hydrated surfactants,21,22 lipid biomembranes,23 
lipid-amyloid fibril aggregates,24 and intact stratum corneum,25-
27 all of which containing amphiphilic molecules in wide a 
range of physical states. The purpose of this communication is 
to demonstrate the potential of PT ssNMR for detailed 
characterization of both the liquid and the solid phases in 
cellulose dissolution media. 

 
Fig. 1. Polarization transfer solid-state NMR (PT ssNMR). (a-c) NMR pulse 

sequences with detection of the 
13

C signal under 
1
H decoupling and magic-angle 

spinning (MAS). DP is using the thermal equilibrium polarization of 
13

C, while CP 

and INEPT rely on polarization transfer from 
1
H to 

13
C. Narrow and broad vertical 

lines indicate 90° and 180° radiofrequency pulses. (d) Theoretical CP (blue) and 

INEPT (red) signal enhancement vs. the CH-bond orientational order parameter 

SCH and reorientational correlation time τc. The enhancement factor was 

calculated for a tertiary carbon atom as described in Nowacka et al.
22

 using the 

experimental parameters of the current study,
†
 which were selected to, with 

least possible ambiguity, discriminate between isotropic liquids (only INEPT), 

anisotropic liquids (both INEPT and CP), and solids (only CP) according to the 

labeled areas in panel (d). White indicates lack of signal for both CP and INEPT. 
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 In brief, PT ssNMR gives information about molecular 
structure, conformation, and packing through the 13C chemical 
shifts, as well as about molecular dynamics via the signal 
intensities obtained with the polarization transfer schemes CP 
(cross polarization)28 and INEPT (insensitive nuclei enhanced 
by polarization transfer).29 The CP and INEPT techniques are 
traditionally used to boost the signals for solids and liquids, 
respectively, in comparison to the one available from the 13C 
direct polarization (DP). Schematics of the pulse sequences that 
jointly constitute PT ssNMR are displayed in Fig. 1a-c. The 13C 
signal is acquired under magic-angle spinning (MAS) and high-
power 1H decoupling,30 giving spectra with reasonably high 
resolution for both liquids and solids. Fig. 1d shows theoretical 
CP and INEPT efficiencies as a function of the rate and 
anisotropy of CH-bond reorientation. The DP signal is 
quantitative, i.e. proportional to the concentration, if the recycle 
delay is much longer than the longitudinal relaxation time 
constant T1, which depends on the molecular dynamics. Under 
the experimental conditions used here,† our previously 
developed theoretical model22 shows that the DP signals are 
quantitative only if they are accompanied by INEPT, i.e. for 
isotropic and anisotropic liquids. 

 
Fig. 2. PT ssNMR data

†
 for microcrystalline cellulose in the initial dry state 

(bottom), as well as partially dissolved in aqueous TBAH (middle) and NaOH 

(top). DP, CP, and INEPT spectra are shown in gray, blue, and red, respectively. 

The assignments of the solid (blue) and dissolved (red) cellulose peaks refer to 

the carbon atom numbering in the structural formula. The blue and red dashed 

lines represent literature data for cellulose I in wood pulp fibers
31

 and dissolved 

cellulose,
18

 respectively. The labels TBAH and CF point out the truncated peaks 

from the TBA
+
 ions and the Teflon spacer of the MAS rotor, respectively, while 

the arrows indicate TBA
+
 breakdown products. The data was acquired at 25 °C 

and 125 MHz 
13

C Larmor frequency with 5 kHz MAS and 88 kHz TPPM 
1
H 

decoupling. The spectra are zoomed-in on the 50-120 ppm spectral region 

relevant for cellulose, and, independently for each sample, magnified to 

facilitate observation of the cellulose resonance lines. 

Table 1. Chemical shifts* of partially dissolved cellulose. 

Sample Fraction Carbon atom Comment 
  C1 C4 C2,3,5 C6  

Dry Solid 105.1 88.8 74.6, 72.1 65.0 Cellulose I 
TBAH Solid 105.1 88.7 74.4, 71.5 65.1 Cellulose I 

 Dissolved 104.7 79.8 76.4, 74.5 61.7  
NaOH Solid 107.1 85.6 75.8, 74.6 61.5 Cellulose II 

 Dissolved 104.3 79.6 76.0, 74.5 61.3  

*Shifts are given in ppm with α-glycine at 176.03 ppm as external standard. 
The precision is limited to ±0.2 ppm by the acquisition time. 

