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Highly Defined Multiblock Copolypeptoids:
Pushing the Limits of Living Nucleophilic
Ring-Opening Polymerization

Corinna Fetsch, Robert Luxenhofer*

Advanced macromolecular engineering requires excellent control over the polymerization
reaction. Living polymerization methods are notoriously sensitive to impurities, which makes
a practical realization of such control very challenging. Reversible-deactivation radical poly-

merization methods are typically more robust, but
have other limitations. Here, we demonstrate by
repeated (>10 times) chain extension the extraor-
dinary robustness of the living nucleophilic ring-
opening polymerization of N-substituted glycine
N-carboxyanhydrides, which yields polypeptoids.
We observe essentially quantitative end-group
fidelity under experimental conditions that are
comparatively easily managed. This is employed
to synthesize a pentablock quinquiespolymer with

high definition.

1. Introduction

In the recent decade, the preparation of defined, func-
tional, or sequence controlled polymers has been a major
topic in polymer science and drug delivery.l' Naturally,
(bio)degradable and biomimetic materials are of particular
interest in the latter.>¢] The preparation of multiblock
copolymers has been of great interest since the advent
of living polymerization techniques, but also reversible-
deactivation radical polymerizations!”] have been studied
toward this end.®1° Only recently, Whittaker and co-
workers>'l have demonstrated that during the prepara-
tion of hexa- and decablock (co)polymers of acrylates up to
50 mol% (<10 wt%) of polymer is terminated prematurely.
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The polymerization of N-substituted N-carboxyanhy-
drides (NNCA) has been established and studied in some
details several decades ago. Although already in early
accounts evidence was presented that the polymeriza-
tion is well controlled,*213] comprehensive proof of the
living character of the ring-opening polymerization (ROP)
of NNCAs was presented only recently.['417] Interestingly,
NNCAs ROP can be initiated by primary amines4 or
N-heterocyclic carbenes[*>7l and both methods have been
shown in principle to give access to block copolymers by
sequential monomer addition. However, synthetic details
regarding block copolypeptoids obtained from poly-
merization of NNCAs have not been studied in consider-
able detail and to the best of our knowledge, synthesis of
multiblock copolypeptoids has not been described before.
In principle, NNCAs polymerization can be expected to
proceed without side reaction in contrast to polypeptide
synthesis from unsubstituted NNCAs.[18.19]

To analyze in more detail the “livingness” of the poly-
merization, we first extended polysarcosine by multiple
consecutive monomer addition steps. Second, we utilized
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Scheme 1. Schematic representation of the synthesis of “multiblock” homopolymer and block copolymers by iterative monomer addition

(Route A) or macroinitiator route (Route B) (BN = benzonitrile, NMP

a separately prepared masterbatch of polysarcosine (PSar)
as macroinitiator for other NNCAs. Third, the reproduc-
ibility of the living ROP of PSar was investigated. Finally,
we attempted the preparation of a pentablock quinquie-
spolymer, that is, a block copolymer comprising five dif-
ferent monomers. It should be noted that the degrees of
polymerization employed in this study are rather low.
This was intentional to ensure the possibility of detailed
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-ToF MS)
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kinetic investigations),['4l an aliquot was taken from the
reaction mixture for MALDI-ToF MS (Figure 1a) and GPC
(Figure 1b) analysis before fresh monomer (Sar-NCA) solu-
tions were added for the next step (“block”) (Table S1,
Supporting Information).

GPC elugrams after each step show a clear, and more
importantly, quantitative shift with increasing number of
“blocks” corresponding to a steady molar mass increase.
The development of M, (M,,/M, = Py, versus number of
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2. Results and Discussion
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ten “blocks” of sarcosine were projected,
each with a targeted degree of polymeri-
zation of approximately 7-10 (Scheme 1
and Table S1, Supporting Information).
After complete monomer consump-
tion (as estimated from our previous

(i.e., “blocks”). a)
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Figure 1. Development of polymer molar mass with number of iterative extension steps

MALDI-ToF MS of polymers corresponding to entries 1-10 in Table S1

and S2 (Supporting Information). Please note, no baseline correction was applied.
b) Development of GPC traces (normalized) of the same polymers and c) plot of M, and
Dy as determined by MALDI-ToF MS and GPC versus number of homopolymer “blocks.
For numerical values, please refer to Table S2 (Supporting Information).
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blocks follows the predicted course (Figure 1c), the slight
deviation is attributed to experimental error (vide supra)
and suboptimal GPC conditions (vide infra). Neverthe-
less, it appears that polymer termini (secondary amine)
remain quantitatively (within analytical limitations)
active throughout the entire process.

