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Abstract: One catalyst, two reaction set-ups, three monomers
and unlimited macromolecular microstructural designs: The
iron guanidine complex [FeCl,(TMG5NMe,asme)] (1) poly-
merizes lactide faster than the industrially used Sn(Oct), and
shows high activity towards glycolide and e-caprolactone. Its
distinguished features enable the synthesis of both block and
random-like copolymers in the melt by a simple change of the
polymerization set-up. Sequential addition of monomers
yields highly ordered block copolymers including the sym-
metrical PLA-b-PGA-b-PCL-b-PGA-b-PLA pentablock co-
polymers, while polymerizations of monomer mixtures
feature enhanced transesterifications and pave the way to di-
and terpolymers with highly dispersed repeating unit distribu-
tions. A robust catalyst active under industrially applicable
conditions and producing copolymers with desired micro-
structures is a major step towards biocompatible polymers
with tailor-made properties as alternatives for traditional
plastics on the way towards a sustainable, circular material
flow.

Introduction

After 100 years of macromolecular science, the overwhelm-
ing innovations plastics brought are clouded by the approx-
imately 6.3 billion metric tons of plastic waste found
contaminating our planet."! To address this problem, a
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variety of monomers derived from renewables or waste
streams leading to advanced, biocompatible materials are
currently under investigation.”’ In addition to monomers
being independent of depleting mineral oil, end-of-life
options and recycling strategies have to be developed.”! A
bioplastic which has already reached a certain maturity is
polylactide (PLA). It is produced from renewable feedstocks
and shows high potential as circular material due to its
several end-of-life options: biodegradation as well as
mechanical or chemical recycling.! Production capacities
are predicted to rise in the coming years and PLA is
expected to replace conventional petroleum-based polymers
in a number of applications.”’ To end the application of the
currently used toxic heavy metal catalyst in industry, benign
catalysts meeting the principles of sustainable chemistry
have been developed for polymerization under industrial
conditions.! However, the mechanical properties of PLA
face some limitations like a high rigidity or unsuited
degradation time, which are necessary to overcome in order
to make the bioplastic widely applicable.”! The properties
can be manipulated in some measure by copolymerization
with the r-lactide stereoisomers D- or meso-lactide.’! To
adjust the mechanical properties further, other comonomers
are needed. For lactide (LL), e-caprolactone (in this
publication: Cap) has proven to be a suitable counterpart.”
Cap is traditionally derived from oil, but recent develop-
ments show that it can be obtained efficiently from biomass
feedstock.!'”! In comparison to PLA, polycaprolactone
(PCL) is more flexible due to a lower glass transition
temperature and shows prolonged degradation times.!'!
Especially PLA-b-PCL-b-PLA copolymers, resulting in a
soft block surrounded by hard ones, are interesting due to
their properties as thermoplastic elastomers.'” The set of
comonomers is completed by glycolide (GG), which forms
the hydrophilic polymer polyglycolide (PGA) leading e.g.,
to a faster degradation.”! Combining the three monomers
LL, Cap and GG in one copolymer allows the tuning of the
polymer properties to a large extent.'" The characteristics
of a copolymer depend on the ratios of the monomers as
well as the microstructure which can vary from blocky via
gradient and statistical to random."” Desirable microstruc-
tures are either blocky or random, since the building block
distribution of the other microstructures are not distinctly
defined and thus the properties of a likewise called polymer
can vary significantly. Random copolymers are defined by
following Bernoullian statistics: the probability of finding a
certain repeating unit at any given site is independent of the
preceding unit.™ LL, GG and Cap are all lactones but they
show very different reactivities in the ring-opening

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-3747-7449
http://orcid.org/0000-0003-1825-7798
http://orcid.org/0000-0002-0098-1529
http://orcid.org/0000-0002-4354-4353
https://doi.org/10.5281/zenodo.5872326
https://doi.org/10.5281/zenodo.5872326
https://doi.org/10.1002/anie.202112853
https://doi.org/10.1002/ange.202112853

