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Hybrid block copolymers of polyesters/
polycarbonates and polypeptides synthesized via
one-pot sequential ring-opening polymerizationt

Spela Gradigar,*® Ema Zagar® and David Pahovnik (2 *@

An efficient approach toward one-pot sequential ring-opening polymerization (ROP) of cyclic esters/car-
bonates and N-carboxyanhydride (NCA) monomers, differing in reactivity and type of propagating group,
is presented. In the first step, a polyester/polycarbonate is synthesized using methanesulfonic acid as a
catalyst. After the completion of polymerization NCA is added to the reaction mixture. Methanesulfonic
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Introduction

A one-pot synthetic approach is a convenient procedure for
preparation of block copolymers since time consuming and
expensive steps of isolation, purification, and end-group trans-
formation of the first block can be avoided. While one-pot syn-
thesis of block copolymers via a sequential addition of mono-
mers of the same type, polymerized by the same initiating/
catalytic system, is well established, sequential polymerization
of the monomers requiring different initiating/catalytic
systems is still challenging. If the polymerization mechanisms
of the two different monomers are orthogonal, e.g. ring-
opening polymerizations (ROP) and controlled radical
polymerization,’ one-pot synthesis by using a difunctional
initiator is feasible as long as the initiating and the propagat-
ing species do not interfere with each other. On the other
hand, sequential one-pot polymerization of the monomers,
which all polymerize by the ROP mechanism, usually requires
different approaches. One-pot sequential ROP of ethylene
oxide (EO), e-caprolactone (CL) and i-lactide (LLA) catalyzed by
a relatively mild phosphazene base (¢-BuP,) as a common cata-
lyst was proved to be possible, though a sequence of monomer
additions is crucial for the controlled synthesis of well-defined
polyether—polyester block copolymers due to different reactiv-
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acid successfully catalyzes the initiation step of ROP of NCA and simultaneously prevents the chain propa-
gation by protonation of the formed amine groups. After the completion of NCA initiation, the propa-
gation is started by addition of N-ethyldiisopropylamine as a base to prepare the hybrid block copolymers
of polyester/polycarbonate and polypeptide in a one-pot manner.

ities of the monomers/polymers.” Unfortunately, the synthesis
of both blocks of the copolymer by the same catalyst is highly
unlikely since the catalyst’s activity has to be high enough for
the least reactive monomer, but not too high for the most reac-
tive monomer/polymer to prevent uncontrolled polymerization
and side reactions. Recently, several strategies have been devel-
oped for one-pot synthesis of block copolymers by ROP. These
involve either the switch of the catalyst and/or adjusting the
experimental conditions to perform polymerization of each
block under optimal conditions.” In the case of organo-
catalysts various acid-to-base,®® base-to-acid,” ' and base-to-
base'>"? approaches, allowing the preparation of well-defined
block copolymers based on epoxides, lactones and lactides,
have been reported. In all these cases, the monomers signifi-
cantly differ in reactivity; however, they all propagate through a
hydroxyl group. In contrast, the N-carboxyanhydride (NCA)
monomers, from which the synthetic polypeptides are pre-
pared by ROP, propagate through a primary amine group when
they are polymerized by a normal amine mechanism.'* Even
though NCAs are known to react with the hydroxyl group, the
rate of propagation by the released amine group is signifi-
cantly faster as compared to the rate of initiation by the
hydroxyl group, leading to uncontrolled NCA polymerization.*®
On the other hand, the initiation of the cyclic ester monomers
by the amine group is just as efficient as the initiation by the
hydroxyl group,'® so polypeptides are able to act as the macro-
initiators for ROP of the cyclic ester monomers. In this way,
block copolymers based on poly(sarcosine) polypeptoid and
PCL (P(Sar)-b-PCL) were prepared in a one-pot manner, where
P(Sar) was first synthesized in ACN, which was then removed
by evaporation, followed by addition of the CL monomer with
Sn(Oct), as a catalyst to polymerize the second polyester block

