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A B S T R A C T

Two major challenges in processing and applying lignin materials are their rigidity – being brittle at room 
temperature and lacking flowability when heated – and their heterogeneity, which causes wide and inconsistent 
variations in thermal properties. External plasticization is a resource-efficient way to improve the processability 
and mechanical properties of lignin and lignin-containing materials. However, how plasticizers distribute 
themselves within the lignin matrix and change its molecular superstructure is not known. In this work, the 
dispersal of plasticizer and its effect on lignin morphology and molecular mobility were studied using polari
zation transfer solid-state NMR (ssNMR) and small-angle X-ray scattering (SAXS). Two softwood lignins 
(Lignoboost and isolated from Norway spruce) were plasticized with three different plasticizers (glycerol, tri
acetin and diethyl phthalate). The molecular mobility of lignin-plasticizer blends under the glass transition 
temperature was found to differ substantially, with aprotic plasticizers enabling higher mobility in both types of 
lignins. The spin diffusion of lignin prior to plasticization was heterogeneous, indicating a heterogeneous 
chemical environment in the low nanometer range. Upon plasticization, the heterogeneity remained but changed 
in character. Plasticizer was now distributed unevenly between two lignin phases, but the two phases had 
achieved more similar dynamics. This convergence suggests the formation of a material with narrower range in 
physical properties – in line with the observed narrowing of the glass transition upon plasticization. Lignin 
blended with highly compatible plasticizers were found to have a more swollen morphology as revealed by SAXS. 
These findings indicate that an appropriate plasticizer will both reduce the temperature and the width of the 
glass transition, yield a more homogeneous material as well as form a glass that can accommodate stress.

1. Introduction

Lignin thermoplasticity is of importance if fossil-based thermoplas
tics are to be replaced with renewable ones, as lignins hold potential as 
thermoplastic components in biomass, in blends with synthetic poly
mers or on their own [1]. There are, however, two major obstacles to 
utilization of lignins as thermoplastics: their heterogeneity and their 
rigidity.

Lignins are molecularly heterogeneous in two senses: they are 
irregular along the molecular chain and diverse between chains. This is 
true for technical lignins [2–5] as well as for lignins analytically isolated 

from the cell wall [6,7]. These heterogeneities are due to the biosyn
thesis of lignin, which proceeds through uncontrolled radical coupling 
reactions [8,9] as well as the decoupling and coupling reactions taking 
place during pulping [10]. Heterogeneous polymers are a problem in 
thermoplastic processing, as they exhibit morphological heterogeneities 
with broad and inconsistent ranges of thermal properties [11] – as has 
been observed for lignins [12,13].

The high rigidity of lignin molecules is an obstacle to thermoplastic 
applications, as it leads to brittle materials with high glass transition 
temperatures (��g) – the transition from a rigid (glassy) to a more flexible 
(rubbery) state – and poor flow properties [1]. The rigidity stems from 
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the aromatic unit in the backbone, but also from strong intra- and 
intermolecular interactions. The linkage between lignol units also con
tributes [14], e.g. condensed technical lignins have a higher �� ����at a given 
molecular weight compared to isolated native lignins [12]. This rigidity 
makes it challenging to perform even the least demanding thermoplastic 
processing, such as solvent-casting or hot-pressing films, as they tend to 
crack during evaporation or cooling due to stress accumulation [15,16].

A resource-efficient method to overcome the issues of ridged poly
mers is to plasticize them. Plasticization of biopolymers can be said to 
occur by two interconnected mechanisms: increasing the distances be
tween polymer chains and disrupting strong secondary interactions [6]. 
This leads to higher molecular mobility, lower ��g, and lower mechanical 
rigidity (i.e. resistance to deformation). However, plasticization can also 
lead to simultaneously lower ��g and an increased or maintained rigidity, 
if the plasticizers enable the formation of a more densely packed system, 
i.e. antiplasticization [17–19], or if they participate in the formation of 
networks of strong secondary interaction [18,20,21]. In many studies on 
plasticization of lignin, either isolated [22,23] or in the cell wall 
[24–26], aprotic plasticizers are often found to be more efficient in 
reducing the �� ��. This higher efficiency suggests that molecules that only 
accept hydrogen bonds (HB), create less motionally restricted systems. 
Additionally, the less coupled α-relaxation observed in dynamic me
chanical analysis (DMA) with aprotic plasticizers in wood further sup
ports this idea [26]. However, their impact on the rigidity of the lignin 
glass remains unknown.

Another reason for the low strength and ductility of lignins is their 
limited ability to form intermolecular networks and entanglements. In 
both aqueous and organic solution, lignin molecules tend to form dense 
spherical or elongated particles due to hydrophobic effect and strong 
secondary interactions [27–31]. As previously suggested [32,33], these 
collapsed polymer chains have little potential for chain entanglement 
during solvent evaporation. However, the inclusion of plasticizers might 
improve intermolecular contact, as a more extended conformation could 
be retained in the glassy state.

