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ABSTRACT: Single component softwood kraft lignins have
been sought after as precursors to carbon fibers. This noble goal
can be achieved by adding carbon onto lignin via propargylation.
The reactivity of propargylated lignins may then be modulated
via methylation, thus eliminating the onset of gelation via
phenoxyl radical initiated random polymerization. This article
demonstrates that properly installed propargyl groups of an
acetone soluble kraft lignin (ASKL) fraction can be thermally
polymerized to high molecular weights in a controlled manner.
In order to create single component chain extended softwood kraft lignin systems for carbon fiber applications, one needs to
regulate the amount and the positioning of the propargyl groups on the lignin. This became possible, and it is now demonstrated
that the propargylation of lignin needs to occur first, followed by methylation and not the other way around. Such a sequence
offers substantial benefits for the onset of a Claisen rearrangement to occur between the propargyl groups and the free C5
positions of the softwood lignin. Furthermore, once in position, the created benzopyrans can effectively further polymerize in a
controlled manner offering chain extended kraft lignin products of sufficient molecular weight so as to apply subsequent
stabilization and carbonization steps to it.

KEYWORDS: Softwood kraft lignin, Claisen rearrangement, Thermal polymerization, Methylation, Propargylation, 31P NMR, DSC,
Phenolic−OH

■ INTRODUCTION

Lignin is a naturally occurring biopolymer with an amorphous
and branched polyphenolic network structure.1,2 Large
amounts of this biopolymer are produced daily as a byproduct
of pulp and paper industry via the kraft process (also known as
the sulfate process).3

Lignin is composed of aromatic rings and has considerable
potential to replace a variety of fossil based aromatic polymers.
As such, it opens up a new arena of alternative sustainable
chemistry along with the opportunity for significant financial
ramifications. Kraft lignins are of relatively low molecular
weight, high polydispersity, and of variable functional group
content.4,5 Currently, the main use of kraft lignin is the
generation of energy for the pulp and paper industry. However,
currently only 2% of the isolated lignin is being used for
processes other than incineration.2,6 The abundant presence of
phenolic structures in kraft lignins has directed a number of
investigations toward utilizing it as a phenolic polymer in its
native or derivatized form.7−10

Additionally, researchers have directed efforts toward an
intense investigation for exploring the use of lignin as a
precursor to carbon fibers (CF’s)11−15 because this may satisfy
many of the requirements for skillfully exploiting this naturally
available resource.16,17 CFs display high stiffness and strength
which along with their low density makes them extremely
valuable reinforcing materials for polymer composites. These
materials are currently manufactured from polyacrylonitrile

(PAN), an expensive polymer, thus limiting their use to
specialty applications, such as automotive, aerospace, and
sporting goods. The use of lignin as a precursor could
contribute to a 2-fold reduction of the final cost of carbon fibers
according to the estimations of the US Department of Energy
cited in a recent review by Baker and Rials.18 However, the
molecular weight of technical lignin is low, and it has a glass
transition temperature (Tg) far below the temperatures
required for carbonization; therefore, it must be pretreated to
prevent softening during carbonization.19,20 Consequently,
lignin derivatization becomes essential if one is to prepare CF
precursors from it to prevent softening. Air oxidation is a
simple and cost-effective method of thermal stabilization.
During the production of lignin based CFs, the omission of
the thermal stabilization process is anticipated because lignin
contains a large amount of oxygen.13 However, its low
molecular weight and in particular its Tg, being well below
the temperatures required for carbonization and stabilization,
offers severe limitations to the material. Reactions occurring
during such thermal treatments increase its Tg, but at heating
rates realistic to actual commercial production rates, the
thermal stabilization reactions are not able to maintain a high
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enough Tg,
16,21 and the material devitrifies rendering it

unsuitable, limiting its utility in CF production.19,20 As such,
derivatization of this natural polymer becomes essential to
prepare CF precursors from lignin.
In our earlier effort,9,41we have embarked in describing and

discussing the importance of propargylation chemistry on lignin
so as to synthesize macromonomers for click chemistry,22,23