This journal is © The Royal Society of Chemistry 2018
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in the bulk.'”'® Unfortunately, this approach is not suitable
for the preparation of hybrid block copolymers based on the
most commonly applied polyglutamate and polyaspartate poly-
peptides since they bear the ester side group in the structure,
which can participate in side reactions like transesterification,
leading to a loss of the control over ROP of the second block.
Therefore, the preparation of polypeptide-based hybrid block
copolymers, which proved to be very interesting materials for
various biomedical applications,"® most commonly proceeds
via the primary amine-functionalized macroinitiators (the first
block).'*° Block copolymers composed of polypeptide and
polyester or polycarbonate blocks are usually prepared by
using difunctional initiators bearing the protected amine
group. In this way, the PLLA, PCL, or PTMC blocks were first
prepared by initiation of polymerization of the corresponding
monomers by the hydroxyl group, followed by the removal of
the Boc/Fmoc protective group> > or reduction of the nitro
group®* to release the initiator amine functional group, which
was after purification of the thus prepared first block used to
initiate ROP of the benzyl i-glutamate (BLG) or benzyl
L-aspartate (BLA) NCA. Such block copolymers in the depro-
tected form have been used to prepare polymer micelles®* and
polymersomes>* as promising drug delivery systems.>®
Approaches to overcome slow initiation of ROP of NCA by
the hydroxyl group involve the use of thiourea->® and guani-
dine-based”” organocatalysts, however, they are not suitable
for one-pot synthesis of polypeptide-based hybrid block co-
polymers since thioureas only work in combination with amino-
alcohols as the initiators, while guanidine superbase cata-
lysts can lead to an undesirable activated monomer polymeriz-
ation mechanism. Recently, we reported on the synthetic
method®® where hydroxyl-functionalized (macro)initiators have
been successfully applied for ROP of NCA in the presence of
an acid catalyst (methanesulfonic acid, MSA). During the
initiation step, MSA catalyzes the opening of the NCA ring by
the hydroxyl group, and simultaneously suppresses further
chain propagation by a protonation of the formed amine
group. Only after the completion of initiation, the chain propa-
gation is started by the addition of a base that deprotonates
the ammonium groups. This synthetic procedure has enabled
us to prepare well-defined homopolypeptides and polypeptide-
based hybrid block copolymers by using the hydroxyl functio-
nalized (macro)initiators. Herein, we report on a sequential
synthetic procedure that combines the sulfonic acid-based
organocatalyzed ROP of cyclic esters or carbonates**° and
our synthetic method for ROP of NCA initiated by the hydroxyl
group in order to synthesize the polyester/polycarbonate-b-
polypeptide hybrid block copolymers in a one-pot manner.

Experimental
Materials

Chemicals: p-benzyl-i-aspartate (BLA, 99%, Iris Biotech
GmbH), triphosgene (98%, Aldrich), calcium hydride (95%,
Sigma-Aldrich), methanesulfonic acid (MSA, 99.5%, Sigma-
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Aldrich), trimethylene carbonate (TMC, 99%, Polysciences,
Inc.), and solvents: tetrahydrofuran (THF, 99.9%, anhydrous,
Sigma-Aldrich), n-hexane (99%, Merck), chloroform (99%,
anhydrous, Sigma-Aldrich), diethyl ether (99.7%, Merck),
methanol (99.8%, Merck) and trifluoroacetic acid (TFA, 99%,
Aldrich) were used as received. N-Ethyldiisopropylamine
(EDIPA, 98%, Sigma-Aldrich), 3-phenyl-1-propanol (PPA, 98%,
Aldrich) and e-caprolactone (CL, 97%, Sigma-Aldrich) were
dried over calcium hydride and distilled under vacuum. 1,3-
Propanediol was dried over potassium carbonate and distilled
under vacuum.