In a previous study from our group [22], DMA of plasticized lignins 
revealed not only a reduction in �� ��, but also a narrowing of the glass 
transition region. This reduction in width indicated the formation of a 
morphologically more homogenous material, with fewer local environ
ments and local �� ��s. It would therefore appear that the problem of 
heterogeneous phase changes could be partly overcome by plasticiza
tion. However, the indication of a morphologically more homogenous 
and interspersed material was only indirect.

To gain a more direct insight into morphology and molecular 
mobility, techniques that are sensitive to dynamics and chemical 
contrast in the low-nanometer range are needed. Two such techniques 
are solid-state nuclear magnetic resonance (ssNMR) and small angle X- 
ray scattering (SAXS). In ssNMR, the mechanisms of polarization 
transfer between nuclei, as well as the relaxation from their excited 
states, provide insights into both phase morphology and molecular dy
namics [34–36]. By employing these techniques, unique information 
can be retrieved, such as molecular interactions between lignin and 
polysaccharides in the cell wall [37,38] or molecular mobility and phase 
morphology in copolymers [36]. SAXS on the other hand detects reoc
curring electron density differences and typically probes structures in 
the 1–100 nm range. SAXS of solid amorphous polymers is often scarce 
in information, due to the unordered nature of these materials; however, 
the technique has been used successfully to study the surfaces of lignin 
particles and how they vary with treatments [27,39,40].

In this work, ssNMR and SAXS were used to study the molecular 
mobility and morphological homogeneity of plasticizers blended with 
softwood kraft lignin (KL) and an isolated lignin from Norway spruce 
(SL). Cross-polarization (CP) and refocused insensitive nuclei enhanced 
polarization transfer (RINEPT) experiments were conducted to probe the 
molecular mobility. By studying spin-lattice relaxation in the rotating 
frame (��H1ρ), it was also possible to draw conclusions regarding the 
spatial homogeneity of the material in the lower nanoscale region [36]. 

SAXS was used to study the nanostructures formed when drying lignin 
from methanol, with and without plasticizers.

2. Materials and methods
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Diethyl phthalate (DEP) (Sigma-Aldrich, 99.5 %), glycerol (GLY) 
(Sigma-Aldrich, ≥99.0 %), methanol (Thermo Scientific, ≥99 %), tri
acetin (TA) (Sigma-Aldrich, 99 %) were used without further purifica
tion unless stated otherwise. Softwood LignoBoost kraft lignin (termed 
KL), made from unknown ratios of Norway spruce (�.�������������"������) and pine 
(�.�����#�������������������
����), was supplied by a Swedish pulp mill.
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Norway spruce was isolated according to the enzymatic mild acid
olysis lignin (EMAL) protocol, which isolates lignin with the same 
chemical structure but at a higher yield compared to the more 
commonly used milled wood lignin [41,42]. The isolation process used 
in this study has been described and the lignins characterized in an 
earlier publication [12]. The lignin isolated from spruce using the EMAL 
protocol is termed SL.

A 20 wt% methanol solution of the plasticizer was added to lignin in 
a glass vial. The mixture was stirred thoroughly, and the vial was then 
sealed. The lignin was swelled by the methanol, and the plasticizer could 
diffuse into the lignin gel. After 24 h, the lid was removed, and the 
methanol was allowed to evaporate slowly for 48 h at room temperature, 
after which the samples were put in a vacuum oven at 100 mbar at 40 ◦C 
for 1 h to remove any remaining methanol. The prepared blends and 
how they were characterized are found in Table 2. The glass transitions 
were studied with both DMA and differential scanning calorimetry 
(DSC), which together with the plasticization method has been 
described in a previous study [22], and which will be partly reproduced 
here.

���2�4�2�����5�-�&

The polarization transfer experiments were conducted on a Bruker 
500 MHz Avance III equipped with a 4 mm XH CP MAS probe at 25 ±
1 ◦C utilizing a MAS frequency of 10 kHz. Samples were between 70 and 
105 mg in size, with a lignin content of ~70 mg.

CP kinetics experiments were conducted with a relaxation delay of 2 
s and 2048 scans. A13C spin-lock frequency of 62.5 kHz was used, with a 
1H ramp from 75 to 52 kHz. Proton decoupling was applied at 75 kHz. 
CP-build up curves were constructed by varying the contact time: 0.005, 
0.010, 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, 1, 2, 4, 6, and 10 ms. The running 
order was randomized, except for 2 ms, which was repeated at the start, 
middle and end of the experiment to control stability. The signal decay 
of the lignin samples was only between 30 and 60 % complete at 10 ms, 
but the contact time was not extended so as not to damage the probe.