GDCh
=

polymerization.'! Many catalysts have been reported to
copolymerize these monomers, however, the resulting
microstructures differ enormously. The reactivity ratios in
the copolymerization are for most catalysts in the order
rGG > T > T, and it was reported that Cap cannot be
polymerized after LL.'"” But the opposite was reported as
well with catalysts preferably consuming Cap.!"® The relative
reactivity towards the monomers is important for the
formation of block copolymers which are typically produced
by sequential addition."” To synthesize random copolymers,
the reactivity ratios should best be equal which remains a
challenge for most catalysts. Aluminum complexes with
elaborated, bulky ligands are performing best in this
discipline.’**"! Another and much less extensive process to
obtain random copolymers is by means of transesterifica-
tion. The occurrence of transesterifications typically depends
on the reaction temperature and normally they are avoided
to preserve a controlled polymerization.'®?!1 However, by
increasing the reaction temperature, some highly active
catalysts are capable of reaching a uniform distribution of
the building units by transesterification.”! Other catalysts
promote transesterifications only to a lesser extent and
rather produce statistical copolymers with a blocky
character.”® There are few examples of catalysts which
produce copolymers of Cap and LL and/or GG with differ-
ent microstructures by the change of the reaction conditions.
Especially, defined block copolymers produced under melt
conditions as well as highly randomized copolymers synthe-
sized by a single catalyst remain a challenge.7%?*? The
industrially employed tin octoate (Sn(Oct),) was intensively
studied regarding its capability to form copolymers but
could not tackle those two challenges. Block copolymers of
PCL and PLA were approached by sequential addition,
however, a sharp transition between the blocks in the
resulting copolymers could only be attained if the PCL
prepolymer was purified before the addition of the second
monomer.?*2® The synthesis of random copolymers was
attempted by transesterification. It was reported that, when
using Sn(Oct), as catalyst, the temperature influences the
occurrence of transesterifications and the average sequence
length, but to a lesser extent than for other catalysts.[*!
Therefore, the synthesis of random copolymers of LL and
Cap with Sn(Oct), was only successful for very limited
monomer-to-monomer ratios.’*! Otherwise, only low de-
grees of randomness and the formation of micro blocks was
observed.**! Substituting Sn(Oct), having toxic features
with a biocompatible catalyst highly active under solvent-
free conditions which overcomes its limitations in the
synthesis of defined block copolymers or random copoly-
mers, would lift the industrial process of lactone copolymer
synthesis to a whole new level. Recently we have presented
an iron guanidine complex as the first robust, biocompatible
catalyst which supersedes the polymerization activity for
lactide of Sn(Oct), significantly under industrially relevant
melt conditions.” The catalyst marks a major milestone on
the way towards the replacement of the toxic tin compound
in the industrial production of PLA. In addition, iron
guanidine catalysts conquer new areas of polymer chemistry
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e.g., by simultaneously copolymerizing lactide and styrene
via ROP and ATRP in a one-pot synthesis.

In this report we are tackling two challenges with one
iron guanidine catalyst: 1) The synthesis of highly defined
block copolymers of LL, Cap and GG in a solvent-free
process and 2) the synthesis aiming for random copolymers
of LL, Cap and GG despite their very different polymer-
ization rates. At first, preliminary experiments are described
which were necessary to gain basic knowledge on the
catalysts behavior and find appropriate reaction conditions.
Afterwards, findings regarding the synthesis and character-
ization of block copolymers are presented. Then, the process
aiming for random copolymers is discussed and finally,
mechanistic aspects are investigated and evaluated regarding
the capability of this catalyst to produce such different
microstructures with only small adjustments in the reaction
conditions.