Moreover, we were unable to find any evidence for
chain transfer, extending earlier results from a detailed
kinetic study of a single step homopolymerization and
diblock copolymer preparation.l*¥ The slight asymmetry
in the signals of the first three polymers (block ID 1-3)
and associated large dispersities (D)) are attributed to
band broadening in the GPC experiment.[?! The disper-
sities of the polymers steadily decrease as expected for a
living polymerization. Analysis of the polymer obtained
after each step by MALDI-ToF MS corroborates the results
from GPC. No evidence of significant chain termination
or chain transfer was observed. We should point out that
even small impurities of prematurely terminated polymer
or polymer originating from chain transfer would be par-
ticularly easy to detect by MALDI-ToF MS. A detailed
analysis of the MALDI-ToF MS of the polymers [exempli-
fied for ID 1 and ID 10, Figure S1 (Supporting Informa-
tion), Table 1, ID 1 and 10] confirms the expected polymer
structure, that is, is consistent with a benzylamine initi-
ator fragment and secondary amine terminus (Figure S1,
Supporting Information). Again, the development of
M, versus number of blocks shows a correlation, which
follows the expected trend but gives lower values as
compared with calculated ones. The analytical data of
products of the consecutive polymerization steps are listed
in Table S2 (Supporting Information). Please note, M MAD!
and corresponding dispersities DyMAP! are calculated
from Gauss distribution with which experimental data
were manually fitted. The experimentally obtained molar
masses (MALDI-ToF MS) range between 70% and 102% of
the calculated ones (from [M],/[I],). We and others have
observed repeatedly that molar masses of polypeptoids in
general and polysarcosine in particular tend to be some-
what lower than targeted.[141621]

In living polymerization, the addition of new reagent, for
example, addition of a new monomer is typically a critical
step, in which impurities may be introduced and a fraction
of the active center can be irreversibly deactivated. In the
present case, no such irreversible deactivation is observed
even after 9 monomer addition steps. In an attempt to
extend this experiment further, we targeted 20 iterative
steps in a second experiment. While during the first 12 iter-
ations, the polymerization proceeded essentially the same
as described above, the viscosity of the reaction mixture
eventually became to high (the reaction mixture gelated)
and the experiment was stopped (data not shown).

Block copolypeptoids can be synthesized in different
ways. Before, we added a second monomer after complete
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consumption of a first one. Alternatively, the macroini-
tiator method can be utilized. Other researchers have
used this approach mainly to polymerize Sar-NCA using
polypeptide initiators, that is, primary amine macroini-
titators.[?223] The primary amine termini of polypeptides
are expected to be good initiators for the polymerization
of NNCAs. In contrast, in case of polypeptoid macroiniti-
ator (i.e., secondary amine) fast initiation over polymeri-
zation may not be given.*] Despite extensive studies by
Ballard, Okamura and and co-workers, this problem has
not been elucidated.?*?8! On the other hand, polypep-
toids should be good macroinitiators for the polymeriza-
tion of NNCAs, but to the best of our knowledge, this has
never been investigated.

Thus, a prepared macroinitiator P1 (polysarcosine
DP = 50, Table S3, Figure S2, Supporting Information)
was stored under ambient conditions without inert gas
for several weeks before further use. Subsequently, we
added different monomer solutions (N-ethylglycine NCA,
N-n-propylglycine NCA, N-n-butylglycine NCA and N-n-
pentylglycine NCA) to a solution of P1 in the glove box.
As determined by GPC, the macroinitiator efficiency was
quantitative (within analytical limitations) (Figure 2), as
evidenced by lack of low-molar-mass shoulder or peak. A
slight asymmetry observed in the signal of poly(sarcosine-
b-N-n-butylglycine) (P4) is attributed to a minor fraction
of water-induced homopolymer of N-n-butylglycine NCA,
which was detected by MALDI-ToF MS (data not shown).

The excellent control over the polymerization of NNCAs
should result in a good reproducibility of the preparation of
polypeptoids. Therefore, we prepared four additional batches
of the macroinitiator P1 analyzed the products with GPC
and MALDI-ToF MS (Figure S3, Supporting Information).