Complementary variable spin lock experiments were also conducted 
for SL and KL, and blends with 10 and 30 wt% of TA. It was run with 
delays of 0.05, 0.5, 1, 2, 4, 7, 10, 15, 20, and 25 ms using a spin lock of 
75 kHz.

The RINEPT experiment was conducted with a relaxation delay of 2 s 
and 2048 scans.
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The integrals of the CP relaxation experiments were fitted with the 
simplified version of the CP equation (eq. (1)) to determine the polari
zation transfer and relaxation constants and to accurately quantify 
lignin structures [45]. 
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�;= �;0
(
1 − ��− ������/�� ���9

)
��− ������/�� �9

1ρ (1) 

where �;�*��is the absolute integrated intensity, ��cp is the contact time, �� ���9��is 
the time constant of cross-polarization between 1H and 13C, and ��H1ρ is 
the time constant of spin-lattice relaxation in the rotating frame. The 
simplified version assumes ��CH/��C1ρ ≈ 0, which is valid for lignins given 
their high ��C1ρ [37].

The variable spin-lock experiments were fitted with an exponential 
decay for one and two phases to determine the phase morphology (eq. 
(2)), where primes denote a second phase and ��d the spin-lock delay. To 
determine if the mono- or biexponential model fitted the data best, each 
sample was fitted in JMP (JMP Statistical Discovery), and the AICc 
(Akaike information criterion), BIC (Bayesian information criterion) and 
adjusted R2 (adjR2) were calculated. AICc and BIC criteria find the best 
model for the data by penalising the residual sum of squares with the 
number of model parameters that are included [46]. The two criteria are 
related, but BIC penalizes the number of parameters more as it seeks to 
find the underlying phenomena, whereas AICc focuses on balancing fit 
and predictive power [47]. They are often used together as it is difficult 
to decipher which is better aimed at the system of study. adjR2 is a form 
of R2 that is adjusted for the number of parameters to avoid overfitting 
[48]. The model with the lowest AICc and BIC, and highest adjR2 was 
deemed to best describe the system. 

�;= �;0��− ����/�� �9
1ρ + �;́0��− ����/��ʹ�9

1ρ (2) 
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SAXS measurements were performed on a Mat:Nordic (SAXSLAB) 
with a Cu Kα radiation source. Samples of approximately 30 mg were 
sealed with Kapton film and measured at room temperature under 
vacuum (3 mbar). Measurements were recorded for 600 s in the �>-range 
of 0.003–0.61 Å− 1. �>-calibration was performed in wide-angle scattering 
mode using LaB6 powder. All spectra had the Kapton background 
subtracted.

To obtain information on the morphology of the material the low-�>��
region of the SAXS spectrum was fitted to a power law (Porod analysis) 
according to: 

�;����������������(�>)= ����������× �>− α + �"�����:���
���#���� (3) 

where �>��is the scattering vector and α is an exponent which provides 
information on morphology and surface roughness [49].

3. Results and discussion
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The chemical structure of a polymeric material will affect its mo
lecular dynamics, its phase morphology and how it interacts with plas
ticizers. In this first section, the structure of the lignins based on the CP 
measurements as well as previous characterization [12] are discussed. 
CP spectra are not fully quantitative, as the efficiency of CP is dependent 
on local dynamics, as is evident in Fig. S1. By fitting the build-up curves 
with eq. (1), quantitative assessments are possible [41]. Due to the peak 
overlap in the solid state, we have instead integrated carbon clusters 
(Table S1); however, due to variations in ��CH within the clusters, these 
determinations will also be associated with an error. Typical CP spectra 
for KL and SL with and without plasticizer can be seen in Fig. 1 with 
some general assignments based on Hawkes et al. [50].

Both lignins are from softwoods, meaning that they contain mainly 
guaiacyl (G) units. The most well-defined peaks of the lignins are at 147 
and 56 ppm. The former are the oxygen-substituted aromatic carbons of 
G3, G4, and G5 O-sub. (referred to as Ar-O) and the latter is the methoxy 
group (OMe) on G3 (the annotated carbons can be seen in Fig. 1). The 
resonance corresponding to the 4-hydroxyphenyl (H) in the 165-160 
ppm region [50] is very low.

Native lignin mainly consists of phenyl ethers in the form of β-O-4. 
This is reflected in the low phenolic and high aliphatic OH content of SL 
in Table 1, whereas KL on the other hand, by cleavage of the same group 
during pulping, contains mainly phenols. During kraft pulping, some 
OMe groups are removed, resulting in the formation of a deprotonated 
phenol [10,51]. This is reflected in the 20 % lower ratio of OMe to total 
aromatic region, in KL compared to SL.

The integral of Ar-O divided by the whole aromatic region equals 
approximately 2/6 for both SL and KL, indicating that they mainly 
consist of G3 and G4 and only small amounts of oxygen-substituted G5 
(G5-O). Another important structural feature is the occurrence of Ar-Ar 
bonds. KL has lower intensity at 113 ppm and a peak at 124 ppm, 
compared to SL, which would suggest the loss of C5-H and the formation 
of C5-C5’.

