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Tim Langletz,[a, b] Medea Edinger,[a] Alexander Hoffmann,[a] and Sonja Herres-Pawlis*[a, b]

With 300 billion tons available in the biosphere, lignin is the sec-
ond most abundant biopolymer on Earth. However, less than
two percent is used for value-added applications. One poten-
tial application is the use of lignin as a building block for
thermoplastics. The majority of plastics today are made from
fossil-based feedstocks. Therefore, the use of lignin can counter-
act the increasingly scarce petroleum resources. A highly useful
approach is the copolymerization with cyclic lactones such as
caprolactone (CL) via ring-opening polymerization (ROP). The
synthesis of lignin-polycaprolactone (PCL) copolymers can help
to combine the beneficial properties of PCL and lignin to create
potential new applications. In this work, lignin-PCL copolymers

are synthesized in a sustainable approach using the nontoxic,
highly active, and robust zinc-based guanidine catalyst [Zn{(R,R)-
DMEG2(1,2)ch}2]OTf2 · THF. Analyzing the reaction kinetics, it was
found that the pseudo-first order reaction kinetics do not pro-
ceed with a uniform rate constant over the entire reaction.
An acceleration occurs after the initial formation of PCL chains
at the lignin core, with reaction rates depending on both the
catalyst and lignin content. These new findings contribute to
the mechanistic understanding behind lignin functionalization,
highlighting the potential of such bio-based copolymers for a
sustainable plastic use.

1. Introduction

Lignin is the second most abundant biopolymer on Earth after
cellulose and is the main component of plant cell walls. Depend-
ing on the plant, the lignin content typically varies from 15%
to 40% in wood and from 15% to 21% in straw species.[1,2] As a
by-product of the pulp and paper industry, lignin is produced
in large quantities, reaching almost 116 million tons in 2020,
with an increasing trend.[3] There are approximately 300 bil-
lion tons of lignin available in the biosphere, increasing every
year.[4] Currently, less than 2% is used for the production of
value-added products, primarily for dispersants, adhesives, and
surfactants, whereas 98% are burned for the generation of
energy or treated as waste. In recent years, there has been a
growing interest in lignin processing and researchers around
the world are attempting to utilize lignin for other applications
such as bioplastics, carbon fibers, fine chemicals, batteries, and
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medical applications.[5–8] Due to its abundance and renewabil-
ity, the utilization of lignin as a feedstock for the production of
value-added products can help substitute fossil-based materials,
such as plastics, fuels, or other chemicals, and thus contribute
to a more sustainable chemical industry.[5] Furthermore, unlike
some other biomass sources, the use of lignin as a feedstock
does not compete with the food industry, making it even
more attractive.[9] However, its heterogenous and nonuniform
structure poses major challenges for valorization.[10]

Chemically, lignin consists of three phenylpropanoid units:
coniferyl alcohol (G-type), sinapyl alcohol (S-type) and, to a lesser
extent, p-coumaryl alcohol (H-type), which form a complex,
three-dimensional (3D), and cross-linked network. The actual
structure depends on several factors such as the type of plant
and tissue, its age, environmental factors during plant growth,
and the extraction process.[11] Two thirds of the bond types
between the monomer units are ether linkages, the majority of
which are alkyl aryl ether (β-O-4) bonds, whereas other major
linkages include phenylcoumaran (β-5), pinoresinol (β-β), 1,2-
diarylpropane (β-1), and biphenyl (5-5) bonds, among others.[12,13]

Furthermore, lignin contains a variable proportion of aliphatic
and aromatic hydroxyl moieties, which are excellent targets
for functionalization.[14] Various strategies for the valorization
of lignin are described in the literature. One approach is the
synthesis of polymers from small molecules derived from lignin.