Instrumentation

"H NMR spectra of samples were recorded on a Varian Unity
Inova 300 MHz instrument (Varian, Inc., USA) in the pulse
Fourier transform mode. All measurements were carried out at
room temperature in DMSO-ds with a few drops of TFA and
both the relaxation delay and the acquisition time of 5 s.
Tetramethylsilane (TMS, § = 0) was used as an internal chemi-
cal-shift standard.

Size-exclusion chromatography coupled to a multi-angle
light-scattering photometer (SEC-MALS) measurements were
performed using a Hewlett-Packard pump series 1100 coupled
to a Dawn Heleos multi-angle light-scattering photometer with
a GaAs linearly polarized laser (4, = 661 nm) and to an Optilab
rEX interferometric refractometer (RI), operating at the same
wavelength as the photometer (both instruments are from
Wyatt Technology Corp., USA). The separations were carried
out at 50 °C using successively coupled MIXED-E and
Oligopore columns (Agilent, USA) with a precolumn in 0.1 M
solution of LiBr in N,N-dimethylacetamide (DMAc) at a flow rate
of 0.5 mL min~". The masses of the samples injected onto the
column were typically 1.0 x 10 g, whereas the solution concen-
tration was 1.0 x 107> ¢ mL™'. The samples’ dn/dc values
needed for calculation of molecular weight characteristics were
determined assuming 100% mass recovery of the samples from
the columns. For the data acquisition and evaluation Astra 5.3.4
software (Wyatt Technology Corp., USA) was utilized.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) measurements were
carried out on a Bruker UltrafleXtreme MALDI-TOF mass
spectrometer  (Bruker Daltonics, Bremen, Germany).
Homopolymers were dissolved in THF (10 mg mL™") or ali-
quots were diluted with THF and mixed with a solution of
matrix, that is 2,5-dihydroxybenzoic acid in THF (30 mg mL ™)
and sodium trifluoroacetate in THF (10 mg mL™"), in a volume
ratio of 1:10: 3. 0.4 pL of thus prepared solution was spotted
on the target plate (dried-droplet method). The reflective posi-
tive ion mode was used to acquire the mass spectra of the
samples. Calibration was performed externally using a mixture
of poly(methyl methacrylate) standards dissolved in THF
(MALDI validation set PMMA, Fluka Analytical), covering the
measured molecular weight range. The sample preparation for
the standard mixture was the same as that for the samples.
The standard mixture was spotted on the nearest neighbor
positions.
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Synthesis of BLA NCA

In a flame-dried argon-purged flask BLA (5.00 g, 22.4 mmol)
was suspended in dry THF (50 mL). A solution of triphosgene
(3.52 g, 11.9 mmol) in dry THF (15 mL) was then slowly added.
The reaction mixture was stirred and heated up in an oil bath
to 55 °C for 75 min to obtain a clear solution. The reaction
mixture was concentrated to approximately 25% of its original
volume using a rotary evaporator and then n-hexane (approx.
80 mL) was slowly added to crystallize the product. The white
product was filtered, washed with n-hexane, and recrystallized
three times from the THF/n-hexane (20/80 mL). The resulting
NCA monomer was dried under vacuum.

Y (BLA NCA) = 90%. 'H NMR (DMSO-d,): 5 = 2.91 (dd, J; =
17.8 Hz, J, = 4.3 Hz, 1H, CH,,), 3.08 (dd, /; = 17.8 Hz, J, = 4.3
Hz, 1H, CH,}), 4.70 (m, 1H, CH), 5.14 (s, 2H, benzyl CH,), 7.37
(m, 5H, aryl CH), 9.00 (s, 1H, NH). T,,, = 126-128 °C.