The bands of the aliphatic carbons of KL are very broad, indicating a 

Fig. 1. CP spectra at 2 ms contact time of unplasticized kraft lignin (KL) and spruce lignin (SL) (left) and KL with 10 % plasticizer (right). The assignments of G5-5’ 

and G5-H are not exclusive, but resonate in these areas [50].
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variety in chemistry and chemical environments. In CP spectra of iso
lated native lignin, the aliphatic carbons of Cα, Cβ, Cγ can typically be 
differentiated [52], as is seen for SL, but due to chemical changes during 
pulping, many aliphatic groups will have been lost or modified in KL. 
The loss of aliphatic groups is reflected in the ratio of aliphatic to aro
matic carbons (excluding OMe), which is 0.6 for SL and 0.5 for KL. The 
ratios for both SL and KL are higher than expected, most likely due to 
carbohydrate contamination, which by Klason lignin determination was 
shown to be about 5 wt% [12].

In Fig. 1 right, KL blended with the different plasticizers are shown. 
The CP-signals of the plasticizers confirm their solid-like behavior, i.e. 
they are molecularly dispersed in the rigid polymer matrix. The methyl 
groups of TA and DEP are relatively well separated from lignin, whereas 
GLY overlaps with the methine groups. GLY, TA and DEP, with their 
different functionalities, would be expected to engage in different kinds 
of secondary interactions with lignin. GLY can both accept and donate 
HB, whereas TA and DEP can only donate. DEP is also aromatic, with the 
potential of engaging in π-interactions with lignin and disrupt lignin- 
lignin aromatic interactions. If these interactions change the electron 
density around specific carbons sufficiently, they can be detected in the 
carbon CP spectra as shielding or deshielding, i.e. upfield or downfield 
shifts. Such shifts could then be helpful in elucidating the effect of 
plasticizer, such as HB density or the change in aromatic interactions.

As seen in Table S2, there are some changes, but all are smaller than 
1 ppm, though many of them are statistically significant based on t-tests 
(95 % confidence interval) using three replicate measurements – espe
cially at 30 wt%. This is similar to a previous study, where lignin model 
compounds were measured in both solid and solution state and the shifts 
for the carbons were found to be surprisingly small – typically below 1 
ppm [50] – and often difficult to interpret based on dipole-dipole 

interactions. The same challenge in interpreting the changes in chemical 
shift appears to arise in this study. For example, Ar-O and OMe would be 
expected to shift to lower ppm upon addition of GLY due to increasing 
hydrogen donation to these ethers, and an upward shift is seen for all 
ether carbons blended with GLY; however, the same change is observed 
for many ether carbons blended with TA and DEP as well. Most likely, a 
combination of specific interactions and conformational changes con
tributes to these changes. A method which more directly probes spatial 
proximity would be needed to accurately study the specific interactions, 
such as CP-HETCOR (heteronuclear correlation) [53].
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In a previous study [22], we found that GLY was less efficient in 
lowering the ��g of lignins as a function of molar content than TA and 
DEP (Fig. 2). We hypothesized that this molar dependence is related to 
the formation of HB network with the protic GLY, which could limit 
segmental movements. Such networks would most likely reduce the 
molecular mobility at room temperature as well and lead to a more 
brittle material. The formation of such networks is much less likely with 
the aprotic TA and DEP, as they could only accept hydrogen from 
lignins.

To test this hypothesis, and to and acquire an increased under
standing of the mobility of the plasticized lignin, CP build-up and decay 
experiments were conducted. Molecules with liquid-like dynamics, such 
as phase-separated plasticizer, will not show up in the CP spectra at all, 
and molecules which are increasingly mobilized upon plasticization, 
will give lower intensities [35,54]. RINEPT experiments were also 
conducted to see if any lignin components were mobilized to the extent 
that they showed liquid-like dynamics.

Table 1 
Yield, molecular weight and OH content. For experimental details, see Ref. [12].

Sample Yield �- n(kg/mol)c �- w(kg/mol)c OH content (mmol/g)d

Aliphatic C5-sub. Gnoncond. H COOH

Spruce EMALa (SL) 60 %b 3.8 27.5 7.7 0.5 1.1 0.1 0.1
Softwood kraft lignin (KL) – 1.6 12.2 2.4 2.6 2.6 0.2 0.4

a Enzymatic mild acidolysis lignin (EMAL).
b Yield = mass of extract/mass of Klason and acid-soluble lignin of biomass.
c Determined using size-exclusion chromatography with pullulan standards, the results should be considered relative within the study, as this method tends to 

underestimate molecular weight [43].
d Determined with31P NMR according to Ref. [44]. C5-sub., Gnoncond., and H represent the phenolic OH content of lignol units, as discussed in section 3.1.