Gao et al. reported the synthesis of polymer networks based
on magnolol, a phenolic compound derived from lignin. The
magnolol was converted to an epoxy prepolymer and with
the help of a borate ester-containing crosslinking agent, the
polymer network was synthesized by a UV-induced thiol-ene
click reaction. The resulting material exhibited good mechanical
properties, which were largely retained even after up to three
recycling cycles. In addition, the transparent material showed
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excellent self-healing properties, blocked UV radiation and had
a thermal decomposition temperature of 300 °C, which is higher
than conventional polyurethane networks.[15] Similarly, Gao et al.
synthesized polyurethane thioether networks using eugenol as
the initial material. First, eugenol was reacted with diisocyanates
and subsequent crosslinking with a trithiol via a photoinduced
thiol-ene click reaction yielded the desired polymeric networks.
The resulting networks exhibited high mechanical performance,
high thermal stability, intrinsic UV protection, and shape mem-
ory behavior.[16] Another approach for valorization of lignin is the
direct functionalization. For example, lignin can be used in the
synthesis of bio-based polyurethane foams as a substitute for
petroleum-based polyols. The incorporation of lignin can provide
several benefits, such as improved flame retardancy, thermal sta-
bility, UV resistance, and biodegradability, as well as lower prod-
uct costs.[17,18] Moreover, Lee et al. demonstrated the synthesis
of lignin-based polyesters through oxypropylation using propy-
lene oxide, followed by sulfuric acid-catalyzed esterification with
dicarboxylic acids, such as sebacic acid, or dicarboxy-terminated
polybutadiene. The resulting polymers exhibited enhanced ther-
mal properties compared with both the original lignin and the
oxypropylated lignin.[19]

Additionally, lignin can be used for the synthesis of thermo-
plastic materials via copolymerization.[20] One approach is the
ring-opening polymerization (ROP) of cyclic lactones, such as ε-
caprolactone (CL) or lactide (LA).[21,22] Usually, ROP is carried out
in the presence of an alkoxide as co-initiator along with the
catalyst. When lignin is used in the polymerization process, it
can act as the co-initiator and the polymer chains grow from
the hydroxyl moieties.[23] Polycaprolactone (PCL) is a biodegrad-
able, semicrystalline, aliphatic polyester, which is used, among
others, in packaging, tissue engineering, and drug delivery
systems.[23–27] Due to its favorable properties such as mechanical
strength, biocompatibility, biodegradability, ease of processabil-
ity, and nontoxicity, PCL has been extensively researched.[23]

Additionally, PCL is widely miscible with other polymers, and its
monomer CL, can be derived from renewable resources, primar-
ily from sugar.[28] Lignin-polycaprolactone (PCL) copolymers can
combine advantageous properties of both PCL and lignin, giving
access to tailor-made bioplastics for specific and potentially new
applications.[28–30]

As with many chemical reactions, the choice of catalyst is
of crucial importance in the ROP of cyclic lactones. A wide
range of different catalysts has been published, such as enzymes,
organocatalysts, and metal-based catalysts including magne-
sium, calcium, tin, zinc, titanium, iron, and manganese.[23,31–42]

Specifically for the grafting of CL onto lignin, the most
prominent catalysts are tin-based compounds such as tin
2-ethylhexanoate or dibutyltin dilaurate.[28,30,43,44] These cat-
alysts are effective, commercially available, and show high
activity in the ROP of CL.[23] However, the main drawback
is the cytotoxicity of tin compounds, which remain in the
final polymer and may aggregate or pollute the environment
after (bio)degradation.[45,46] To solve this, Chu et al. reported
the successful synthesis of lignin-PCL copolymers using 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst under solvent-free
conditions after 24 h.[47] Abdollahi et al. showed the copolymer-

ization of lignin and CL in the presence of a nontoxic ZnCl2
catalyst. However, problems arose in this reaction. Trace amounts
of HCl in the lignin, coming from the extraction process, com-
bined with the catalyst, led to the partial formation of chlorine
end groups and subsequent formation of water in the reac-
tion system. This water can act as co-initiator during the ROP
as well, leading to formation of PCL homopolymer during the
copolymerization process.[48] This highlights the importance of
finding alternative, nontoxic, efficient, and robust catalyst sys-
tems for the polymerization process under industrially relevant
conditions.