metal mediated oxidative coupling (Glaser or modified Glaser−
Hay reaction),24,25 and thermal polymerization via Claisen
rearrangement.26 We have also discussed that the molecular
weight and glass transition temperatures of the thermally
polymerized lignin improves significantly relative to the starting
material. The intricate polymer structure created within lignin
as a result of the benzopyran double bond thermal polymer-
ization chemistry (see Scheme 1C) is offering a regular
covalently linked framework from which, after carbonization, a
regular carbon fiber material could be envisaged to emerge. As
such, thermally polymerized propargylated softwood lignin can
be explored as a prospective material for the synthesis of
biobased CF precursors.
In this effort, an in-depth investigation of such chemistry on

fractionated softwood kraft lignin is reported. In this study, the
phenolic−OHs of acetone soluble kraft lignin (ASKL) fractions
are propargylated in basic media using variable amounts of
propargyl bromide, arriving at thoroughly characterized lignins
with various degrees of substitution. Then, efforts toward
inducing a thermal-mediated Claisen rearrangement reaction
(Scheme 1B) and the ensuing thermal polymerization
chemistry (Scheme 1C) of the pendant alkynes are described.9

As anticipated, the multifunctional nature of the lignin causes it
to arrive at a hyper-branched and cross-linked polymer, which is
intractable and not suitable for further thermoplastic
processing. This major limitation is addressed by appropriately
reducing the degree of propargylation and masking the
remaining phenolic−OHs by alkaline methylation with
dimethyl sulfate. This is a novel approach for the simultaneous
systematic modulation of the functionality and the reactivity of
lignin developed in earlier parts of our work.7,27

■ MATERIALS AND METHODS
Materials. A sample of softwood (Southern Pine) kraft lignin

supplied by Domtar Corporation was isolated via the Lignoboost
process28 and used as the starting material.

Acetone Soluble Fraction of Kraft Lignin. The original kraft
lignin was fractionated into two high and low molecular weight
fractions based on its solubility in acetone (1g/15 mL).4,41 The lignin
was mixed with pure acetone (1g/10 mL) at room temperature for 10
h. The dissolved acetone soluble fraction (ASKL) was separated from
the residue by filtration and recovered by evaporating the solvent in a
rotary evaporator followed by drying in a vacuum oven at room
temperature for 12 h. The functional groups and the molecular weight
of ASKL were determined using quantitative 31P NMR29,30,32 and gel
permeation chromatography (GPC),9 respectively.29−32

Lignin Methylation40−42 and Propargylation.9 A 1 g sample of
ASKL was dissolved in 15 mL of aqueous 0.5 N NaOH at room
temperature. Depending on the required degree of methylation, an
appropriate amount of dimethyl sulfate (DMS) ranging from 0.25 to
2.00 mmol per each mmol of the total phenolic−OH groups present in
the sample was added and the reaction medium stirred for 30 min at
room temperature followed by heating at 75 °C for an additional 2 h.
The final product was recovered after cooling the mixture to room
temperature. Finally, the pH of the solution was adjusted to around 2
by the addition of 2 N HCl. The precipitated sample was washed with
enough water and freeze-dried overnight. The level of methylation was
determined using 31P NMR spectroscopy.29,30,32 The remaining
phenolic−OHs in the washed methylated lignin samples were further
propargylated with excess propargyl bromide in 0.5 M of NaOH at 75
°C for 2 h under continuous stirring.9 Excess propargyl bromide was
used for complete functionalization of the lignin sample. The clean
final product was recovered with acidification. The final product was
obtained by washing the lignin sample with water followed by freeze-
drying overnight. Complete propargylation was examined using 31P
NMR spectroscopy.29,30,32 The second series of samples were first
propargylated (using 0.20 to 2.00 equiv of propargyl bromide
compared to the total amount of phenolic−OH present in the lignin
sample), and then, the remaining phenolic−OH groups were
methylated using excess DMS (for complete functionalization) using
the procedure described earlier.

