Effective Regulation of Polycaprolactone Molecular Weight and
Oligomers Content Using Tetraphenyltin Catalyst
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There is a lack of effective approaches that produce polycaprolactone materials (PCL) with a high molecular weight,
narrow polymer dispersity index (PDI), and fewer formation of oligomers. The immigration of the remained oligomers
predominantly causes poor PCL quality and induces odor release. This limits the extensive application of PCL materials.
This study investigates the effects of different catalysts and loadings on the PCL performance along with the formation of
oligomers in detail. The oligomers were successfully separated using gel permeation chromatography (GPC). This was
followed by a quantitative and qualitative identification using high-resolution mass spectrometry (HRMS) and low field
nuclear magnetic (L-field NMR) analysis. The results show that tetraphenyltin is an effective catalyst to promote the
reaction and produce high-performance PCL that possesses the highest Mn (65000), narrowest PDI (1.37), and the lowest
content of oligomers (7.466 wt.%). Density functional theory (DFT) studies that were combined with characterizing key
intermediates verified that an anhydride bond was formed close to the end hydroxyl group in the PCL chain because of the
special catalytic mechanism. This unusual chemical structure successfully inhibited the chain from being broken by the
“back-biting” behavior, which is helpful for lowering the content of oligomers. This study can provide a scalable synthetic

approach to

1. Introduction

The main paragraph text follows directly on here.
Polycaprolactone (PCL) has various biological applications,
such as being a controlled drug release carrier, (14 fluorescent
probe,] cell-encapsulation device,!®] tissue culture bed
frame,7-11] biological dye,!*2] and medical modeling material.[®
13-16] This is because of its excellent biodegradation!'7-1%] and
biocompatibility.[20-22] Several studies have reported that
minimal water, oxygen, and hydroxy compounds can initiate
the ring—opening polymerization of caprolactone.?3] However,
this can only produce low molecular weight PCL in the absence
of a catalyst. Similarly, most catalysts such as diisopropyl
amino lithium,[24] stannous octoate,?°] and organic acid tin [Sn
(OTf),]126!

caprolactone polymerization. These catalysts can only be used

insignificantly  influence  synthesis  during

to prepare PCL with a molecular weight (Mn) varying from
4000 to 15200. Furthermore, most of the prepared PCLs have
a wide polymer dispersity index (PDI) owing to the generation
of
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creating high-performance polymers.

the simultaneous polymerization and
degradation during polymerization. Although hosphazene
bases can generate PCL with a high Mn (=38000), the
conversion rate was only 14% when reacting with caprolactone

for more than 10 days at 80 oC.[ 271 Methylaluminoxane—

oligomers, or

trimethylaluminium is a rare catalyst that can increase the Mn
of PCL to 223800.[281 However, the “back-biting” side reaction
is competitive with the caprolactone polymerization process.
This generates cyclic oligomers and makes the PCL similar to
polyamide 6 (PA6),[291 which contains certain quantities of
oligomers. The authors did not investigate the mechanic
performance of the prepared PCL and the negative effects of
cyclic oligomers on the PCL properties further.

The solubility in organic solvents and the melting point of
oligomers were close to PCL. This made the substances difficult
to separate. Generally, the remaining oligomers can damage
the material performance and release unpleasant odors after
migrating progressively to the surface of the materials. This
limits the application and development of PCL significantly.[30!
Recent developments in technology include gel permeation
chromatography (GPC) and mass spectrum (MS) technologies.
These approaches have been used to identify and determine
the oligomers.[31-321 However, an effective method to suppress
the formation of oligomers have not been proposed.
Therefore, significant challenges exist in PCL performance
improvement, especially for the regulation of the content of
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oligomers, molecular weight, and PDI of the PCL. Therefore, a
new technology using a tetraphenyltin (PhsSn) catalyst to
prepare high-performing PCL is reported in this study. The
molecular weight and the mechanical properties of PCL and
the oligomer content could be conveniently regulated through
varying tetraphenyltin loadings. Furthermore, characterization
of key reaction intermediates and density functional theory
(DFT) studies revealed the detailed reaction mechanism and
verified that the catalyst can effectively suppress the
formation of oligomers.