One-pot synthesis of poly(e-caprolactone)-b-poly(f-benzyl-L-
aspartate) (PCL-b-PBLA)

All polymerizations were carried out with a freshly prepared
batch of the NCA monomer in a flame-dried Schlenk flask
under an argon atmosphere. CL (250 pL, 2.26 mmol) was dis-
solved in dry chloroform (4 mL, [CL], = 0.56 M). The PPA
initiator (12.28 pL, 0.09 mmol) and MSA (17.57 L,
0.27 mmol) were successively added. The reaction mixture was
stirred at 40 °C for 1 h. Complete consumption of the CL was
monitored by "H NMR spectroscopy and the polymer formed
was characterized by MALDI-TOF MS. When the polymeriz-
ation had been finished a half of the reaction mixture was
taken from the flask to isolate the first block. The aliquot was
quenched with EDIPA (25 pL, 0.15 mmol) to neutralize the
catalyst and then it was poured into a cold mixture of metha-
nol and diethyl ether (1/1, v/v) to precipitate the product. The
precipitate was isolated by centrifugation (8000 rpm, 1 min)
and dried under vacuum for 24 h.

The remaining half of the reaction mixture was diluted with
2 mL of dry chloroform and the BLA NCA (0.281 g, 1.13 mmol)
was added and stirred at 40 °C for 24 h to ensure complete
initiation, which was followed by MALDI-TOF MS. After com-
plete initiation, the reaction mixture was cooled down in an
ice bath to 0 °C and then the propagation was started by the
addition of EDIPA (19.31 pL, 0.11 mmol). After 24 h, the reac-
tion mixture became clear and full conversion of BLA NCA
monomer was achieved as determined by '"H NMR. When the
polymerization had been finished a half of the reaction
mixture was taken from the flask to isolate the block copoly-
mer. The reaction mixture was poured into a cold mixture of
methanol and diethyl ether (1/9, v/v) to precipitate the
product. The precipitate was isolated by centrifugation (8000
rpm, 1 min) and dried under vacuum for 24 h. The remaining
reaction solution was used for the chain-extension experiment,
where first the BLA NCA (0.084 g, 0.34 mmol, corresponding to
additional 15 amino acids per chain) in 1 mL of dry chloro-
form was added to the remaining polymerization solution, and
the mixture was stirred at 0 °C for 24 h to ensure complete
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conversion of the BLA NCA. Afterwards, 1.5 mL of the block
copolymer solution was isolated as described before, whereas
another aliquot of the BLA NCA (0.042 g, 0.17 mmol, corres-
ponding to additional 15 amino acids per chain) in 1.5 mL of
dry chloroform was added to the remaining solution and
stirred at 0 °C for 24 h to obtain the final block copolymer,
which was isolated as described above.

One-pot synthesis of poly(trimethylene carbonate)-b-poly
(p-benzyl-L-aspartate) (PTMC-b-PBLA)

TMC (0.200 g, 1.96 mmol) was dissolved in dry chloroform
(2 mL, [TMC], = 0.98 M). The PPA initiator (8.88 pL,
0.07 mmol) and MSA (12.71 pL, 0.20 mmol) were successively
added. The reaction mixture was stirred at 40 °C for 1 h.
Complete consumption of the TMC was monitored by 'H NMR
and the polymer formed was characterized by MALDI-TOF MS.
When the polymerization had been finished a half of the reac-
tion mixture was taken from the flask to isolate the first block.
This aliquot was quenched with EDIPA (20 pL, 0.12 mmol) to
neutralize MSA catalyst and poured into cold methanol to pre-
cipitate the product. The precipitate was isolated by centrifu-
gation (8000 rpm, 1 min) and dried under vacuum for 24 h.