In this work, we report an efficient route for the bulk
copolymerization of CL with lignin using the highly active
and nontoxic[49] zinc-based guanidine catalyst [Zn{(R,R)-
DMEG2(1,2)ch}2]OTf2 · THF (C1). This catalyst has been previously
reported for the synthesis of PLA under industrially relevant
conditions,[39] as well as for the copolymerization of lignin and
PLA[50] and alcoholysis of polyesters.[51] Due to its outstanding
performance, C1 was a well-suited candidate for the copolymer-
ization of lignin and CL. Kinetic investigations were carried out
to gain insights into the reaction mechanism for the first time
in this chemistry.

2. Results and Discussion

Copolymerization reactions were carried out under industrially
relevant conditions in the absence of any solvent at 150 °C with
varying lignin and catalyst loadings using C1 (Scheme 1). Thermo-
gravimetric analysis (TGA) was carried out to confirm that lignin
is stable under the reaction conditions and no significant degra-
dation was observed (Figure S31). Reaction kinetics were investi-
gated using 1H nuclear magnetic resonance (NMR) spectroscopy
and the resulting polymers were analyzed via 1H NMR, 31P NMR
spectroscopy, diffusion-ordered spectroscopy (DOSY) and size
exclusion chromatography (SEC). By derivatization of lignin with
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), the
quantity of hydroxyl groups is accessible.[52] Since the initiation
of the ROP occurs at the hydroxyl moieties and the chains grow
from these groups, this is an important property of the lignin. To
determine the molar mass of the lignin, acetylation was carried
out prior to SEC analysis to increase the solubility in the mobile
phase.[48] Table 1 summarizes the obtained results of the lignin
characterization.

First, reactions with a lignin loading of 30 wt% were carried
out to investigate the activity of the catalyst within the reaction
system. A CL conversion of 90% was achieved after 7 h, which
proved the activity and compatibility of C1 toward the reaction
system (Table 2, entry 3). DOSY NMR spectra of the correspond-
ing copolymer showed a distinct diffusion coefficient, strongly
supporting the formation of a chemically bonded lignin-PCL
copolymer (Figures S19–S25), whereas a mixture of lignin and PCL
shows two diffusion coefficients for the methoxy signals of lignin
and PCL signals, respectively (Figure S26). SEC measurements
showed a shift and broadening of the peak of the copoly-
mers compared to pure lignin (Figure S27). This indicates that a
copolymerization between lignin and CL has occurred to form a
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Scheme 1. Reaction scheme of the copolymerization of lignin with ε-caprolactone using [Zn{(R,R)-DMEG2(1,2)ch}2]OTf2 · THF (C1).

Table 1. Hydroxyl content and molar mass of the organosolv lignin used for copolymerization.

Aliphatic
OHa)[mmol g−1]

Aromatic
OHa)[mmol g−1]

Carboxylic
OHa)[mmol g−1]

Total
OHa)[mmol g−1]

Mn
b)[g mol−1] Mw

b) [g mol−1] Ðb)

1.71 4.18 0.11 6.00 1151 2365 2.1

a) Determined by 31P NMR spectroscopy after phosphitylation with TMDP according to a literature procedure with cyclohexanol as internal standard.[52]
b) Determined by SEC in THF using a conventional calibration with polystyrene standards. Molar masses given in polystyrene equivalents.

Table 2. Experimental data for the copolymerization of lignin and CL.