 The experimental PT ssNMR results† are displayed in Fig. 2 
and the 13C chemical shifts of the peaks assigned to cellulose 
are compiled in Table 1. The CP and INEPT spectra are shown 
with the colors blue and red, respectively, to give an intuitive 
visual impression of which peaks originate from segments with 
slow (CP) or fast (INEPT) molecular dynamics. As a reference, 
the DP spectra are shown in gray. The dry cellulose gives 
intense CP peaks while INEPT is absent, consistent with 
cellulose being in a solid state. The observed CP chemical 
shifts are typical for cellulose I,32,33 in particular the values 
105.4 (C1), 89.1 (C4), 75.3/72.7 (C2,3,5), and 65.5 (C6) ppm 
for wood pulp fibers31 having low crystallinity. 
 The sample with cellulose dissolved in aqueous 
tetrabutylammonium hydroxide (TBAH) gives signal with both 
CP and INEPT, showing that it contains both solid and 
liquid/dissolved components. The similarity between the CP 
spectra of the dry cellulose and the viscous TBAH solution 
makes us conclude that the latter contains undissolved residues 
of the cellulose I starting material. The INEPT spectrum 
comprises a multitude of peaks, the most prominent originating 
from the four inequivalent carbons of the TBA+ ion. Only one 
of these peaks is located within the spectral window shown in 
Fig. 2. The remaining INEPT peaks are assigned to dissolved 
cellulose, as well as to tributylamine and 1-butene which are 
formed from the TBA+ ions by Hofmann elimination.34 The 
chemical shifts of the dissolved cellulose in the dissolution 
medium are similar to literature data for ultra-centrifuged 
samples of regenerated cellulose dissolved in 10 wt% 
NaOH(aq): 104.7 (C1), 79.9 (C4), 76.4/75.0 (C2,3,5), and 61.9 
(C6) ppm.18 According to the theoretical calculations in Fig. 1d, 
the presence of INEPT peaks for the cellulose implies that the 
CH-bonds reorient on a time-scale faster than 100 ns, which in 
turn is a strong indication that the cellulose is molecularly 
dissolved. Comparison between the areas of the DP peaks from 
dissolved cellulose, TBA+, and tributylamine shows that the 
fraction of TBA+ breakdown is about 4.9%, while the molar 
ratio between the tributylamine and the glucose units of the 
dissolved cellulose is approximately 11%. 
 Also the NaOH(aq) solution gives both CP and INEPT 
signals. While the INEPT peaks are similar to the ones assigned 
to dissolved cellulose in the TBAH(aq) sample, the CP peaks 
are noticeably different. Comparison with literature data32,35 
indicates that the solid fraction is cellulose II, which is typical 
for regenerated cellulose. The absence of cellulose I resonance 
lines, in particular the distinct C6 line at 65 ppm, shows that all 
the original cellulose I has been dissolved and some of it later 
precipitated as cellulose II. 
 Here we have shown that both the solid and the dissolved 
cellulose components can be detected with PT ssNMR applied 
to the actual dissolution medium. These results form the basis 
for future studies of the mechanisms of cellulose dissolution, 
and it is thus pertinent to suggest a few properties about which 
PT ssNMR could give useful information. Although neither CP 
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nor INEPT yields truly quantitative data, comparison between 
their areas at least give a rough order-of-magnitude estimate of 
the ratio between the solid and dissolved fractions, and growth 
of one type of peak at the expense of the other is an indication 
that the ratio is changing. Comparison between the DP, CP, and 
INEPT intensities give qualitative information on molecular 
dynamics.22,26 Changes in properties such as molecular 
conformation and interactions with surrounding molecules and 
ions in the solution can be followed by observation of the 
precise values of the chemical shifts. The presence of minor 
amounts of dissolved impurities can be readily detected in the 
DP and INEPT spectra. In the TBAH(aq) case, the impurities 
result from chemical degradation of the major components, and 
are thus difficult to avoid. Considering the suggested 
importance of hydrophobic interactions in cellulose systems,5 
the effects of such unintentional hydrophobic or amphiphilic 
co-solutes must be taken into account in any attempt of 
rationalizing the observed cellulose solubility in terms of 
intermolecular interactions between the components of the 
system. 
 This work was financially supported by the Crafoord 
foundation, Södra Skogsägarnas Stiftelse, Stiftelsen Nils och 
Dorthi Troëdssons forskningsfond, the Swedish Research 
Council (VR, projects 2009-6794 and 2011-4334), and the 
Portuguese Foundation for Science and Technology (FCT, 
project PTDC/AGR-TEC/4049/2012). Alexander Idström 
(Chalmers University of Technology, Sweden) is gratefully 
acknowledged for discussions about the 13C spectra of the solid 
cellulose polymorphs. 
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† Samples were prepared by adding microcrystalline cellulose (Avicel 

PH 101 from Sigma Aldrich, DP = 260) to aqueous solutions with 

8.9 wt% NaOH or 40 wt% tetrabutylammonium hydroxide (TBAH), 

under stirring, giving final cellulose concentrations of 10 wt%. Solutions 

of cellulose in NaOH were stored at -18 ºC for 2 h and then kept at room 

temperature. The resulting clear and visually homogeneous viscous 

solutions were transferred with a syringe to 4 mm HR-MAS rotors 

(Bruker, Germany) specifically designed for retaining liquids during 

MAS. NMR experiments were performed at 25 ºC on a Bruker AVII-500 

spectrometer operating at 1H and 13C Larmor frequencies of 500 and 125 

MHz, respectively, with a 4 mm 13C/31P/1H E-free probe (Bruker, 

Germany). PT ssNMR data was recorded with the pulse sequences in Fig. 

1a-c using 5 kHz MAS, 88 kHz TPPM decoupling,36 20 ms acquisition 

time, 300 ppm spectral width, and 80 kHz nutation frequency for 90º and 

180º pulses. CP was performed with tCP = 1 ms, 80 kHz 13C nutation 

frequency, and linear ramp37 from 72 to 88 kHz 1H nutation frequency. 

The time delays for refocused INEPT38 were � = 1.8 ms and �′ = 1.2 ms. 

Each spectrum was recorded by accumulating 3072 transient with 5 s 

recycle delay, giving a measurement time of 12.5 h per sample. The time-

domain data was zero-filled from 755 to 8192 complex points, Fourier 

transformed with 100 Hz line broadening, automatically phase 

corrected,39 and baseline corrected using customized Matlab scripts based 

on matNMR.40 
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Detailed molecular-level information on dissolved and solid cellulose in aqueous dissolution media with ionic 

liquids by Polarization Transfer solid-state NMR. 
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