The remaining half of the reaction mixture was diluted with
1 mL of dry chloroform. Then, the BLA NCA (0.203 g,
0.82 mmol) was added and stirred at 40 °C for 24 h to ensure
complete initiation, which was followed by MALDI-TOF MS.
After completion of the initiation, the reaction mixture was
cooled down in an ice bath to 0 °C and then the chain propa-
gation was started by the addition of EDIPA (13.97 pL,
0.08 mmol). After 24 h, the reaction mixture became clear and
a full conversion of the BLA NCA monomer was achieved as
determined by "H NMR. When the polymerization had been
finished a half of the reaction mixture was taken from the
flask to isolate the block copolymer. The reaction mixture was
poured into a cold mixture of methanol and diethyl ether (1/4,
v/v) to precipitate the product. The precipitate was isolated by
centrifugation (8000 rpm, 1 min) and dried under vacuum for
24 h. The remaining reaction solution was used for the chain-
extension experiments, where the first portion of the BLA NCA
(0.061 g, 0.24 mmol, corresponding to additional 15 amino
acids per chain) together with 1 mL of dry chloroform was
added to the remaining polymerization solution which was
stirred at 0 °C for 24 h to ensure complete conversion of the
BLA NCA. Afterwards, 1 mL of the block copolymer solution
was isolated as described above, while another portion of the
BLA NCA (0.031 g, 0.12 mmol, corresponding to additional 15
amino acids per chain) together with 1 mL of dry chloroform
was added again to the remaining polymerization solution,
and stirred at 0 °C for another 24 h to obtain the final block
copolymer, which was isolated as described above.

One-pot synthesis of poly(p-benzyl-1-aspartate)-b-poly
(trimethylene carbonate)-b-poly(f-benzyl-L-aspartate)
(PBLA-b-PTMC-b-PBLA)

TMC (0.200 g, 1.96 mmol) was dissolved in dry chloroform
(2 mL, [TMC], = 0.98 M). 1,3-Propanediol (4.72 pL, 0.07 mmol)

This journal is © The Royal Society of Chemistry 2018
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and MSA (16.95 pL, 0.26 mmol) were successively added. The
reaction mixture was stirred at 40 °C for 1 h. Complete con-
sumption of the TMC was monitored by 'H NMR and the
polymer formed was characterized by MALDI-TOF MS. When
the polymerization had been finished a half of the reaction
mixture was taken from the flask to isolate the first block. This
aliquot was quenched with the EDIPA (25 pL, 0.15 mmol) to
neutralize the catalyst, and then the mixture was poured into
cold methanol to precipitate the product. The precipitate was
isolated by centrifugation (8000 rpm, 1 min) and dried under
vacuum for 24 h.

The remaining half of the reaction mixture was diluted with
1 mL of dry chloroform. Then, the BLA NCA (0.325 g,
1.31 mmol) was added and the mixture stirred at 40 °C for
44 h to ensure complete initiation which was followed by
MALDI-TOF MS. After completion of the initiation, the reac-
tion mixture was cooled down in an ice bath to 0 °C, and then
2 mL of dry chloroform was added. The propagation was
started by the addition of EDIPA (16.77 pL, 0.10 mmol). After
24 h, the reaction mixture became clear and a full conversion
of the BLA NCA monomer was achieved as determined by "H
NMR. The reaction mixture was poured into a cold mixture of
methanol and diethyl ether (1/4, v/v) to precipitate the
product. The precipitate was isolated by centrifugation (8000
rpm, 1 min) and dried under vacuum for 24 h.

Results and discussion

For the preparation of polypeptide-based hybrid block copoly-
mers, the cyclic ester or carbonate monomer (CL or TMC) was
polymerized first using PPA as a monofunctional initiator
together with 3 equiv. of MSA with respect to initiator
(Scheme 1). MSA is an effective organocatalyst for ROP of both
CL and TMC as it has been demonstrated previously.*>° The
ROP of CL and TMC was performed in chloroform at 40 °C.
After a reaction time of 1 hour, the conversion of both mono-
mers reached 97% as determined by "H NMR. The PCL and
PTMC homopolymers withdrawn at the end of the polymeriz-
ation were analyzed by 'H NMR, MALDI-TOF MS and
SEC-MALS.