Entry Lignin Loading (wt%) CL/OH Ratio Catalyst Loadinga) Conversion (%)b) Time (h) DPn, theoc) DPn, expd)

1 10 13.2 100:1 88 5.5 10 25

2 30 3.4 100:1 90 7 3 11

3 50 1.5 100:1 54 (92) 7 (24) 1 6

4 30 3.4 150:1 52 (96) 7 (24) 3 11

5 30 3.4 200:1 47 (94) 7 (24) 3 11

6 30 3.4 250:1 35 (95) 7 (24) 3 11

7e) 30 3.4 100:1 75 7 3 7

a) Refers to the molar ratio of CL to catalyst.
b) Determined by 1H NMR spectroscopy.
c) DPn, theo calculated by conversion * ([CL]/([OHlignin]).
d) Determined by end group integration of 1H NMR spectra according to the literature.[30]
e) TBD used as catalyst instead of C1.

multi-arm star-shaped polymer, a structure also reported in the
literature.[29] Subsequently, lignin loadings were varied between
10 to 50 wt% to investigate how the reaction system is influenced
by the lignin loading (Table 2, entries 1–3). Lowering the lignin
loading and thus increasing the concentration of CL leads to a
slightly faster reaction, whereas 88% conversion is reached after
5.5 h, compared to 54% after 7 h while using 50 wt%. This indi-
cates different reactivities of the CL toward the ROP. This could
be explained by the fact that CL is a rather nonpolar molecule
that must first diffuse to the polar hydroxyl groups of lignin in
the reaction mixture for ROP to take place. It might be that this
step determines the rate of the reaction and that the ring open-
ing of CL is facilitated if a previous monomer has already been

ring-opened and reacted with the hydroxyl group of the lignin.
This would cause the reactive centers to lose polarity, facilitat-
ing the diffusion of CL and ultimately accelerating the reaction.
As the total amount of lignin and therefore the total amount
of functionalizable hydroxyl groups is lower at low lignin con-
tents, the polymer chains grow faster to higher chain lengths,
which has an accelerating effect on the reaction rate. The effect
of catalyst concentration was subsequently investigated by vary-
ing the catalyst loading between 100:1 and 250:1 with respect to
CL (Table 2, entries 2 and 4–7). Conversions after 7 h decreased
with decreasing catalyst loading, which is the expected trend
since the catalyst is required for the activation of CL. Since the
conversions directly influence the chain lengths and thus the
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Figure 1. Semi-logarithmic plots for copolymerization reactions (T = 150 °C and t = 5.5–9 h) with varying lignin loadings and a catalyst loading of 100:1
(left) and a fixed lignin loading of 30 wt% and varying catalyst loadings (right).

molar mass of the copolymer, the reaction times were increased
to 24 h to ensure high conversions for subsequent analysis. The
PCL chain lengths and thus the degree of polymerization (DP)
vary in the sense that shorter chains are formed with increasing
lignin content as the total number of functionalizable hydroxyl
groups increases and thus the total number of PCL chains in
the copolymers increases. A comparison of the experimentally
determined degree of polymerization (DPn, exp) shows that these
are higher than theoretically calculated degree of polymerization
(DPn, theo), suggesting incomplete functionalization at the lignin
core. The relative difference between the two DPs gets more pro-
nounced with increasing lignin loading, indicating that lignin is
higher functionalized in copolymers with lower lignin loading
(Table 2, entries 1–3). This is also confirmed by 31P NMR analy-
sis of the derivatized polymers, which showed that copolymers
with higher lignin contents have more free hydroxyl groups. In
addition, it can be observed that the aliphatic hydroxyl groups
are preferentially functionalized, which is consistent with find-
ings from literature.[53] At lignin loadings of 10 and 30 wt%, the
aliphatic hydroxyl groups are almost completely functionalized,
whereas at 50 wt% lignin some of the aliphatic hydroxyl groups
remain unfunctionalized (Table S1). Varying the catalyst concen-
tration does not affect the PCL chain lengths and therefore does
not affect the DP (Table 2, entries 4–6). Furthermore, TBD was
tested as catalyst for copolymerization to allow direct compari-
son of the catalysts under the same reaction conditions (Table 2,
entry 7). A lower conversion of 75% is achieved after a reac-
tion time of 7 h, which explains that the observed DPn, exp of
this copolymer is only 7 instead of 11 compared to the entry
for the copolymerization with C1 (Table 2, entries 2 and 7). A
comparison of the functionalization of the lignin core of these
two copolymers using 31P NMR spectroscopy after derivatization
shows similar functionalization of hydroxyl groups for both cata-
lysts and suggests that the functionalization of hydroxyl groups
is independent of the choice of catalyst.