Fig. 2. Tg determined with DMA (E′ onset) of lignin-plasticizer blends as a function of weight content (a and b) and molar plasticizer content (c and d) with duplicate 
measurements (error bars = difference/2). The figures are adapted from Ref. [22]. The samples where plasticizer had phase separated are found in Table 3.
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In Fig. 3 the integrated intensity of Ar-O of both SL and KL are plotted 
against the contact time. The maximum intensity in both plots is highest 
for unplasticized lignin and then decreases with increasing plasticizer 
content (the intensity is normalized to lignin content). The decrease in 
maximum intensity is a result of the increased molecular mobility within 
the system, as CP becomes less efficient while spin diffusion increases. 
The increased motion is mainly non-segmental, as the measurements 
were conducted at room temperature and the lignins are in their glassy 
state. In a previous study, the fast spin-lattice relaxation in glassy lignin 
in plant cell wall, as compared to the polysaccharides, was suggested to 
be due to aromatic ring flips in the μs range [42], as has been observed in 
protein [55] and synthetic polymers (both side chain and backbone) 
[56–58]. But other localized movements, such as side chain rotations are 
also possible.

In solid polymers, the high abundance and strong coupling of protons 
makes spin diffusion a phase-dependent phenomenon, rather than one 
governed by specific functional groups. This implies that all molecular 
groups within the same phase experience the same proton environment, 
i.e. will have the same ��H1ρ [59]. We will utilize this fact in the next 
section, when looking at morphology, and study the molecular dynamics 
of different phases. For now, this means that the decay in Fig. 3 is an 
average property of the lignin-blends as a whole. Ar-O is shown because 
its slower build-up makes the shift of the maximum upon plasticization 
more apparent; however, the interpretation would remain the same if 
OMe were plotted instead.

The mobility induced in KL by the plasticizers appears to be the 
greatest for TA followed by DEP and then GLY. This difference is visible 
at 10 wt%, but at 30 wt% the divergence is stark. TA also lowers the 
maximum intensity of SL the most as well. This higher dynamics of 
blends with aprotic plasticizers, agrees with the hypothesis, that the HB 
density of lignin-GLY blends leads to restricted movements.

There is the possibility that the increased number of hydroxyl groups 
upon plasticization with GLY could enhance H-C polarization transfer 
and consequently result in a higher intensity. However, the same trend 
in H-bonded carbons, which are less dependent on non-covalent C-H 
interactions, suggest that the higher GLY intensity results from less 
molecular mobility.

Since KL-TA-30 (see Table 2 for annotations) has a lower �� ����than the 
other blends, its increased mobility may result from being closer to �� ����at 

25 ◦C. However, all KL 10 wt% blends exhibit the same ��g, as does the 
SL-TA-30 and GLY blends, but they still display the same intensity-trend. 
This consistently slower dynamics for GLY, suggests that the hydrogen 
bonding potential of GLY is primarily responsible for both the reduced 
dynamics in the glassy state and the limited ��g-depression.

Upon fitting eq. (1), ��H1ρ and ��CH can be determined. As it was not 
instrumentally possible to go past a 10 ms contact time, the decay 
pattern is not captured in full, which limits the accuracy of the param
eter determination, and thus, the ability to compare mono- and multi
phase fits. The results of monophase fittings can be found in Table S3. 
The ��CH values did not change much upon plasticization, as previously 
observed in other polymer-plasticizer systems [60,61], but the ��H1ρ was 
reduced. As stated previously, faster molecular dynamics is expected to 
lead to faster relaxation and a smaller ��H1ρ. The plasticizers most efficient 

Fig. 3. CP-build up and decay of Ar-O as a function of contact time of plasticized kraft lignin (left) and spruce lignin (right). 2 ms was triplicated, but only for KL-TA- 
30 are the error bars large enough to be visible.

Table 2 
Lignin-plasticizer blends and how they were characterized.

Samples (lignin-plasticizer- 
plasticizer content in wt%)

RINEPT CP 
kinetics

Variable spin 
lock

SAXS

KL (all NMR experiments were 
duplicated)

X X X X

KL-TA-10 X X X X
KL-TA-20 ​ X X X
KL-TA-30 X X X X
KL-TA-50 X ​ ​ ​
KL-GLY-10 X X X X
KL-GLY-20 ​ X X X
KL-GLY-30 X X X X
KL-GLY-50 X ​ ​ ​
KL-DEP-10 X X X X
KL-DEP-20 ​ X X X
KL-DEP-30 X X X X
KL-DEP-50 X ​ ​ ​
SL X X X X
SL-TA-10 X X X X
SL-TA-20 ​ ​ ​ X
SL-TA-30 X X X X
SL-GLY-10 X X ​ X
SL-GLY-20 ​ ​ ​ X
SL-GLY-30 X X ​ X
SL-DEP-10 X X ​ X
SL-DEP-20 ​ ​ ​ X
SL-DEP-30 X X ​ X

�8�2���9�����
���:���0�����
�������������������2��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������Polymer Testing 151 (2025) 108942 

5 



at reducing ��H1ρ were the same ones that produced the greatest intensity 
reduction in Fig. 3 and the greatest reduction in ��g.