"H NMR (Fig. S11) and MALDI-TOF MS (Fig. 1A) confirm
the expected structure of the PCL homopolymer; that is, all
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Fig. 1 MALDI-TOF mass spectra of the PCL (A) and PTMC (B) homo-
polymers prepared by ROP of CL and TMC, respectively. Both homo-
polymers were initiated by PPA in the presence of MSA. The measured
monoisotopic signals are denoted in the enlarged regions of the mass
spectra together with the calculated exact masses ionized with the
sodium ion for the proposed structures.

PCL chains bear PPA and hydroxyl end-groups. The number
average molar mass (M,,) of PCL was determined from "H NMR
from the integral ratio of the signals for the main chain
methylene groups (-CH,OCO-) and the terminal methylene
groups (-CH,OH) at the chemical shifts of 3.99 and 3.38 ppm,
respectively. Such a determined M,, of 2.8 kg mol™" is in good
agreement with the PCL theoretical molar mass calculated
from the monomer/initiator feed ratio (Table 1; sample A) as
well as with the molecular weight at the peak apex (M, =
2.9 kDa) in the MALDI-TOF mass spectrum of PCL. The molar
mass distribution of PCL is narrow as indicated by a low molar
mass dispersity determined by SEC-MALS (Table 1).

The MALDI-TOF mass spectrum of the PTMC homopolymer
(Fig. 1B) shows beside the expected distribution of peaks
typical of the PTMC chains initiated by the PPA, an additional
distribution of peaks of much lower intensity with approxi-
mately double molecular weights, which match with the
dihydroxyl-functionalized PTMC originating either from the
initiation of ROP of TMC with the traces of water or from the
polymerization of TMC according to the active chain end
polymerization mechanism.*?

o—(o
©/\/\ <[u\/\/\/ 4\( ©/\/\ {u\/\/\/ f\QANH; EDIPA ©/\/\ ‘[lk/\/\/ H-n/ku‘]'"

%/ [¢] [e] o o H
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Scheme 1 General reaction scheme for the synthesis of polyester-b-polypeptide (A) and polycarbonate-b-polypeptide (B) copolymers via the one-

pot sequential ROP.
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Table 1 Theoretical molar ratio of initiator, cyclic ester/carbonate monomer, and NCA monomer used for one-pot sequential ROP together with

molar mass characteristics of the reaction products

Sample [Mo: [My]o: [M2]o" Mn,theorb (kg molfl) My © (kg molfl) My, sic-mars (kg molfl] M,/My, ¢ Y (%)
A 1:25:0 3.0 2.8 3.1 1.03 75
B 1:25:25 8.1 8.1 8.1 1.02 78
C 1:25:40 11.2 10.6 10.7 1.01 85
D 1:25:55 14.3 13.4 13.8 1.02 81
E 1:30:0 3.2 2.9 3.1 1.05 85
F 1:30:25 8.3 7.8 11.9 1.16 75
G 1:30:40 11.4 10.9 14.6 1.13 72
H 1:30:55 14.5 14.7 17.9 1.11 62
I 1:30:0 3.1 2.8 3.2 1.05 70
J 1:30:40 11.3 10.1 11.5 1.10 85

“[I]o is PPA (samples A-H) or 1,3- propandiol (samples I-]). [M

1Jo is CL (samples A-D) or TMC (samples E-J). [M,], is BLA NCA. ” Calculated from

the monomer(s) to initiator ratio. © Calculated from the signals of repeating units and end-groups for the homopolymers and the ratio of repeat-

ing units of each block for the block copolymers.
was >99% in all cases as determined by 'H NMR.