2. Experiment

2.1 Polymerization
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The polymerization tests were performed using a "one-pot"
method. Caprolactone and catalyst were added to a four-neck
round bottle in a fixed mass ratio. Polymerization followed at
200 °C for 10 h in nitrogen air according to the synthetic
approach shown in Fig. 1(a). Catalysts with different steric
hindrance, such as tetraphenyltin, triphenyltin chloride,
dimethyldiphenyltin, and tetramethyltin, were selected to
synthesize the PCL. The main influencing factors of the
polymerization process were investigated. These include the
effects of different reaction times (2 - 14 h), temperature
(100 - 240°C), and catalyst dosage (0.1 - 5% by weight) on the
polymerization process. Other reactions were avoided using
nitrogen protection that was used in the experiment. After
synthesized, the products were pulverized into fine particles
and dried to a constant weight at 40 C in vacuum conditions
for further analysis. All reaction process parameters are listed
in Table S1.
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Figure 1. a) Synthesis route, Dumb-bell samples before and after tensile strength test (tetraphenyltin catalyst). b) Low field
NMR patterns: "A" means long chain segment, "B" and "C" means small molecular chain segment. c) GPC curves. d) High-

resolution mass spectrogram of

3. Results and discussion

The conclusions section should come in this section at the
end of the article, before the acknowledgements. The PCL
properties were obtained using a 1 wt.% catalyst mass ratio
under the same reaction conditions (200 °C, 10 h). These are
displayed in Fig. 1 and Table S2. The GPC results (Fig. 1(c))
show that the tetraphenyltin system produces PCL with the
highest Mn (65000) and the narrowest PDI (1.37). Additionally,
small peaks appeared during the retention time of 11-16 min.
This demonstrated that a certain number of oligomers with a
molecular weight of less than 2000 was produced during the
PCL synthesis.[33] The content of polymers and oligomers in the
PCL was measured further using low field nuclear magnetic (L-
field NMR) analysis.34] This indicated that the tetraphenyltin
catalyzed PCL has the lowest oligomers content (7.466 wt.%,
Fig. 1(b)), which is comparable to that of the current
commercial PCL. However, the PCL resulted from
tetraphenyltin catalyst is vastly superior to other lab—prepared
PCLs that were produced by using the other three catalysts

oligomers. e) Mechanical properties.

and most reported catalysts.[23 251 Furthermore, the results
indicate that the oligomers content greatly influences the
properties of the PCL. Higher content of oligomers leads to
worse mechanical properties. Notably, the strain—stress tests
show that the elongation and tensile strength of the
tetraphenyltin catalyzed PCL reached 2000% and 38.5 MPa,
respectively (Fig. 1(a, e)). This is also significantly better than
current commercial (and the other lab-prepared) products.
Especially, compared to the reported products with best
elongation of 900%, the elongation is remarkably increased [].
Besides, the tetraphenyltin catalyzed PCL was stable without
peculiar smell after exposed to natural condition for half a
year. However, the other lab-prepared PCLs released odor
after only being kept for days, owing to the immigration of the
remained oligomers.Therefore, tetraphenyltin is the best
catalyst for producing PCL polymer that has optimum
properties. The optimum process conditions for the PCL
preparation were investigated further. A 1 wt.% dosage of
tetraphenyltin was maintained for 10 h at 200 °C (Fig. 1, Table
S2, and Table S3).
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Figure 2. High-resolution mass spectrogram of oligomers.
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been proved through DFT calculations and will be discussed in
detail in the following sections. The HRMS result shows that
the “back-biting” behavior of the end hydroxyl groups has
been effectively restricted, thereby significantly reducing the
generation of cyclic oligomers. 3]

A well-designed experiment was performed to study the
possible mechanism for the formation of PCL. White
intermediates were generated after the caprolactone, and
tetraphenyltin reacted at 120 °C for 10 h in a four-neck round

bottle (Fig. 3(a)). Fig.3(b) shows that the supernate is acidic.
The separated intermediates and supernate were further
analyzed using proton nuclear magnetic resonance (*H-NMR).
Fig. 3(c) presents the 1H-NMR patterns ofbenzene has fallen
off the catalyst. The characteristic absorption peaks of
hydroxyl and methylene in PCL are observed, which indicates
the presence of linear oligomers.