Results and Discussion

The iron guanidine complex [FeClL,(TMG5NMe,asme)] (1)
was synthesized according to literature.”” Its polymerization
properties for lactide in bulk at 150°C was already
investigated, a k, of (0.554+0.024) Lmol's™" was deter-
mined and it was shown that the catalyst follows the
coordination—insertion mechanism.” For this study, the k,
of the homopolymerization of Cap with 1 as catalyst under
solvent-free conditions at 150°C was determined to be
(5.97+1.55)x107* Lmol's™" and thus two orders of magni-
tude lower in comparison with the k, for LL (see Fig-
ure $2).") Since the polymerization preferences of a catalyst
can change if both monomers are present in a reaction
mixture, the reactivity ratios for the copolymerization of LL
and Cap were estimated via the Mayo-Lewis plot (see
Figure S3).”’! Herefore, experiments were performed by
polymerization in Schlenk tubes tempered by an oil bath. At
a total monomer-to-initiator (M/I) ratio of 1000:1, LL-to-
Cap ratios between 1:1 and 1:9 were employed, the
polymerizations were stopped at low conversions and the
monomer conversions were determined by 'H NMR spec-
troscopy. The resulting values were applied to the Mayo-
Lewis equation resulting in straight lines intercepting in one
point when plotting r{;, versus rc,,. The intercept gives the
reactivity ratios for the two monomers. In this case 1y > rc,),
is found reflecting the difference in reactivity found for the
homopolymerizations of each monomer. 1 is therefore a
catalyst having a strong preference for the incorporation of
LL in comparison to Cap. Two polymerization set-ups were
afterwards tested and the microstructure of the correspond-
ing copolymers was investigated. When LL and Cap were
polymerized as a monomer mixture with a LL-to-Cap-to-co-
initiator-to-catalyst (LL+ Cap:Col:Cat) ratio of 500+
500:1:1 at 150°C with benzyl alcohol (BnOH) as co-
initiator, LL was converted within 10 min indicated by a fast
increase in viscosity of the reaction mixture. The conversion
of Cap did not exceed 45 % even after prolonged reaction
times of up to 24h (see Table S3, run 3). The resulting
microstructure determined by “C{'H} NMR spectroscopy
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was not blocky as one would expect, but statistical with only
very short sequences of Cap (see Figure S19), which
indicates the occurrence of transesterifications. The role of
transesterification was investigated further and is reported
in the second part of this publication (see below). Secondly,
a sequential addition approach was tested where Cap was
polymerized first and LL was added afterwards. Polymer-
ization in melt is typically limited by diffusion and especially
for block copolymerization it has to be assured that the
newly added monomer can reach the active chain end
without diffusion limitation. However, it was observed that
the highly viscous PCL melt becomes liquid again because it
dissolves in the added LL and therefore the mixing of active
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Figure 1. Top: Synthesis scheme of block and random copolymers.
Bottom: Carbonyl region of the *C{'"H} NMR spectrum of A) PCL-b-
PLA synthesized by sequential addition, M/Col/Cat ratio 500+ 500:1:1
at 150°C (Table S3, run 1) and B) PLA-ran-PCL synthesized from the
monomer mixture, M/Col/Cat ratio 500+500:1:1 at 180°C (Table 2,
run 1, Col = co-initiator).

Research Articles

Angewandte

intemationaldition’y) Chemie

chains with the added monomer is ensured. With a
monomer-to-coinitiator-to-catalyst (M/Col/Cat) ratio of 500
+500:1:1 (LL+ Cap:BnOH:1) adding LL after 4 h of Cap
polymerization, high conversions of both monomers were
reached (see Table S3, run 1). The carbonyl region of the
BC{'H} NMR spectrum only displays peaks that are typical
of a PLA-PCL blocky microstructure, namely, long sequen-
ces of each of the repeat units (i.e., CapCapCap and
LLLLLL), but no peaks of isolated repeat units in between
the repeat units of the opposite monomer that would signify
transesterification (see Figure 1A). However, the signals in
the “C{'H} NMR spectrum do not give information on
whether two homopolymers or a block copolymer are
formed. 1 is known to act as a single site catalyst??”
therefore, the formation of two unconnected homopolymers
or species with different compositions produced by ambig-
uous initiation cannot be excluded. Immortal conditions
were tested to inhibit the initiation by 1. To handle the low
amounts of catalyst necessary for polymerizing under
immortal conditions, a scale up to a steel reactor was
performed which allows at the same time the monitoring of
the polymerization by in situ Raman spectroscopy. We
found that the catalyst is active even in the presence of
500 equiv. of BnOH as co-initiator with 10000 equiv. of LL
supporting once again the high stability of this complex
towards protic compounds. MALDI-ToF-MS end group
analysis revealed that with a high excess of co-initiator, an
unambiguous initiation can be achieved with BnOH as the
only initiating group (see Figure S33). The molar masses of
the polymers produced under immortal conditions fit the
theoretical ones very well and show dispersities below 1.10
(see Table S2). A M/Col/Cat ratio of in total 10000:200:1 is
suited for the synthesis of block copolymers by sequential
addition at 150°C under solvent-free conditions.

Under the optimized reaction conditions block copoly-
mers of LL and Cap were synthesized. In addition, GG was
introduced as third monomer to expand the scope of the
copolymers. Block copolymers were prepared with BnOH
as monofunctional or 1,4-benzenedimethanol (BDM) as
bifunctional co-initiator resulting in AB(C) or (C)BAB(C)
block copolymers. Table 1 gives an overview of the mono-
mer combinations employed. To decrease the total reaction
time, polymerization of Cap was performed at 170°C, then
the polymerization temperature was reduced to 150°C to
minimize transesterifications. An exemplary spectrum of a

Table 1: Polymerizations by sequential monomer addition leading to block copolymers.