To gain a better understanding of the reaction progress of
the copolymerization, a kinetic analysis of the reaction was per-

formed (Figure 1). During the reaction, aliquots of the reaction
mixture were taken and the conversion was determined by 1H
NMR spectroscopy. The conversion X at any time t can be cal-
culated from the signals of the repeating units of the PCL IPCL
chains (δ1H, DMSO = 2.27 ppm) and the unreacted CL ICL (δ1H, DMSO

= 2.59 ppm) (Figure S10).
Generally, the reaction kinetics of ring-opening polymeriza-

tions of cyclic lactones, such as CL or LA, are pseudo-first order
and linear over most of the reaction course.[39,41,42,54–58] Linear
kinetics were also observed for the copolymerization of lignin
with lactide.[50] Here, the kinetics show a linear behavior, but the
slopes of the linear plots appear to change during the reaction.
Initially, the reaction proceeds more slowly until the reaction
accelerates after about 3 h. For lignin contents of 10 and 30 wt%,
the CL conversion of the reaction corresponds to about 25% to
30% at this point. This threshold is likely caused by the grow-
ing chain of the polymer, confirming the previously discussed
hypothesis that the ring-opening of CL is facilitated when ROP
occurs at the end of a growing PCL chain rather than directly at
a hydroxyl group of the lignin core. A linear behavior can also
be observed for the subsequent course of the reaction, but with
a greater slope, indicating a higher reaction rate. The accelera-
tion can also be seen for the polymer with a high lignin content
of 50 wt%, but is less pronounced because the higher hydroxyl
group content in the reaction mixture results in the formation
of overall shorter PCL chains (Figure 1, left). This trend is also
observed when the catalyst concentration in the reaction sys-
tem is reduced. In addition, polymerizations are slower overall,
proving that the catalyst is essential for the reaction to procced
(Figure 1, right). Additionally, 31P NMR spectroscopy was used to
investigate the degree of functionalization of the lignin core as a
function of conversion in derivatized copolymer samples with 30
wt% lignin (Figure S33). Only a few hydroxyl groups were found
to be functionalized at the beginning of the reaction. Most of
the hydroxyl groups were functionalized at conversions between
35% and 60%. Above 60%, hardly any additional hydroxyl groups
are functionalized, and only chain-extending ring openings of
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Figure 2. Comparison of the semi-logarithmic plots of TBD and C1 at
30 wt% lignin and a catalyst loading of 100:1.

the caprolactone occur. This phenomenon also affects the rate
of the reaction and confirms the previously observed behavior
of an induction phase of copolymerization. With a larger num-
ber of initial chains, the reaction accelerates further because
several chains can polymerize simultaneously. Furthermore, the
molecular weight of the growing PCL chain segments was exam-
ined throughout the reaction period. The results showed that
the molecular weight increased linearly over the reaction period.
Therefore, it can be concluded that this is a controlled copoly-
merization process in which chain-shortening transesterification
reactions do not occur (Figure S32).