Figure 3. a) Intermediate product. b) pH test of supernate. c) Proton nuclear magnetic resonance (!HNMR) spectra of the
bottom solid, supernate, pure caprolactone, and tetraphenyltin. d) Polarizing heat table microscope (POM) image of the
separated bottom solid. (d 1 — 4) Melting behaviors of intermediates under POM at different temperatures.

The intermediates refract colorful light under polarized
optical microscopy (Fig. 3(d)), which indicates that
the intermediates consist of regular crystals. The
crystals began to melt at 110 °C and disappeared
at 165 °C (Fig. 3(d 1—-4)) using hot stage heating. C
Furthermore, the differential scanning
calorimetry (DSC) analysis verifies that the Ph
intermediate has a broad melting peak at 164.7
°C (Fig. S2). This is not an indication of pure |
tetraphenyltin (melt point = 228.53 °C, Fig. S3) or Ph
PCL (melt point = 55.74 °C, Fig. S4). Furthermore,
polymerized caprolactone at 240 °C for 10 h
without using a catalyst only produced a PCL with
an Mn of 15300 (Table S2). Therefore, the
assumption is made that the intermediates are a
complex of tetraphenyltin and pre-polymers.
Consequently,
accelerating the reaction.

Combining the above experimental results,
DFT calculationsl®¢! were performed to gain
further this
transformation. The possible reaction mechanism

[Sn] =

tetraphenyltin is significant in

mechanistic insights into

is depicted in Fig. 4, which follows the

“coordination—insertion” pathway that was C{ 0
reported in several previous studies for the ring— [Sn]
opening transesterification polymerization TS2

(ROTEP) of cyclic ester catalyzed by other single-

site metal alkoxide complexes.[37421 The best

catalyst used in this study is tetraphenyltin. The

calculations show that the direct insertion of the

phenyl group of tetraphenyltin into the coordinated ester
monomer has to cross an extremely high activation barrier
(45.4 kcal/mol, supporting information (SI)). Therefore, the
tetraphenyltin complex is the precatalyst that requires an
initiation process to form a real active catalyst (tin—alkoxide
complex). The proposed mechanism for catalyst initiation
process is shown in Fig. 4(a). First, the small amount of water
in the system initiates the caprolactone ring—opening under
heat, which results in carboxylic acid. Thereafter, a proto-
demetalation step undergoes with the carboxylic acid

4| J. Name., 2012, 00, 1-3

|
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providing the proton. This leads to the tin—carbonate complex
and releases a benzene ring from the tin center. This is
consistent with the experimental results that showed a small
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amount of benzene. Subsequently, another molecule of
caprolactone reacts with the tin—carbonate complex to form
the tin—alkoxide complex. This is an active catalyst for the
following propagation process. Notably, step 3 of Fig. 4(a)
shows that an anhydride bond (CO—0O-CO) was formed at the
end of the tin—alkoxide complex. This aligns with the cationic
fragment structure that is shown in Fig. 2. This step follows the
“coordination—insertion” pathway, and the corresponding

energetic details are given in the SI.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Proposed mechanism for catalyst initiation process. (b) “Coordination—insertion” mechanism for the

propagation.
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Figure 5. Free energy profile of propagation process along the “coordination—insertion” pathway.
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Fig. 4(b) shows the “coordination—insertion” mechanism
for the propagation process. The corresponding free energy
profile is given in Fig. 5. Initially, the coordination of
caprolactone to the tin center forms a precomplex (Int_1),
which increases the free energy by 7.9 kcal/mol. The insertion
of the alkoxyl group into the activated caprolactone monomer
follows via TS1, which crosses a free energy activation barrier
of 25.2 kcal/mol. Subsequently, the tetrahedral intermediate is
rearranged by rotating around the C—O bond (Int_2 to Int_3).