Monomers M/Col/Cat ratio t
(Cap(+GG) + LL:Col:1)
1 Cap+LL 5000+ 5000:200: 1 105 mint? 45 ht
2 Cap+LL 3333 4+6666:200: 1" 105 minid 410 h

3 Cap+GG-+LL 4500+ 1000-+4500:200:1% 105 mind+1 h¥4-10 h¥ 0.83 0.94
4 Cap+GG+LL 4500+1000+4500:200:1® 105 minlI41 hi¥+10 h¥ 0.94 0.99

5 Cap+GG 9000+ 1000:200:1P! 165 minld4-1 hi¥

PLL[E] pCap[E] Pcc[el

M, theo[g] Mn[h] ph
[kgmol™'] [kgmol™]

Feed ratio Incorp. ratio!”

0.82 092 - 1:1 0.99:1.00 5.5 4.8 1.19
092 096 - 2:1 1.96:1.00 6.4 6.1 1.14
>0.99 1:1:0.22 1.08:1.00:0.28 5.7 5.1 1.23

>0.99 1:1:0.22 1.02:1.00:0.23 6.2 6.2 1.23

0.98 >0.99 1:0.11 1.00:0.09 5.6 6.1 1.33

[a] Benzyl alcohol as co-initiator. [b] Benzenedimethanol as co-initiator. [c] 170°C. [d] 150°C. [e] Conversion of the individual monomers
determined by '"H NMR spectroscopy of the crude polymer. [f] Incorporated ratio of the monomers determined by 'H NMR spectroscopy of the
precipitated polymer. [g] Calculated by the sum for all monomers of molar mass x conversion x monomer ratio of each monomer, respectively.

[h] Determined by GPC in THF.
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copolymerization monitored by in situ Raman spectroscopy
and the referring semilogarithmic plot of the integrated
monomer bands are displayed in Figure 2 showing that a
distinct peak appears for each monomer with the addition to
the reaction mixture. The conversion of LL appears to
proceed the slowest, however, it has to be considered that
Cap is polymerized at a higher temperature and a deactiva-
tion of the catalyst could occur during the polymerizations
of Cap and GG. It is remarkable that even after having
polymerized two batches of monomers before, the polymer-
ization of LL still follows first order kinetics and reaches
high conversions supporting a truly living polymerization.
Different monomer combinations and ratios were applied
and for all runs high conversions of above 80% were
recorded. Since the polymerizations were performed under
solvent-free conditions, full conversion is hardly achievable
due to diffusion limitation.

The monomer ratio in the copolymers was determined
by 'H NMR spectroscopy of the isolated product and
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Figure 2. Top: Synthesis of PLA-b-PGA-b-PCL-b-PGA-b-PLA by sequential
monomer addition to BDM monitored by in situ Raman spectroscopy.
Bottom: Semilogarithmic plot in accordance with a polymerization of
pseudo first order. Time-resolved conversions determined by integra-
tion of decreasing monomer signals. The polymerization was con-
tinued after recording ended (Table 1, run 4).
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matches the feed ratio accurately for all tested combinations.
The variation of the block lengths of LL and Cap works
without drawbacks. The share of GG was limited to 10 %
since higher ratios would lead to the insolubility of the
copolymer in common organic solvents. However, from a
catalytic point of view there is no indication that higher
ratios of GG would be problematic. To the best of our
knowledge these are the first examples of triblock copoly-
mers of LL, GG and Cap with homopolymeric blocks. In
literature, rarely any examples of terpolymers of LL, GG
and Cap with separated blocks can be found, while block
copolymers of two of these monomers are vastly present.
When all three monomers were employed and a blocky
microstructure was obtained, one block consists of a
statistical copolymer of two monomers while the other block
is formed by the third monomer.”” The presented copoly-
mers therefore fill a gap in the already quite mature field of
lactone polymerization.

The carbonyl regions in the “C{'H} NMR spectra of the
produced copolymer indicate the formation of long blocks
of each repeat unit (see Figure3 and Figures S6-S16).
Additionally to the homotriads, small signals of the
transition between the blocks are visible. These triads do
not signal transesterification because for, e.g., the PLA-b-
PCL-b-PLA (Figure 3A) the CapCapLL and CapLLLL
triads matching the transition between the blocks are
exclusively found. If a PGA block is located between PCL
and PLA (Figure 3B) the CapLLLL signal disappears as
expected since LL is no longer connected to Cap. Since the
spectra do not only show the formation of long blocks but
also the connection between them, they strongly indicate the
formation of copolymers. It is further supported by diffusion
ordered NMR spectroscopy (DOSY) spectra that reveal a
single diffusion coefficient for all produced polymers (see
Figure S7-S17). If two homopolymers would have formed,
two different diffusion coefficients should have been
observed.’!) The molar masses were determined by gel
permeation chromatography (GPC). All copolymers show a
monomodal molar mass distribution independently of the