Thermal Polymerization in DMSO. ASKL (20 g) samples, which
were either first propargylated and then methylated or first methylated
and then propargylated, were dissolved in dimethyl sulfoxide (DMSO)

Scheme 1. Sequence of Reactions That Involves Lignin Propargylation (A) Followed by Claisen Rearrangement (B) and
Thermal Polymerization (C)
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(100 mL) and transferred within a glass lined Parr reactor equipped
with a mechanical stirrer. Two reaction temperatures, 150 and 180 °C,
and three reaction times (45, 60, and 180 min) were examined. After
completion of the reaction, the mixture was allowed to cool to room
temperature and then acidified with 2 N HCl to precipitate the lignin.
The precipitated lignin was washed with water and then freeze-dried
overnight followed by drying in a vacuum oven at 40 °C.
Thermal Polymerization in an Extruder. A laboratory scale

extruder (DSM Xplore Micro 15 cm3 Twin Screw Compounder) of 15
mL capacity was used for the dry thermal polymerization runs.
Thirteen grams of a lignin sample (first methylated then
propargylated) was injected into the extruder using a manual feeder.
The temperature of the barrel was set at 170 °C, and the actual mixing
took place for 25 min at a screw rotating speed of 100 rpm.

31P NMR Spectroscopy. The methylation and propargylation
levels of the kraft lignin samples examined were determined using
quantitative 31P NMR on a Bruker 300 MHz spectrometer as per the
earlier parts of our work.29,30,32 An accurately weighed amount (40
mg) of a dried lignin sample was dissolved in 600 μL of anhydrous
pyridine/CDCl3 mixture (1.6:1, v/v). A total of 200 μL of an endo-N-
hydroxy-5-norbornene-2,3-dicarboximide solution (9.23 mg/mL)
served as the internal standard, and 50 μL of a chromium(III)
acetylacetonate solution (5.6 mg/mL) served as the relaxation reagent.
These were added to the above pyridine/CDCl3 solution. Finally, 100
μL of the phosphitylating reagent II (2-chloro-4,4,5,5-tetramethyl-
1,2,3-dioxaphospholane) were added and transferred into a 5 mm
NMR tube for subsequent NMR acquisition using 256 scans, 12,000
Hz sweep width, and 5 s delay time.
Acetobromination.31 A lignin sample (10 mg) was weighed into

a predried reaction vessel, where 2.3 mL of glacial (anhydrous) acetic
acid was added. The reaction mixture was stirred for 30 min, and then,
0.25 mL (3.38 mmol) of acetyl bromide was added. The reaction
mixture was finally stirred at room temperature for 4 h. Acetic acid and
excess of acetyl bromide were evaporated with an efficient rotary
evaporator followed by high vacuum drying at 25−30 °C for 30−45
min. The acetobrominated lignin products were completely soluble in
the GPC mobile phase (THF).
Gel Permeation Chromatography (GPC). GPC measurements

were carried out using a Waters GPC instrument equipped with UV
(set at 280 nm) and RI detectors using tetrahydrofuran (THF) as the
eluent at a flow rate of 0.7 mL/min at 35 °C. An injection volume of
50 μL and a sample concentration of 0.3 mg/mL were used. Two ultra
styralgel linear columns (Styragel HR2 and Styragel HR 5E) were
linked in series. A series of polystyrene narrow standards were used for
calibration purposes (the actual series was of Mw 820, 2330, 3680,
18 700, 31 600, 44 000, 212 400, 382 100, 570 000, 994 000, and
1 860 000 g/mol).
Differential Scanning Calorimetry (DSC). A TA-Instruments

model TA-Q100 was used for the DSC analyses. All samples were
dried at 60 °C for 12 h in a vacuum oven prior to the DSC analyses.
Approximately 5 mg of a sample were weighed directly into a DSC
hermetic aluminum pan. Then, the pan was covered by its lid and
sealed by cold pressing and a small hole (around 1 mm diameter) was
carefully created on the lid. An empty pan was prepared as the control.
After being loaded into the TA-Q100, all samples were heated up to
105 °C at a rate of 1 °C/min. They were then isothermally
conditioned at this temperature for 20 min prior to being quenched to
20 °C, where they were isothermally kept again for another 10 min.
Finally, the DSC thermograms were recorded by increasing the
temperature to 300 °C at a rate of 3 °C/min.