RINEPT detected no lignin component, indicating that the dynamics 
were not sufficiently rapid for effective J-coupling (i.e. liquid-like dy
namics); however, phase separated plasticizers were detected (Table 3). 
DSC detected plasticizer phase separation in the same samples as 
RINEPT (DSC was performed after RINEPT on the same samples), except 
for KL-GLY-30 (Table 3). This suggests that the drastic temperature 
change in DSC might induce phase separation in some blends.

�4�2�4�2�-���
���	�����������������������������������3������������������

The narrowing of the glass transition of lignins upon plasticization, 
as detected in our previous work [22], suggests the formation of a 
morphologically more homogeneous material with a smaller distribu
tion of local environments. To study this presumed change in phase 
morphology, as well as the distribution of plasticizer in the lignin ma
trix, variable spin-lock experiments were conducted on lignin-TA 
blends, from which the heterogeneity of spin-lattice relaxation (��H1ρ) 
could be modelled with high accuracy.

A sample with a homogeneous chemical environment will experi
ence uniform spin diffusion, i.e. a unique proton spin system, and 
consequently, will be fitted with a monoexponential eq. (2). If the ma
terial contains two or more distinct chemical environments, that are 
larger than the spin diffusion distance of a few nm, a multiexponential 
will be better fitted to the decay [36]. The spin-diffusion coefficient of 
lignins is not known, but assuming a coefficient similar to rigid polymers 
such as polystyrene and polymethyl methacrylate [56], phases larger 
than ~5 nm will be possible to distinguish. TA, being of low molecular 
weight, is expected to have a faster spin-diffusivity than the polymer 
matrix and therefore be sensitive to smaller phase sizes. Thus, we would 
expect similar ��H1ρ values for TA and lignin in a given lignin phase.

Upon fitting the relaxation data (Fig. 4), untreated lignins were 
found to exhibit biexponential behavior (Table S4): both the BIC and 
AICc criteria were lower for biexponential in all cases. A rule of thumb in 
determining if polymer blends or copolymers have phase separated is 
that their ��H1ρ diverge by a factor of 2 or more [59]. This rule holds for 
both KL and SL: they have a majority phase with a high ��H1ρ, which 
suggests low mobility, and a minority phase with a low constant (Fig. 5), 
suggesting fast dynamics. This indicates that there is some heterogeneity 
in the material with disparate domains larger than a few nm. For KL, for 
which the relaxation experiment was duplicated on different aliquots 
(2x~70 mg), the fitting was close to identical.

Upon plasticization, the biexponential remains the better fit for both 
lignins, and increasingly so, with larger differences in the fitting criteria 
between mono- and biexponentials. Determining �;�*��is straightforward 
for lignin; however, since TA overlaps with the aliphatic carbons of 
lignin, their contributions can lead to overestimations. At 10 wt% 
plasticizer, the rigid and the mobile phases appear to remain, with minor 
change in dynamics. TA has entered both phases, as seen by the 
matching ��H1ρ.

Upon 30 wt% plasticizer, the phase morphology drastically shifts. In 
KL, the majority phase now has a ��H1ρ of the same magnitude as the 
previous mobile phase and a very mobile minority phase has formed. 
The minority phase is now somewhat larger and contains more TA. In SL 
the shift is less drastic: the mobility is not so very different, but the size 
of each domain has shifted to equal sizes with about the same amount of 
TA in each.

The difference in dynamics between the phases in non-plasticized 
lignins could be due to the accumulation of more mobile molecules, 
such as those with low molecular weight or less rigid lignol linkages (e. 

Table 3 
Phase separation of plasticizer from lignins.

Lignin Plasticizer Phase separation detecteda

DSCb RINEPT

KL GLY 30 wt% 50 wt%
KL TA – –
KL DEP 40 wt% 50 wt%
SL GLY 30 wt% 30 wt%
SL TA 30 wt% 30 wt%
SL DEP 30 wt% 30 wt%

a Below 30 wt% no phase separation was detected in any blend. DSC was 
conducted at intervals of 10 wt%, whereas RINEPT was conducted on 10, 30 and 
50 wt% (specified in Table 2).

b For full experimental detail, see Ref. [22].