CapCapCap

CapCaplL LLLLLL

/ C CapLLLL /
ol-Cap
| N\ A

CapCapCap

LLLLLL
CapCapGG
/// GGLLLL GGGGGG
Col-Cap GGGGLL
s - :::::I:m:/ B

'4.5 174.0 173.5 173.0 172.5 172.0 171.5 171.0 170.5 170.0 169.5 169.0 168.5 168.0 167.5 167.0 166.5 166.0 16t
Chemical shift /ppm

Figure 3. Carbonyl region of the *C{"H} NMR spectra of A) PLA-b-PCL-
b-PLA (Table 1, run 2) and B) PLA-b-PGA-b-PCL-b-PGA-b-PLA (Table 1,
run 4).
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Table 2: Polymerizations of monomer mixtures aiming for random copolymers.

Monomers M/Col/Cat ratio®  p,™ pc,” pe”  Feed Incorp.l Mo heo® M, Pl Seq. R Tu
(LL+Cap(+GG): [kgmol™'] [kgmol™] length (ref. (CapLCap/
Col:1) (LL/Cap/  LL)® CapGCap)"!
Gag)"
1 LL+Cap 500+500:1:1 0.90 0.85 - 1:1 1.00:0.94 113.4 243 1.57 1.2/1.1/- 1.30 0.80/-
2 LL+Cap 750+250:1:1 0.94 0.68 - 3:1 3.90:1.00 121.0 42.8 1.35 3.7/1.2/- 1.19 0.64/-
3 LL+Cap 250+750:1:1 068 089 - 1:3 1.00:3.12 1007 276 161 0.8/1.5/~ 1.03 0.90/—
4 LL+Cap 475+4+475+50:1:1 0.91 0.81 >0.99 1:1:0.10 1.07:1.00:0.12 112.0 36.8 1.37 1.4/1.1/0.9 - 0.47/1.85
+GG
5 LL+Cap 450+450 0.92 0.75 >0.99 1:1:0.22 1.37:1.00:0.33 109.8 39.7 1.27 1.71.0/1.3 - 0.47/1.67
+GG +100:1:1
6 LL+Cap 4254425 0.93 0.75 >0.99 1:1:0.35 1.20:1.00:0.46 110.0 32,6 1.36 1.5/1.2/1.1 - 0.47/2.12
+GG +150:1:1
7 LL+GG 900+4100:1:1 0.90 — >0.99 1:0.11 1.00:0.12 128.4 422 1.32 3.0/-/1.5 - -
8 Cap+GG 900+4100:1:1 - 093 >0.99 1:0.11 1.00:0.09 107.1 40.4 1.72 -/2.2/)0.5 - -

[a] BnOH as co-initiator. [b] Conversions of the individual monomers determined by '"H NMR spectroscopy of the crude polymer after 24 h of
polymerization at 180 °C. [c] Incorporated ratio of the monomers determined by '"H NMR spectroscopy of the precipitated polymer. [d] Calculated
by the sum for all monomers of molar mass x conversion x monomer ratio of each monomer, respectively. [e] Determined by GPC in THF.
[f] Calculated in accordance with ref. [21¢]. [g] Randomness factor of LL calculated in accordance with ref. [33].

monomer-to-monomer ratio employed. The average molar
masses match the theoretical values very well and the
dispersities are with a maximum of 1.33 low. The values
reveal the high degree of control maintained during the
polymerization. 1 is therefore not only capable of homopo-
lymerizing lactide under immortal conditions to highly
defined PLA (see Table S2), but shows the same accuracy
when several monomers are added throughout the polymer-
ization. The thermal properties of the polymers were
investigated with differential scanning calorimetry (DSC).
Depending on the copolymer composition different melting
events are found. For PCL-b-PLA (Table 1, run 1), consist-
ing of equal shares of the monomers, two melting events
referring to the microphase separated blocks are found
slightly below the melting points of the homopolymers,
respectively.’®¥ For the other di- or tercopolymers only
one melting event is recorded in the region of the
homopolymer of the major repeating unit. Further details
can be found in Table S4 and Figure S34.

In this first part, we were able to show that the synthesis
of block copolymers containing LL, Cap and GG is possible
in melt by sequential addition facilitated by a highly active
catalyst performing a living ROP. Following, the synthesis
procedure aiming for random copolymers is presented.