■ RESULTS AND DISCUSSION

The main objective of this research program was to develop a
systematic understanding that could facilitate the steps that
involve the Claisen rearrangement (Scheme 1B) and the
thermally induced polymerization (Scheme 1C) of propargy-
lated softwood kraft lignin (Scheme 1A) to form higher
molecular weight polymers.

A number of studies have shown that one of the main
constraints on lignin from readily becoming a versatile
feedstock for a variety of applications is its heterogeneity
which leads to unpredictable and uncontrollable reactions.4,28,33

Consequently, we have examined this issue here by making sure
that the PDI of our samples is actually narrow so that we
minimize this variable before proceeding to a more complex
polydisperse system. Reports regarding lignin fractionation via
the use of extraction protocols with organic solvents of varying
polarity and/or dielectric constant show that a fraction with
lower molecular weight and lower polydispersity can be
obtained with promising application potential.34−36 Our recent
work, however, has shown that the use of a multitude of
solvents for such endeavors is not necessary but that these
issues can be addressed by a fractional precipitation protocol
using acetone and hexane.4 Accordingly, in this work we
fractionated the as received kraft lignin by dissolving it in
acetone following an even more simplified version of the earlier
devised process.4 About 70% of the dry kraft lignin was
dissolved in pure acetone. The weight-average molecular weight
(Mw) and polydispersity index (Mw/Mn) of the starting kraft
lignin was about 6300 g/mol and 6.6, respectively. However,
the ASKL was of a considerably lower molecular weight (Mw =
3800 g/mol) and of lower polydispersity (Mw/Mn = 4.3) (all of
the molecular weights of the starting kraft lignin and ASKL
were measured using our in house developed acetobromination
method31 (see the Materials and Methods section). Quantita-
tive 31P NMR data for the fractionated sample also showed that
the ASKL contained 5.83 mmol/g of phenolic−OH and 1.93
mmol/g of aliphatic−OH, while the unfractionated starting
lignin contained 4.6 mmol/g and 2.2 mmol/g of phenolic and
aliphatic−OHs, respectively. In this respect, the material used
in the study was much better defined in terms of functional
group distribution and consequent chemical reactivity.
It is important to state at this point that a detailed structure

for softwood kraft lignin does not exist and that all the
structural explanations of lignin are made on the basis of known
chemistry occurring during the kraft delignification process.
Since softwood kraft lignin most likely contains phenolic−OHs
of variable structure and consequently pka values,37 the
reactivity of the phenolic−OHs is expected to be very diverse
toward the substitution reactions and is anticipated to depend
on their electronic and steric environments.
The selectivity of propargylation toward the phenolic−OH

groups of lignin was studied and verified in detail in our earlier
work using propargyl bromide on purified ASKL.9 There is
ample literature precedent that shows that when aryl propargyl
ether terminated monomers are heated at temperatures above
150 °C, they first undergo a thermal sigmatropic Claisen
rearrangement to form a 2H-chromene or 2H-1-benzopyran
(Scheme 1B). These intermediates possess reactive double
bonds that can subsequently undergo thermal polymerization,
generating polymers (Scheme 1C). Resins with these types of
curable propargyl etherified phenolics possess enhanced
thermal stability, high Tg, long-term high temperature
durability, good dimensional stability, good durability, and
good curing characteristics.38,39

As stated earlier, lignin comprises phenyl propane units, and
based on the substitution pattern of the C5 position (especially
true for softwood kraftlignins), the phenyl propane units can be
categorized as belonging to condensed or uncondensed units.
Condensed phenolic−OHs in lignin are defined, as those that
belong to aromatic groups that have a substituent in the 5
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position of the aromatic ring, while noncondensed phenolic−
OHs have no such substituents (Scheme 2).