Fig. 4. Max-normalized intensity of OMe as a function of variation in spin lock 
time (delay) for KL (top) and SL (middle). The mono- and biexponential func
tions have been plotted for the pure lignin and for 30 wt% TA. The spatially 
offset intensity of methyl of TA (20 ppm) is plotted (bottom) and fitted with 
both mono- and biexponential.
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g., β-O-4). The difference in ��H1ρ between SL and KL might arise from the 
same or similar factors – such as the higher β-O-4 content in native 
lignin. Upon plasticization, the net drop in ��H1ρ is greater and the absolute 
value is lower for KL than SL. This might be due to the greater benefit of 
plasticization for the rigid, condensed KL.

It is apparent that both lignin with and without plasticizer have 
heterogeneous spin diffusion; however, the nature of the heterogeneity 
appears to shift with plasticization. The unplasticized lignins are stiff but 
with some domains with faster dynamics. Upon 10 wt%, these phases 
appear to be retained (size and ��H1ρ remain more or less unchanged), 
though now containing plasticizers. At 30 wt%, new phases appear to be 
formed: both the sizes of the phases and the ��H1ρ changes.

In the new system formed at 30 wt%, the ��H1ρ of the two phases are 
relatively close to each other. Since ��H1ρ depends on both molecular 
motion and interactions within the phase, similar ��H1ρ values observed 
for two phases of the same or very similar polymers suggest that these 
phases exhibit comparable dynamics and interaction characteristics. 
Thus, even though the size of the disparate phases increase, the range in 
physical properties between these phases might decrease – such as the 
Tg.

The heterogeneous spin-lattice relaxations of lignin and lignin- 
plasticizer blends were approximated to a system of two distinct pha
ses and have been discussed as such. However, whether the morpho
logical heterogeneity of the lignins, which gave rise to the diverse spin- 
lattice relaxation, is phase separated or not, is difficult to know. Phase 
separation is possible in polymers of only slightly varying chemistries, 
for example, mixtures of polyethylene glycol (PEG) with and without 
chain-end caps phase separate [62]. Conversely, a not strictly phase 
separated, but gradually shifting polymer compositions, has been 
observed in some polymer blends and copolymers [63–65]. Both of these 
kinds of systems could likely be modelled as having at least a biexpo
nential spin-lattice relaxation.

A phase-separated system, as the NMR results in this study might be 
interpreted as, would be expected to have two ��gs. This has not been 
observed in the study conducted by us [22], neither with DMA nor DSC; 
however, DSC might not be sensitive enough to detect a small minority 
phase, and DMA might not register a small flexible phase in a rigid 
matrix. However, the narrowing of the DMA curve upon plasticization 
suggests that the range of morphologies has been reduced, rather than 
indicating the convergence of two distinct phases in their properties.

�4�2���2�����=���������������������������3��������������������

The polarization transfer NMR experiments showed that plasticizers 
were molecularly dispersed in the lignin matrix, but that the molecular 
mobility of the blends varied with the different additives. Likewise, the 
phase morphology of the blends changed upon plasticization. However, 
the existence and size of distinct phases remain unknown. In this section, 
the blends are therefore analysed with SAXS, which probes reoccurring 
structures at the length scale of interest.

The scattering profiles of lignin-plasticizer blends are shown in 
Fig. 6. The unplasticized KL and SL show feature-less curves which 
decline following ~ �>− 4 (eq. (3), Table S5), suggesting internal surface 
scattering. Thus, there are scattering objects, but they are larger than 
what is covered by the measured �>-range. This scattering pattern has 
previously been found in the same �>-range, for both dry kraft lignin, 
milled wood lignin, lignosulfonate and organosolv lignin [27,39] and 
water suspended kraft lignin particles (radius of gyration ~150 nm) 
[40]. Porod’s law predicts that the intensity is proportional to �>− 4 for 
smooth surfaces [66]; thus, it would appear that the unplasticized lig
nins have clearly delimited surfaces at the probed length scales. Based 
on these featureless curves, it is difficult to say if there are distinct phases 
or not in the pure lignins. If there were, they might either be masked by 
the surface scattering, or the electron density differences between the 
phases might be too small to be detected.

Some lignin-plasticizer blends have power law exponents 
approaching − 3 in the medium �>-range (Table S5). This could suggest 
that the surfaces of the powders become less well-defined. A SANS 
(small-angle neutron scattering) study found that loblolly pine lignin, 
isolated and suspended in water, followed a power law of − 3.38 in the 
same �>-range [67]. MD simulation of the same lignin produced the same 
power law, which could then be ascribed to the folded nature of the 
lignin surface. The decreasing exponents in Fig. 6 suggest that the sur
faces of lignins have become less distinct with plasticization, possibly 
due to the formation of plasticizer-swollen exteriors with uneven density 
distributions.