After the completion of CL/TMC polymerization, the BLA
NCA monomer was added to the reaction mixture to perform
the initiation step of ROP of NCA by the hydroxyl terminated
PCL or PTMC. Full conversion of the hydroxyl groups of the
PCL or PTMC into the ester bonds was achieved in chloroform
at 40 °C in 20 hours as revealed by MALDI-TOF MS (Fig. 2). Full
MALDI-TOF mass spectra recorded after completion of the BLA
NCA initiation do not show significant broadening of the peak
distributions as compared to those of the homopolymers, indi-
cating the absence of transesterification or transcarbonation
reactions as the side reactions during the initiation step. A mass
difference between the peaks of the main distributions in the
mass spectra of the PTMC before and after the BLA NCA
initiation is 1 Da, leading to strongly overlapping isotopic pat-
terns (Fig. 2B). Nevertheless, the mass difference of +1 Da still
makes it possible to follow the initiation step of BLA NCA by
monitoring a decrease in the intensity of the monoisotopic
signal of the uninitiated PTMC chains (Fig. 2B).

A & ,COOBn
Ph/\/\o(ﬂ\/\/\/‘)%“ — p,./\/\o(Jj\/\/\/ 7\“):

[M+Na]* = 2896.7 Da [M+Na]* = 2873.7 Da

9 Determined by SEC-MALS.

¢Isolated yields after precipitation, and the monomer conversion

After the completion of initiation, the chain propagation
was started by addition of EDIPA as a base (2.5 equiv. with
regard to PPA) to the reaction mixture which was cooled to
0 °C. EDIPA deprotonates the ammonium groups and starts
the propagation step of ROP of NCA. After the reaction time of
24 hours, a full conversion of BLA NCA monomers was
achieved as determined by '"H NMR. The '"H NMR spectra of
the PCL-b-PBLA,; (Fig. S41) and PTMC-b-PBLA,s (Fig. S5%)
copolymers show the signals characteristic of both blocks after
their isolation. In order to confirm the controlled/living nature
of the polymerization, we carried out chain-extension experi-
ments which were performed by a sequential BLA NCA
monomer addition to the reaction mixture, each time after a
full conversion of the previous batch of the NCA monomer
added. Consumption of the NCA monomers was followed by
'"H NMR, whereas the increase in the copolymer molar mass
was confirmed by SEC-MALS of the aliquots taken from the
reaction mixture before each addition of the fresh NCA batch.
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The results of SEC-MALS analysis reveal the monomodal SEC
traces of the PCL-b-PBLA block copolymers which clearly
shifted toward a lower elution volume with each NCA batch
addition, indicating the increase in polypeptide block length
(Fig. 3, Table 1: samples B-D). The number average molar
masses of the block copolymers determined by SEC-MALS fit
very well with their theoretical values, whereas the narrow
molar mass distributions of the block copolymers are reflected
in their low molar mass dispersities.

Contrary to the PCL homopolymer, the PTMC homopoly-
mer consisted of not only the monohydroxyl terminated
chains, but also a low amount of the dihydroxyl terminated
PTMC chains which show double molar masses as discussed
above. Therefore, SEC traces of the PTMC homopolymer as
well as the resulting PTMC-b-PBLA copolymers obtained in
chain-extension experiment show shoulders in the high molar
mass ends of the distribution curves, especially at the highest
copolymer molar mass targeted. For the same reason, the
curve representing the molar mass vs. elution volume for the
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Fig. 3 (A) SEC-MALS chromatograms of PCL (red) and PCL-b-PBLA,s
(purple), PCL-b-PBLA,o (black), PCL-b-PBLAss (blue) block copolymers.
Solid curves: refractive index detector responses; dashed curves: light-
scattering detector responses at 90° angle; dotted curves: molar mass
as a function of elution volume. (B) Chain length control and molar
mass dispersity of the PCL-b-PBLA copolymers as a function of BLA to
CL feed ratio (IM,l/[M;]) as determined by SEC-MALS: experimental
M,, (m), theoretical M (O), and molar mass dispersity (M,,/M,,, A).
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angle; dotted curves: molar mass as a function of elution volume.