On the basis of the information depicted in Schemes 1 and 2,
it is quite clear that only the propargyl groups that are located
on the noncondensed phenolic−OHs can participate in the
Claisen rearrangement followed by thermal polymerization. In
softwood kraft lignin, about 55% of the phenolic−OHs are
noncondensed which are able to contribute in the Claisen
rearrangement.40 For the purposes of this study and in view of
the objectives of this program, we will define propargyl groups
present on noncondensed phenolic units as “active propargyl
groups”. Consequently, all of the data reported in this effort will
be based on the amount of active propargyl groups present in a
given sample as it is calculated from the 31P NMR spectra in
mmol/g.
The reaction of propargyl bromide (3.8 mg/mmol of −OH)

with the phenolic−OHs of the lignin has been shown to
increase its molecular weight.9 For ASKL, which contains a
total of 5.8 mmol of phenolic−OH, an increase of 18% of actual
weight can be calculated for a fully propargylated sample,
altering the gram value of our samples when we express our
NMR data on the basis of mmol/g. Consequently, one may
calculate the functional groups present per each gram of lignin,
allowing one to arrive at the weight gain as induced by the
presence of the propargyl groups in it. These calculations
showed that the maximum weight gain was18%. However, we
could not calculate the weight gain for intermediate
propargylation levels. For this reason and since we have
invariably used multiple propargylation levels, we used an
average value of 7.5% weight gain for all samples to correct and
calculate the level of propargylation in mmol/g. On the basis of
this approach, our values will contain a maximum error of 7.5%.
On a number of instances, our earlier work9,41,42 has shown

that the noncondensed phenolic−OHs are more reactive than
the condensed ones. Both steric and electronic factors may
account for these reactivity variations. Furthermore, the
multifunctional nature of lignin dictated that extreme care
should be paid to polymerization considerations so as to avoid
the onset of gelation.7,10,46,47 As such, in all our published lignin
polymerization work we have selected to conduct thermal41or
step growth,7,41 polymerizations with partially propargylated9,41

or otherwise derivatized7,41 lignin samples. This approach has
been found to be very useful to modulate the multifunctional
character of lignin.41

Furthermore, since our earlier work9,41,42 has shown that
lignin may undergo thermally induced polymerization chem-
istry initiated via the free phenolic−OHs, it was essential that
all available free phenolic−OH be masked via methylation. This
was an essential operation inherent in allowing for proper
polymer growth in the absence of random phenoxyl radical

initiated polymerization. Accordingly in this report, we explore
two regimes. We initially explore a variety of ASKL samples
where we partially first mask (via methylation) and then
propargylate the remaining phenolic−OHs followed by thermal
polymerization. In other words, initially we masked the most
reactive phenolic−OHs with methyl groups and then
propargylated the less reactive remaining phenolic−OHs.
In a second set of experiments, we initially propargylated at

various levels the phenolic−OHs of ASKL, followed by
methylation of the remaining phenolic−OHs. In the second
set of experiments, it is anticipated that the propargyl groups
will be installed on more reactive phenolic centers offering for
more possibilities of Claisen rearrangement (Scheme 1B) and
thermal polymerization events (Scheme 1C). Both of these sets
of experiments are aimed at a systematic investigation aimed at
understanding and optimizing these reactions toward inducing
sufficient chain extension chemistry within the softwood kraft
lignin precursors prior to oxidative carbonization.