The plasticizer-swollen lignin could be reminiscent of the stretching 
out of lignins in a good solvent, where the density of lignin-lignin sec
ondary interactions is decreased, and the dense core is expanded [68]. 
The less distinct interphases also suggest that coalesce, or overlap, be
tween lignin particles may have occurred. Scanning electron microscope 

Fig. 5. ��H1ρ determined with the biexponential version of eq. (2) of lignin (OMe) and TA (methyl) as a function of plasticizer content (fitting data in Table S4). The 
percentages correspond to the size of the respective phase (�;n/�;total).
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(SEM) images supports this interpretation (Fig. S2), where round smooth 
surfaces and particle merger are perceived for plasticized lignins; how
ever, this coalescence does not necessarily suggest increasing entan
glements, as plasticizer decreases polymer-polymer interactions [44].

In some lignin-plasticizer blends (e.g. very pronounced in KL-TA-30), 
broad shoulders appear at approximately 0.01 Å− 1 (~60 nm in real 
space) or at the higher end 0.1 Å− 1 (~6 nm) or at both. Surface 

scattering contributions, i.e. power law behavior, can mask localized 
features. To remedy this, the power law fitted from the medium to high 
�>-range was subtracted (see Table S5 for details). In Fig. 7, the sub
tracted SAXS curves for the blends with 20 and 30 wt% plasticizer is 
shown.

A shoulder at the high end now becomes apparent in some blends 
with DEP and TA. In fact, these are the blends where the plasticizer was 

Fig. 6. SAXS curves of plasticized KL (top) and SL (bottom) offset to ease comparison.

Fig. 7. SAXS curves with the power law (eq. (3)) subtracted. The equation was fitted to the �>-range in Table S5.
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found to be phase separated (Table 3). These shoulders, located at 
approximately 6 nm and 13 nm in real space for KL and SL, respectively, 
could then be clusters of plasticizers. GLY did not have these features in 
blends where phase separation was detected; this could be due to the 
close electron density between pure GLY (4.1 electrons/Å3) and lignin 
(4.0–4.2 electrons/Å3). TA and DEP both have lower electron densities 
(3.7 and 2.9 electrons/Å3, respectively), which would make their phases 
detectable. One curiosity, however, is the similarity in shape and posi
tion of the curve of SL-TA-30 and SL-DEP-30, and their dissimilarity to 
KL-DEP-30. If these features are separated plasticizer phases, their 
morphology appears to be governed by the morphology of the lignin 
from which they separate.

Upon subtracting the power law, the low-�>��end still exhibits 
declining behavior in all samples. TA and DEP blends have well-defined 
shoulders, especially in KL, whereas pure lignin and blends with GLY 
have a more linear decline. The presence of a similar features in the low- 
end suggests that this is a structure present in all lignins samples, but 
that the smooth and swollen surfaces of TA and DEP blends have made 
them more evident, and possibly smaller in size (more of the shoulder is 
in the measured �>-range). Rennhofer et al. [39] and Vainio et al. [27], 
who both measured several different lignins in a �>-range extending our, 
found shoulders between 0.003-0.0005 Å− 1. They both ascribed it to 
surface phenomena, such as pores. In SEM (Fig. S2), pores in this size 
range were not evident, but cannot be excluded, under our conditions.

4. Conclusions

In this work, the molecular mobility and morphology of plasticized 
lignins were investigated using polarization transfer ssNMR and SAXS. 
The difference in ��H1ρ between the two lignins, determined via CP- 
relaxation experiments, suggests that the molecular structure of SL is 
more mobile than KL below the ��g. However, upon plasticization, KL 
became more dynamic, possibly as its rigid and condensed structure was 
more aided by the plasticizers.

The ability of plasticizers to induce molecular mobility (probed as 
decreased CP intensity) largely followed the ordering of their ��g- 
reducing ability. Plasticization with GLY leads to the smallest increase in 
molecular mobility, and the lowest ��g-reduction on a molar basis, which 
suggests that the hydrogen bond donating ability is not beneficial, 
neither for lignin processing nor to reduce the brittleness at room 
temperature.

Both lignins were found to have phase-heterogeneities upon 
modelling the spin diffusion – a rigid majority and mobile minority 
phase. A two-phase system was retained upon plasticization, but the 
dynamics of the two phases were converging. The convergence in spin 
dynamics suggests a convergence in other physical properties, such as 
��g. Thus, the hypothesis that a morphologically more homogenous 
material is formed upon plasticization, might be debated, but homoge
nization of some properties appears to have been achieved.

The small difference between pure lignin and 10 wt% plasticizer in 
CP intensity and ��H1ρ reduction would suggest that the chain mobility in 
the glass has not increased much, and that the supramolecular structure 
was not greatly altered. This is also supported by the preservation of the 
two lignin phases upon 10 wt% plasticization. However, at 30 wt% 
plasticizer, the chains are much more dynamic – especially with TA. 
Chain dynamics are a necessary requirement for macroscopic displace
ment, but cooperative chain movements are also needed [69,70]. The 
drastic change in molecular mobility at 30 wt% TA could suggest that 
the material also has a new supramolecular structure, which allows 
more cooperative mobility and stress relaxation.
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