PTMC-b-PBLAss copolymer also shows the presence of two
populations of different molar masses corresponding to di-
and tri-block copolymers (Fig. 4). As a consequence, the molar
mass distributions of the PTMC-h-PBLA copolymers are some-
what broader as compared to those of the PCL-b-PBLA copoly-
mers as indicated by their higher molar mass dispersities
(Table 1: samples F-H). Nevertheless, the chain-extension
experiments for both block copolymer types (PCL-b-PBLA and
PTMC-b-PBLA) reveal the increase in the molar mass of the
polypeptide block at each addition of the fresh NCA monomer
batch.

To confirm the effectiveness of the disclosed method, ROP
of TMC was initiated with 1,3-propanediol as a difunctional
initiator in order to prepare the triblock copolymer. After the
completion of initiation, sequential ROP of BLA NCA was per-
formed under similar experimental conditions to those in the
case of diblock copolymers (samples E and G), except that
MSA was added in 4 equiv. (instead of 3 equiv. for the mono-
hydroxy initiator) with regard to 1,3-propanediol since 2 MSA
equiv. are consumed for the protonation of the formed amine
group on each side of the difunctional initiator, while another
2 MSA equiv. are necessary for the activation of the NCA rings.
Consequently, the amount of EDIPA base used for the chain
propagation was 3 equiv. with respect to initiator. Almost com-
plete NCA initiation by the dihydroxyl terminated PTMC was
achieved at 40 °C in 44 hours as indicated by MALDI-TOF MS
(Fig. 5A). In the case of the difunctional PTMC, a mass differ-
ence between the peaks of the main distributions before and
after the full BLA NCA initiation is +2 Da, since the PTMC
chains on both chain ends reacted with one BLA unit. Chain
propagation was completed after 24 hours at 0 °C as deter-
mined by "H NMR. In the case of the difunctional initiator no
shoulder was observed neither in the SEC-MALS chromato-
gram of the dihydroxyl functionalized PTMC homopolymer
nor in the SEC-MALS chromatogram of the triblock copolymer
(Fig. 5B). SEC traces of the PTMC homopolymer and the PBLA-
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Fig. 5 (A) Full MALDI-TOF mass spectra of the reaction aliquots with-

drawn at the beginning and at the end of the initiation of BLA NCA with
the 1,3-propanediol-initiated PTMC homopolymer. The measured
monoisotopic signals are denoted in the enlarged regions of the mass
spectra together with the calculated exact masses ionized with the
sodium ion for the proposed structures. (B) SEC-MALS chromatograms
of the PBLAzo-b-PTMC-b-PBLA,, triblock copolymer (black) together
with the corresponding PTMC homopolymer (green) prepared by ROP
of TMC initiated by the 1,3-propanediol. Solid curves: refractive index
detector responses; dashed curves: light-scattering detector responses
at 90° angle; dotted curves: molar mass as a function of elution volume.

b-PTMC-b-PBLA triblock copolymer prepared by the difunc-
tional initiator reveal narrow molar mass distributions with
controlled molar masses, whereas molar mass dispersities are
expectedly slightly higher as compared to those of the PCL-
based (co)polymers prepared by the monofunctional initiator
(Table 1; samples I and J).

Conclusions

One-pot sequential ROP of cyclic esters/carbonates and the
NCA monomers has been conducted in a controlled manner.
ROP of CL or TMC and, subsequently, the initiation step of
ROP of the NCA were performed in the presence of MSA acid

4770 | Polym. Chem., 2018, 9, 47644771
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catalyst. After the completion of NCA initiation, the propa-
gation step of ROP of NCA was started by addition of a base to
synthesize the hybrid diblock and triblock copolymers of poly-
ester/polycarbonate and polypeptide in a one-pot manner
using the monohydroxy- and dihydroxy-initiator, respectively.
The disclosed one-pot synthetic method significantly facili-
tates the preparation of hybrid block copolymers based on
polypeptides and polyesters/polycarbonates.
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