A comparison of the reaction kinetics of C1 and TBD at a fixed
lignin loading of 30 wt% and a catalyst loading of 100:1 showed
that the untypical course of the reaction kinetics also occurs
with TBD as polymerization catalyst and can therefore most likely
be observed independently of the catalyst (Figure 2). Further-
more, when comparing the reaction kinetics, it becomes clear
that using C1 causes the copolymerization to proceed faster. This
demonstrates the potential of [Zn{(R,R)-DMEG2(1,2)ch}2]OTf2 · THF
as a nontoxic, highly active, and robust catalyst for the synthesis
of lignin-PCL copolymers.

3. Conclusion

In this work, we presented a sustainable and efficient
approach to synthesize lignin-PCL copolymers using a robust,
nontoxic, and highly active zinc-guanidine catalyst [Zn{(R,R)-
DMEG2(1,2)ch}2]OTf2 · THF via ring-opening polymerization. PCL
chains are grafted onto the lignin directly in the melt with-
out the use of additional solvents. Copolymers with different
lignin contents and different catalyst loadings were successfully
prepared, with DOSY NMR and SEC data showing a chemical
linkage between lignin and PCL. Furthermore, kinetic studies
for lignin-PCL copolymerization reactions were performed for
the first time. Typically, the ROP of cyclic lactones follows linear
pseudo-first order kinetics with constant reactions rates over
the entire course of the reaction. In the case of lignin and CL

copolymerization, an acceleration of the reaction was observed,
leading to an increasing reaction rate constant. The time at
which the reaction is accelerated can be correlated with the
conversion and therefore with the chain length of PCL segments.
This is particularly noticeable at lower lignin loadings, as longer
PCL chains are formed in a shorter period of time. For higher
lignin loadings this is not as pronounced, because higher lignin
loadings lead to the formation of shorter PCL chain segments
overall, since the concentration of hydroxyl groups, which
act as reactive centers during the ROP, is higher. In addition,
the reaction kinetics of the catalyst were compared with the
well-known organocatalyst TBD, with the reaction proceeding
in a faster manner when using [Zn{(R,R)-DMEG2(1,2)ch}2]OTf2
· THF as catalyst. 31P NMR analysis after derivatization of the
copolymers showed an incomplete functionalization at the
lignin core, whereas more hydroxyl groups are functionalized at
lower lignin loadings. In this case, the functionalization of the
lignin was not affected by the choice of catalyst. These results
contribute to the understanding of reaction mechanisms of
lignin functionalization and to the development of alternative
bio-based plastics to transition the plastic industry away from
fossil-based feedstocks.

4. Experimental Section

4.1. Materials and Methods

All reactions were carried out under nitrogen atmosphere (99.999%),
dried by P4O10 using standard Schlenk techniques. Chemicals used
within this wok were purchased from Merck KGaA, Acros Organ-
ics, Th. Geyer GmbH & Co. KG, TCI Deutschland GmbH, abcr GmbH,
and VWR Deutschland GmbH. Solvents were purchased in technical
purity and distilled prior to use if needed. ε-Caprolactone was dis-
tilled over CaH2 and stored under nitrogen prior to use. TMDP[59]

and [Zn{(R,R)-DMEG2(1,2)ch}2]OTf2 · THF[39] were synthesized accord-
ing to literature procedures. Organosolv lignin was kindly donated
from Fraunhofer CPB Leuna and dried in a vacuum oven at 0.2 mbar
for 24 h at 40 °C.

Nuclear magnetic resonance (NMR) spectra were recorded at
25 °C on a Bruker Avance III DH 400 or Bruker Advance II 400 nuclear
magnetic resonance spectrometer operating at 400 MHz for 1H and
162 MHz for 31P spectra. Chemical shifts are given relative to res-
onances from the deuterated solvents (DMSO: δ(1H) = 2.50 ppm,
CDCl3: δ(1H) = 7.26 ppm.). 31P Spectra were obtained as described in
literature[52] and referenced to 132.2 ppm, which is the reaction prod-
uct of TMDP and residual water. DOSY NMR measurements were
carried out using 1H NMR standard processing applied on pseudo-
2D datasets (si = 8 k, lb = 0.3, xf2, abs2). For the Bruker Avance
III HD 400 the software Topspin (Version 3.5 pl 7) from Bruker and
for the Bruker Avance II 400 the software TopSpin (Version 2.1) from
Bruker were used for data acquisition. For visualization and examina-
tion of NMR spectra, the software MestReNova (Version 14.2.3–29241)
from Mestrelab research was used.