PhsSn— O\H)X—O

TSa
AG™= 40 9 kealimol

This results in the oxygen atom in the ring approaching the tin
center, which decreases the free energy by 0.5 kcal/mol. The
C-0 bond cleavage then undergoes through TS2 with a free
energy activation barrier of 22.6 kcal/mol. Thereby completing
the ring—opening process and generates the polymer chain
alkoxide terminus that is elongated by one unit. The overall
propagation step is thermodynamically favorable with a free
energy decrease of 2.6 kcal/mol, in which the turnover-limiting
(TOL) step is the insertion step.
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Figure 6. Possible “back-biting”

The tetraphenyltin catalyst shows good experimental
performance for suppressing the formation of oligomers.
Generally, the oligomers are caused by the “back-biting” side
reactions. Therefore, all possible “back-biting” modes for the
tetraphenyltin catalyst were examined. Fig. 6 shows that the
activation barriers of all “back-biting” modes of the hydroxyl

5
oligomer 2

reactions of the tetraphenyltin catalytic system.

terminal at either the anhydride bond (TSa, TSb, TSc) or the
further ester bond (TSd) are very high (>40 kcal/mol). Among
these “back-biting” modes (TSa-TSd), only TSc could produce a
cyclic oligomer side product (oligomer 1). However, TSc can be
excluded because of the extremely high activation barrier
(59.4 kcal/mol). Therefore, the “back-biting” of the terminal
hydroxyl group is unlikely to occur and generate oligomers.

Please do not adjust margins




Another typical “back-biting” reaction that causes cyclic
oligomers for most previous catalytic systems is the “back-
biting” of the terminal ester bond at the metal-oxygen bond
(see Sl). The current Sn(lV) system has an anhydride bond at
the terminal end of the polymer chain. The “back-biting” of the
anhydride bond at the Sn—oxygen bond occurs through TSe,
which leads to a cyclic oligomer side product (oligomer 2).
Although the activation barrier of TSe (26.7 kcal/mol) is 1.5
kcal/mol less favorable than that of the insertion (rate—
limiting) step for propagation (TS1, 25.2 kcal/mol), the
formation of the low content of cyclic oligomers could not be
fully excluded. This corresponds to the experimental
observation (oligomers content of 7.466 wt.%.). The “back-
biting” at the Sn—O bond of the internal ester bond of the
polymer chain is even more unfavorable with a higher
activation barrier of 29.9 kcal/mol (Fig. S9 in SI). The relative
free energies of these two transition states (“back-biting” and

4, Conclusions

In summary, this study effectively solved an ongoing trade-off
between the high molecular weight, narrow PDI, and low
content of oligomers when preparing PCLs. Tetraphenyltin is
the best catalyst for preparing high-performance PCL that
possesses the highest Mn (65000), narrowest PDI (1.37), and
the lowest content of oligomers (7.466 wt.%). Furthermore,
the elongation and tensile strength reached 2000% and 38.5
MPa, respectively. This is significantly better than the reported
and other lab-prepared products. Additionally, by combining
the characterization of key intermediates and DFT studies, the
detailed reaction mechanism was determined to follow the
coordination—insertion pathway. DFT studies further revealed
that all possible “back-biting” modes that can generate cyclic
oligomers were less favorable than the propagation process.
This the the
tetraphenyltin catalyst to suppress the formation of oligomers.

sufficiently supports effectiveness  of
Furthermore, this catalyst showed similar performance in
synthesizing PA6 using caprolactam as starting monomers,
which is still ongoing in our lab. Therefore, this work could
scalable synthetic towards high-

provide a approach

performance polymers.
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