Monomers with different copolymerization reactivity
ratios like LL, GG and Cap are a challenge when random
copolymers are desired. However, if transesterifications
occur, random copolymers are accessible due to scrambling
of the formed polymer chain. The challenge is to facilitate
such a high degree of transesterifications, that a uniformly
random copolymer is formed. Here, a catalyst fulfilling
special criteria is necessary: It has to be stable at high
temperatures since transesterifications are enhanced by an
increased polymerization temperature. Furthermore, the
interplay between the polymerization preference and the
tendency for transesterification has to be balanced.

1 is known to be especially active and stable in melt
polymerizations at high temperatures.’”’ Therefore, the
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polymerization temperature was risen to 180°C in order to
maximize its activity. Polymerizations were conducted for
24h in Schlenk tubes tempered by an oil bath. In a first
experiment LL and Cap were copolymerized in a LL + Cap:
BnOH:1 ratio of 500+500:1:1. High conversions were
found for both monomers and the *C{'H} NMR spectrum of
the isolated copolymer (see Figure 1B) revealed an approx-
imately even distribution between the triads indicating the
formation of a highly distributed copolymer. Further mono-
mer ratios and combinations were tested with a total M/Col/
Cat ratio of 1000:1:1 with BnOH as co-initiator. The results
are summarized in Table 2. High conversions are found for
all monomers in the copolymerization experiment, never-
theless, lowest values are around 70 % when Cap or LL is
the minor monomer, while GG reaches full conversion
throughout the experiments. The incorporation ratio of the
monomers in the copolymer reflects the feed ratio well
which shows that a target-oriented copolymer design is
possible. Figure 4 exhibits the carbonyl region of the *C{'H}
NMR spectra of the isolated copolymers of LL, Cap and
GG. The different ratio of GG incorporated is visible by
growing signal in the GG area with higher GG contents.
When analyzing the produced copolymers with GPC, it was
found for all copolymers that the average chain lengths are
much lower than the theoretical ones and show quite high
dispersities of up to P=1.72 indicating a deviation from
controlled molar mass growth and the occurrence of trans-
esterifications. The copolymers were analyzed with DSC to
investigate their thermal behavior (see Table S4 and Fig-
ure S35). However, most of the polymers are completely
amorphous neither exhibiting melting nor crystallization
events. Only the copolymer containing a dominating content
of PCL shows a signal referring to its crystalline domain at
the expected temperature. The absence of melting events
for most copolymers support that the copolymers consist of
short sequences which cannot form crystalline domains.

The microstructure of the copolymers was analyzed on
the basis of the carbonyl region of their “C{'H} NMR

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. >C{'"H} NMR carbonyl! region of PCL-ran-PGA-ran-PLA with A)
5% GG (Table 2, run 4), B) 12% GG (Table 2, run 5), and C) 17% GG
(Table 2, run 6).

spectra (see Figure 1B, Figure 4 and Figure S21-S32). The
peaks were assigned to their building blocks according to
literature precedents.”®?'* In all spectra a variety of signals
is found: The homotriads referring to LLLLLL, GGGGGG
(if applicable) and CapCapCap as well as signals indicating
the distribution of a repeating unit between the others.
Furthermore, the two signals at 167.8 and 170.8 ppm which
correspond to the CapGCap and the CapLCap triads,
respectively, have to be highlighted. Both building blocks
cannot form by traditional addition of a monomer but are
the result of a so-called second mode transesterification
which splits a monomer consisting of two repeating units
like LL or GG and leaves a single repeating unit surrounded
by two others.”" The peaks for CapGCap and CapLCap are
shifted from the others and therefore well visible in
comparison with other triads formed by second mode
transesterification like GGLGG and LLGLL. The occur-
rence of those signals proves that the microstructure of the
copolymers is the result of transesterifications. The polymer-
ization experiments were repeated under immortal condi-
tions with an M/Col/Cat ratio of in total 1000:5:1 and the
produced copolymers do not differ significantly from the
ones presented before and therefore confirm that the
transesterification processes are not relying on a high
concentration of the catalyst (see Table S3, run 4-6).

The reaction conditions were hence successfully changed
from obtaining block towards statistical copolymers. The
question remains to which degree the polymer was rear-
ranged by transesterification and if a Bernoullian distribu-
tion of the repeating units was reached differentiating an
undefined statistical copolymer from a random one. Since
this differentiation is seldomly done in literature disregard-
ing an evaluation based on the visual distribution of the
signals in the “C{'H} NMR carbonyl region, no holistic,
sophisticated parameter is defined for tricopolymers of LL,
Cap and GG. Herefore, an evaluation on the basis of
different parameters is attempted. The average sequence
lengths is defined for all copolymers and therefore accord-
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ingly calculated.”! The second mode transesterification
yield is defined for copolymers of Cap in combination with
LL or GG.”'** The randomness factor R is reported for
dicopolymers of LL and Cap.®™ All calculated parameters
are based on the integration of certain peaks of the *C{'H}
NMR carbonyl region and are listed in Table 2.