Methylation Prior to Propargylation. In our initial
efforts to chart the reactivity of masked (methylated)
propargylated ASKL, we used methylated ASKL, and then,
we propargylated it with different levels of active propargyl
groups. These samples were heated, as DMSO solutions, at 150
°C and at 180 °C for 1 h and for 3 h.
Not surprisingly, the molecular weights of the resulting

polymers were found to increase with increasing degrees of
active propargyl groups present and with increasing duration of
reaction time and temperature (Figure 1A). All polymer
samples produced were soluble in DMSO and acetone showing
no signs of stochastic radical initiated self-polymerizations of
the lignin creating three-dimensionally cross-linked structures.
The absence of gelation type of reactions is also apparent from
the shape of the plots of polydispersity as a function of active
propargyl groups shown in Figure 1B. The heterogeneity as
indicated by the ratio of Mw/Mn is known to be exponentially
increasing as a gelation reaction proceeds especially beyond the
gel point.43−45

For all cases examined, the data in Figure 1A shows that
irrespective of the reaction time or temperature, a ceiling in the
molecular weight is reached. Despite the apparent 3-fold
increases in the Mw values (Figure 1A) from about 4K to about
12K, this is certainly not enough to cause for significant chain
extension chemistry that may eventually allow for fiber pulling
prior to carbonization. It is likely that the reason for the
observed ceiling in the attained molecular weight is that there
were not enough propargyl groups present in any of these
reactions, capable of promoting a hyper-branched structure
creating the sought polymeric character.
For these reasons, another series of thermal polymerization

reactions were carried out at 180 °C using a more augmented
range of active propargyl groups. While the data of Figure 1
spanned from 0 to 0.8 active propargyl groups, more samples
were produced ranging in active propargyl groups from 1.6 to
2.5 mmol/g4. Again, it is to be noted that methylation was
applied prior to propargylation for the synthesis of these series.
After thermal polymerization at 180 °C for 3 h, as DMSO

solutions, the data of Figure 2 shows practically no molecular
weight increase when the active propargyl group content
ranged from 1.6 to 2.1 mmol/g. In effect, this range of active
propargyl groups manifests itself in minor increases in
molecular weights similar to the Mw levels attained as per the
data of Figure 1A (Mw increased up to 11 000 g/mol). The
persistent lack of molecular weight increase beyond a value of

Scheme 2. Structures of Condensed and Noncondensed
Phenolic Units Present in Lignin
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about 11−12 000 g/mol is very likely due to the fact that the
molecular weight of the starting lignin was rather low (about
4000 g/mol). At a qualitative, molecular level, the data seem to
validate the traditional Flory−Stockmayer polymer view that
smaller preformed chains need a larger number of cross-linking
events to create a network.46,47

It is likely that the small starting molecular weight of ASKL
requires a larger number of functional points, in the form of
active propargyl groups, to promote molecular weight increase.
This event could not take place until the amount of active
propargyl groups reached 2.1 mmol/g and beyond (see Figure
2).
The shape of the Mw versus active propargyl group content

plot, depicted in Figure 2, is indicative that the polymerization
reactions occurring via Claisen rearrangement (Scheme 1B)
followed by radical polymerization (Scheme 1C), following
gelation statistics. This is apparent because beyond an active
propargyl group content level of 2.1 mmol/g, small increases in
active propargyl group content (e.g from 2.1 To 2.5) manifest
themselves in larger increases in Mw (from about 11 000 g/mol
to about 50 000 g/mol), and the PDI increases from about 8 to
27. Admittedly, the reaction is still well before the gel point
even at active propargyl group levels of about 2.5 mmol/g.
At this point, it is important to point out that beyond the

enumerated polymerization statistical considerations, additional
reactivity considerations are also likely operating. Conducting
methylation prior to propargylation masks all the easily
available and most reactive phenolic−OHs of lignin. As the
degree of methylation is increased, more and more sterically
hindered phenolic−OHs are left behind for further propargy-
lation with limited reactivity for subsequent Claisen rearrange-
ment and thermal polymerization. This reactivity variable also
offers difficulties in attaining high molecular weights, and as
such, it needs to be further examined. A thorough examination
of this variable is conducted in the section below.

Propargylation Prior to Methylation. The reactivity
considerations already enumerated were addressed by a series
of experiments where initially ASKL was propargylated, thus
occupying all readily accessible and highly reactive phenolic−
OHs, followed by methylation of the remaining phenolic OHs
to limit phenoxy radical induced thermal polymerization. All of
the polymerization reactions were conducted by heating the
samples at 180 °C for 3 h, and the corresponding molecular
weights and distributions were determined.
Figure 3 shows the development of Mw and polydispersity

(Mw/Mn) after thermal polymerization as a function of active
propargyl group content ranging from 0.4 to 2.6 mmol/g.