The molecular weight of lignin-PCL copolymers was determined
by size exclusion chromatography on a Viscotek GPCmax VE-2001
with a flow rate of 1 mL min−1 at 25 °C with THF as mobile phase.
The system was equipped with two Malvern Viscotek T columns
(porous styrene divinylbenzene copolymer) with a maximum pore
size of 500 and 5000 Å, a HPLC pump, a refractive index detector
(VE-3580), and a viscometer (Viscotek 270 Dual detector). For data
acquisition, the software Omnisec 5.12 was used. The results were
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evaluated using a conventional calibration using polystyrene stan-
dards. The respective molecular weights are given in polystyrene
equivalents.

Thermogravimetric analysis of lignin and lignin-PCL copolymers
were conducted on NETZSCH STA 449 F5 Jupiter. The samples were
heated at a rate of 5 K per minute from 25 °C to 800 °C in a nitrogen
atmosphere.

4.2. General Procedure for the Synthesis of Lignin-PCL
Copolymers

In a nitrogen filled glovebox, lignin and the catalyst were weighed
into a flask and the appropriate amount of ε-caprolactone was
added. The flask was taken out of the glovebox and equipped with
an overhead stirrer. The reaction mixture was heated to 150 °C and
stirred at 150 rpm. For the kinetic investigations, aliquots were taken
after specific time intervals, dissolved in deuterated dimethyl sul-
foxide and the ε-caprolactone conversion was determined by 1H
NMR spectroscopy. After achieving sufficient conversion, the reac-
tion mixture was cooled under running tap water. The mixture
was dissolved in as little DCM as possible (10–20 mL) and precipi-
tated in diethyl ether at 0 °C. The polymer was washed with cold
methanol (25 mL) and dried at 0.2 mbar at 50 °C for 24 h. Lignin-PCL
copolymers were obtained as darkish-brown solid.

4.3. General Procedure for the Phosphitylation of Lignin-PCL
Copolymers and Lignin

The phosphitylation experiments were conducted based on a mod-
ified literature procedure.[52] A mixture of pyridine and deuterated
chloroform (1.6/1; v/v) was prepared and stored over molecular
sieves 3 Å. A cyclohexanol solution (10 mg mL−1) and a solu-
tion of chromium(III) acetylacetonate (5 mg mL−1) was prepared
from the pyridine/chloroform solution. Lignin (30 mg) or lignin-
PCL copolymers (30 mg), respectively, were dissolved in the pyri-
dine/chloroform solution (0.5 mL) and the chromium(III) acetylace-
tonate (50 μl), cyclohexanol solution (50 μl), as well as TMDP (75 μl)
were added. The mixture was allowed to stir for 1 h for the lignin and
for 24 h for the copolymers to ensure quantitative functionalization
prior to 31P NMR spectroscopic analysis.

4.4. General Procedure for the Acetylation of Lignin

Acetylation was carried out according to a modified literature
procedure.[60] Lignin (1 g, c(OH) = 6.00 mmol g−1) was weighed
into an oven-dried flask. Pyridine (5 mL) and acetic anhydride (5 mL,
52.9 mmol, 8.9 eq. with respect to the hydroxyl groups of lignin)
were added and the mixture was stirred for 24 h at 20 °C. The
crude reaction mixture was precipitated from a diluted HCl solution
(250 mL, 0.1 M). The resulting precipitate was washed several times
with deionized water to neutral pH. Finally, the product was dried
at 0.2 mbar at 50 °C for 24 h.
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