The copolymers exhibit very short average sequence
lengths of around 1 for all three repeating units. The average
sequence length increases for LL and Cap if they are present
in excess and decrease if they are the minor component.
Regardless, LL shows as a trend slightly higher sequence
lengths in comparison with Cap under analogue conditions.
The sequence lengths of LL and GG can be below 1 with a
minimum of 0.5, if all repeating units are divided by second
mode transesterification. This is the case for PCL-co-PGA
(Table 2, run 8). The short sequences show the high degree
of distribution the repeating units have in the copolymer.
The randomness factor R is the quotient of the sequence
length of a perfectly random copolymer with a Bernoullian
distribution and the experimentally found average sequence
lengths in the copolymer.® The LL sequence length is
chosen as referring parameter. If R>1, a truly random
copolymer is at hand. And indeed, with R>1 for the
dicopolymers of LL and Cap (Table 2, run 9-11), they fulfill
the criteria for a random copolymer. The second mode
transesterification yield 7, describes to which degree the
single unit (e.g. CapLCap or CapGCap) is found in the
polymer in comparison with a perfectly random copolymer
having a Bernoullian distribution (Ty;=1).**! The param-
eter allows a comparison of the degree of distribution for
different monomers. 7y (CapLCap) shows values between
0.47 and 0.90 and is therefore less dispersed than necessary
for a random copolymer. 7T (CapGCap) on the other hand
lies significantly above 1 for all copolymers indicating a
higher dispersion than necessary for a random copolymer.
These values reveal that the transesterifications do not
proceed evenly in the copolymer and that LL is less
dispersed in the polymer chain in comparison with GG. The
short sequence lengths and randomness factors close to 1
would classify the copolymers as random, the 77 values
especially for the tercopolymers on the other hand show
deviations from the Bernoullian statistics for LL. This
contradiction points out the need for a holistic parameter to
classify random copolymers. Nevertheless, it can be con-
cluded that the repeating units are highly dispersed along
the copolymer chain in a random-like manner with some
curtailments for LL.

The second part of this report demonstrates that it is
possible to obtain two completely different microstructures
with one catalyst. At a high enough temperature, full
conversions can be reached when polymerizing a monomer
mixture independently of monomer combination. Due to
transesterifications the repeating units are highly distributed
along the polymer chain within short sequences. However,
not all kinds of repeating units are evenly highly dispersed
along the polymer chain, which raises the question what
influences the process of transesterification. This will be
evaluated subsequently.
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To gain more information on the incorporation of the
monomers, a scaled-up polymerization experiment aiming
for random copolymers was performed with a M/Col/Cat
ratio of 450+450+100:1:1 (LL+Cap+GG:BnOH:1) in a
steel reactor at 180°C. Aliquots were removed from the
reaction mixture after defined reaction times and the
conversion of the three monomers was determined by 'H
NMR spectroscopy. In the PCL region of the 'H NMR
spectrum, the signals for Cap next to Cap and Cap next to
either LL or GG (CapX) are clearly separated and there-
fore, it is possible to monitor whether the Cap active chain
end attacks the already existing polymer chain and Cap is
found next to GG or LL or if the Cap active chain end goes
for further available Cap monomer. Whether Cap is located
next to GG or LL cannot be withdrawn from the 'H NMR
spectrum, therefore the experiment was repeated only with
LL and Cap. The development of the conversion with time
for both experiments is displayed in Figure 5. The graph of
the terpolymer shows that GG is the first monomer to be
polymerized. After only 10 min full conversion is reached.
Within the first hour the conversion of LL rises above 90 %.
During this time very small amounts of Cap are converted,
significant conversion is only found after reaction times of

. [ Ip(GG) Il p(LL) p(Cap -LL or -GG) [l p(Cap -Cap)

o
©
L

o
o
1

Conversion p ('"H NMR)
:

o
N
1

30min 1h 1.5h 2h 3h
t
I o(LL) T p(Cap -LL or -GG) [l p(Cap -Cap)

10min 20min

o o
o ®
1 1

Conversion p ("H NMR)
:

0.2+

20min 30min 1h 1.5h 2h 3h

10min

Figure 5. Top: Time dependent conversions of the polymerization of LL
+Cap+GG:BnOH:1 4504450+ 100:1:1. Bottom: Time dependent
conversions of the polymerization of LL+ Cap:BnOH:1 500+ 500
+100:7:1.
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more than one hour. Independently of the total conversion
of Cap, the share of CapX represents approximately 70 %. It
is peculiar that a clear majority of the incorporated Cap is
found next to G or L while these monomers are already
incorporated in the polymer. This experimental finding
implies a revision of the mechanism of the synthesis of
random copolymers by transesterification: The reorganiza-
tion of the polymer chains does not take place between two
polymer strands exchanging chains, instead Cap as monomer
induces transesterification as active chain end reorganizing
the polymer chains nearly every time it is incorporated. The
Cap active chain end has a strong preference for the building
blocks in the already existing polymer chain in comparison
with the available Cap monomer. Due to the slow coordina-
tion and/or insertion of Cap with a Cap active chain end, the
faster route of coordination and transesterification of the
existing polymer chain is mainly preferred resulting in a
scrambling of the polymer chain redistributing the repeating
units. The proposed kinetic correlations are shown in
Scheme 1.

When only LL and Cap are copolymerized the same
ratio of CapX and CapCap is observed, however, the total
conversion of Cap is lower (see Figure5 bottom). Even
though the total M/Col/Cat ratio is maintained and GG
constitutes only 10% of the monomer mixture, the con-
version is nearly twice as high in its presence. Since the Ty
values in Table2 showed that the transesterifications
preferably take place at GG in comparison with LL, the
transesterification with GG might be kinetically favored
leading to the observed faster conversion of Cap.

With the interactions summarized in Scheme 1 the
formation of block copolymers becomes possible by poly-
merizing Cap first as described in the first part of this report.
Once the PCL block is formed the caproyl units are fixed in
the polymer chain and do not lead to transesterification
anymore. The insertion of GG and LL monomer added after
full conversion of Cap on the other hand occurs so fast, that
the existing polymer chain is of no or only low interest as
transesterification partner. When all monomers are con-
sumed, the catalyst does not show a strong tendency for
transesterification. When a block copolymer (PCL-b-PLA,
Table 1, run 1) is heated with freshly added catalyst in a
ratio of 1000:1 (referring to the monomers incorporated)
for 24 h at 180°C, the blocky structure is maintained and
only very small peaks resulting from a low degree of
transesterification could be detected (see Figure S4). There-
fore, the active chain end must be responsible for the degree
of transesterifications leading to random-like copolymers.

The increase of transesterifications if Cap is present in
the copolymerization mixture was reported for some other
catalysts but never investigated in detail.”'>*¥ The tendency
of an active chain end to promote transesterification with
the existing polymer chain and the preferred attack of a
certain monomer, was shown to depend on the nature of the
catalyst.”'**! The presented catalyst is therefore an excep-
tional example containing the perfect features to promote
the synthesis of PCL-PLA-PGA copolymers with desired
microstructures. It strongly supports transesterifications
during the insertion of Cap on the one hand and on the
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Scheme 1. Proposed kinetic correlations for the synthesis aiming for random copolymers via transesterifications. At the described stage LL and GG
monomers have been consumed completely due to their high polymerization rate and the only monomer remaining in the polymerization mixture

is Cap.

other hand adds GG and LL sequentially in a controlled
manner as well as it does not scramble two already formed
polymer chains significantly by transesterification. Its high
activity leads to a fast consumption of all three monomers
while the sequential addition experiments revealed a truly
living polymerization character. Both microstructures,
blocky as well as highly dispersed, are obtained in a solvent-
free process which is only possible due to the high robust-
ness of the complex. The immortal conditions employed,
which reduce the amount of catalyst necessary for the
polymerization, round up the picture and characterize
[FeCL,(TMG5NMe,asme)] (1) as an outstanding catalyst for
the ring-opening polymerization of lactones.

Conclusion

The iron guanidine catalyst presented herein exhibits a
remarkable control over the copolymer microstructure,
taming or using the transesterification bias of Cap—as
desired. It is therefore not only the first biocompatible,
robust catalyst with a higher polymerization activity than
Sn(Oct), under industrially relevant melt conditions, it also
shows an amazingly versatile control in copolymerizations.
Having one catalyst for the formation of neat block
copolymers as well as random-like copolymers gives a
glimpse of the opportunities still to be discovered to reduce
the intricacy of industrial copolymerization processes.
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Understanding the role of Cap as transesterification agent is
one example of crucial steps necessary to gain knowledge on
copolymerization procedures. Only with those details re-
vealed, complex copolymerization systems can be controlled
to form materials with tailor-made properties meeting the
high requirements necessary to be the sustainable substitute
for plastics that currently endanger our environment.
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