Figure 1. Effect of active propargyl groups and reaction time on (A)
the weight-average molecular weight (Mw) and (B) the polydispersity
of ASKL at 150 °C and at 180 °C. All lignin samples depicted here
were first methylated prior to propargylation.

Figure 2. Effect of active propargyl groups on molecular weight and
polydispersity of ASKL at 180 °C for 3 h of reaction. All lignin samples
depicted here were first methylated prior to propargylation.

Figure 3. Effect of active propargyl groups on the molecular weight
and polydispersity of ASKL at 180 °C for 3 h of reaction for samples
that were propargylated first prior to methylation.
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As anticipated, the installation of the propargyl groups in
more reactive positions, more readily prone to Claisen
rearrnagnent and thermal polymerization events, offered
much better developed molecular weights. The shape of the
overall plot in Figure 3 is exponential, indicative of molecular
weights exceeding 130 000 g/mol at the extreme end of active
propargyl group content (2.6 mmol/g). Similarly, the extreme
heterogeneity of the sample as evidenced by the ratio ofMw/Mn
approaching nearly a value of 50 is an undisputed indication
that gelation statistics are operational. The fact that all
thermally polymerized samples were soluble in acetone and/
or DMSO indicates that using the specific starting sample of
ASKL (Mw of about 4,000g/mol) and within the examined
range of active propargyl groups (0.4−2.6 mmol/g), the
reaction conditions were such that the gel point had not yet
been reached or exceeded. Overall, our experiments validate
our contention that both gelation statistics and significant
reactivity issues are the underlying considerations that define
the progress of thermally induced polymerization chemistry on
propargylated lignin samples.
Solvent-Free Claisen Rearrangement and Thermal

Polymerization. For the purposes of the accurate control of
the reaction conditions, the thermal polymerization work
described so far was conducted in a sealed Parr reactor in
DMSO solutions. As already discussed, however, the developed
chemistry is seeking knowledge that could be eventually
extended toward creating stable chain extended unimolecular
systems that could be used as carbon fiber precursors. It is
therefore imperative that the lignin polymerization reactions be
conducted in bulk in the absence of solvent. To this effect, we
used a laboratory twin screw compounding extruder where the
propargylated lignin samples were injected and thermally
compounded for 25 min at 180 °C. The extruder temperature
and rotation speed were selected so as to promote thorough
mixing of the precursor lignin oligomers via the shearing forces
exerted by the screws, aiming at inducing thermal polymer-
ization for the creation of high molecular weight chain extended
lignin based carbon fiber precursors.
In a manner similar to the polymers synthesized in the Parr

reactor, the molecular weight of the polymers synthesized in
the extruder showed only a small and gradual increase in the
molecular weight. After 25 min of actual compounding at 180
°C and at an active propargyl group content of 0.8 mmol/g,
only a doubling of the molecular weight could be attained. This
data, when coupled with the data of Figures 2 and 3 points to
the following two factors as being responsible for the lack of
molecular weight development. The one factor being the
relatively low degree of active propargyl groups being present
and the second being the fact that the propargylation was
conducted after methylation. It is thus planned that these
experiments be repeated with ASKL samples that are first
propargylated with active propargyl groups exceeding the range
of 1.5 to 3 mmol/g followed by methylation. It is to be noted
that the experimental arrangements used in this work allow and
have actually resulted in extruded fibers that are currently under
investigation for their strength properties after the necessary
additional steps. As stated above, however, and in accordance
with our systematic approach, more work is currently being
carried out to ensure that we carefully proceed in answering
fundamental chemical enquiries in the design and execution of
these subsequent steps.
Monitoring the Thermal Polymerization Events Using

Differential Scanning Calorimetry (DSC). Scheme 1B

depicts the intramolecular ring formation to form the 2H-
chromene moiety, while Scheme 1C depicts the thermally
initiated polymerization reactions of these unsaturated moieties.
Both of these reactions are of an exothermic nature,48,49

especially the latter one since each addition of a double bonded
segment to the growing polymer chain involves the conversion
of π bonds into σ bonds. Consequently, it was thought
appropriate to use DSC to monitor the progress of the reaction
and if possible correlate it to the sought molecular weight
increase events during future efforts. It is to be noted that the
measurements discussed in this section were conducted on
ASKL samples that were initially methylated and then
propargylated. DSC thermograms of all methylated and then
propargylated ASKL samples show broad exotherms developing
between 150 to 215 °C (Figure 5 (Lower) and not due to the
reactions depicted in Schemes 1B and 1C).48,49

Figure 5 shows that the total amount of heat evolved during
the Claisen rearrangement and thermal polymerization of the
starting methylated propargylated sample containing 0.81
mmol/g active propargyl group is 138 j/g. Once this sample
was subjected to thermal polymerizations treatments at 150 °C
and at 180 °C for 3 h, the amount of heat evolved was only 38
j/g and 8 j/g, respectively. The reduction in heat evolved with
increasing polymerization temperature is because at higher
temperatures more active propargyl groups actually participate
in 2H-chromene formation via the Claisen rearrangement
(Scheme 1B) and then proceed to thermal polymerization
(Scheme 1C). As such, fewer amounts of active propargyl
groups are left behind when the polymerization is conducted at
180 °C compared to 150 °C offering the development of lower
amounts of heat during the DSC scans. These data also signify
that indeed higher temperatures are beneficial for the
development of molecular weight.
Another useful example of the application of DSC toward

understanding the progress of these reactions was provided
when samples from the experiments of Figure 4 were examined.
The DSC scans showed that a small reduction in heat evolution
occurred for samples subjected to thermal polymerization via
the extrusion approach. This indicates that most of the active
propargyl groups remained unreacted during the solvent-free
thermal polymerization. As such, there seems to be plenty of
room available for further optimizations of this reaction aimed

Figure 4. Development of Mw as a function of active propargyl groups
of ASKL. (Thermal polymerization was conducted in a laboratory twin
screw extruder at 180 °C at compounding time = 25 min. The lignin
samples were first methylated and then propargylated.)
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at creating a financially feasible scheme for the utilization of
softwood kraft lignin as a single component precursor to carbon
fibers.
Overall, such measurements in combination with the already

discussed molecular weight evidence are envisaged to provide
additional support for the accurate monitoring of these valuable
transformations.

■ CONCLUSIONS
Various thermal polymerizations and Claisen rearrangements
were conducted on propargylated ASKL samples. The amounts
of active propargyl groups present were thoroughly quantified
using 31P NMR. The temperature, reaction time, and amount of
active propargyl groups present in the samples showed
correlations with the sought increases in the molecular weights
of the polymers. Moreover, once an adequately large range of
propargyl groups was installed within the lignin the molecular
weights (and PDI’s) of the resultant polymers were found to
increase exponentially when thermally polymerized. Efforts to
offer better control on the progress of these reactions led to a
close examination of the actual chemistry involved that
eventually allowed us to properly design the chemistry that
needs to be conducted on the precursor lignin. ASKL samples
on which propargylation was conducted, prior to methylation,
resulted in polymers with higher weight-average molecular
weights compared to lignin samples on which methylation was
conducted prior to propargylation. This was anticipated since
steric obstructions could operate on the propargyl groups

inhibiting thermally induced polymerization when propargyla-
tion was carried out after the methylation step. A series of
polymerization reactions were also conducted in bulk and
solvent-free conditions in a twin screw extruder. These
experiments showed that bulk polymerization conditions
require higher amounts of active propargyl groups to be
present for the proper development of the required molecular
weight. Efforts to form carbon fibers from the described
chemistry are currently in progress and will be the subject of
subsequent publications.
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