Interestingly, although the MALDI-ToF MS gave highly
reproducible data [M, syerage™ ™" = 3.50 + 0.08 (mean *
standard deviation), Py average™ ™" = 1.018 + 0.004], here
the GPC elugrams between samples and for repeated
measurements of the same sample (inter-day vari-
ance) exhibit very poor reproducibility (Figure S4, Sup-
porting Information). This stands in stark contrast to
the results described above for the analysis of the deca-
block homopolymer (intra-day variance). Interestingly,
other researchers have also reported on difficulties with
polypeptoide GPC analysis, albeit using somewhat dif-
ferent polypeptoids and experimental parameters.’]
Also Zhang and co-workers[*>17] reported repeatedly GPC
elugrams bearing high-molecular-weight peaks and sig-
nificant low-molecular-weight tailing.['>'7] One reason
for the poor reproducibility of the GPC data of P1 and
P5-P8 could be that both polymer and solvent used in our
study, N,N-dimethylacetamide, are highly hygroscopic.
We assume that different levels of water in the eluent
and/or analyte may be responsible for the highly erratic
GPC data. This, however, remains to be verified.
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Figure 2. Gel permeation elugrams (normalized) of the polysarcosine macroinitiator (PSar, P1) with a second block of a) N-ethylglycine
(PSar-b-EtGly, P2), b) N-n-propylglycine (PSar-b-PrGly, P3), c) N-n-butylglycine (PSar-b-BuGly, P4) and d) N-n-pentylglycine (PSar-b-PenGly,
P5), respectively. The complete shift of signal toward lower elution times indicates high macroinitiator efficiency (the vertical dashes and
horizontal, dashed lines represent integration limits used for determination of M, and M,,).

Finally, we investigated the prepara-
tion of multiblock copolymers, specifi-
cally a pentablock quinquiespolymer
comprising Sar, EtGly, PrGly, PenGly,
and BuGly (each block: DPy,p; = 5, see
Table S4, Supporting Information). This
order reflects the relative polymerization
rates. It should be noted that Sar-NCA
polymerizes particularly fast, therefore
addition of Sar-NCA after any other block
may represent a slow initiation versus
propagation, although copolymeriza-
tion parameters need to be established
to elucidate this. The results essentially
mirror those of the homoblock polymer.
For blocks 1-4, MALDI-ToF MS shows
an excellent correlation of the observed
polymer structure with the targeted one
(Figure 3a,b; for example, for the tetra-
block quaterpolymer M, = 2.0 kg mol™
and M MAP! = 2.2 kg mol™?). Unfortu-
nately, so far, we were unable to obtain
a satisfactory MS spectra of the pentab-
lock quinquiespolymer. For the diblock

Macromolecular

a)

intensity a.u.

500 1000 1500 2000 2500 3000 3500 4000

Tetrablock] ' ' ' ! '

1 1
Triblock

Diblock

b)
T
1 . Diblock
2
1
4 2z
4 £
1 21
17 MJ )
A 200 400 800 1000 1200 1400 1600
] Poisson-
4 . distribution
5
7l o
12z
2
1 =
L] - H\ \‘ H| H H ‘ ‘ " H “JHL\HMHHM e,
1 200 400 600 800 1000 1200 1400 1600
1 C)
] Tetrablock
4 M’l =1.9 kg/mol
4 p=112 Triblock
- 4 M, = 0.6 kg/mol
L . { Pentablock b=189
=1 =
4q < M, = 2.6 kg/mol
1 T |P=118
i a

m/z

500 1000 1500 2000 2500 3000 3500 4000

18 20 2

elution time [min]

1800

1800

Figure 3. a) Development of MALDI-ToF MS of multiblock copolymers. b) MALDI-ToF
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copolymer with the composition of [P(Sars.5-b-EtGlys.5)+Na]*. c) Development of GPC
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copolymer, the obtained spectra were compared with a
simulated spectra of Sars s-b-EtGlys 5. Apparently, the signal
pattern of both spectra is highly correlated (Figure 3D).
Only in the case of the triblock terpolymer (Sar-b-EtGly-b-
PrGly), a minor fraction of remaining diblock copolymer
was observed. As this was not observed in the MALDI-ToF
MS spectra of the tetrablock quaterpolymer, we conclude
that this was not due to permanent deactivation. More-
over, from a simple calculation of the respective Poisson-
distributions, it becomes apparent that (i) approximately
1% of diblock cannot be expected to react for such small
values of DP and (ii) that a few percent of unreacted
diblock copolymer would dominate a MALDI-ToF spectra
of the triblock terpolymer. In fact, GPC elugrams of blocks
3-5 do not suggest that any significant fraction of perma-
nently deactivated Sar-b-EtGly, in contrast, the shift of the
elution signal appears to be quantitative also after addi-
tion of blocks 4 and 5 (Figure 3c).

In the last two decades, polypeptoids were studied
intensively as peptidomimetics. Polypeptoids can form
well-defined secondary structures, which are stabilized
by side chain stereoelectronic effectsi**33! and large
supramolecular aggregates.’#3°] Additionally, they pos-
sess enhanced proteolytic stability and cell permeability
compared with polypeptides®37] and are typically bio-
compatible.l*8] In all these accounts, the materials were
obtained by a step-wise solid-phase synthesis and the
products are essentially monodispers. The robustness of
NNCA polymerization demonstrated here opens a new
route toward highly defined multiblock/multisegment
polypeptoids with high definition (albeit not monodis-
pers) in a much more rapid and cost-effective manner.

Note: In the Supporting Information, experimental
details, table with experimental and analytical details
of decablock polymer synthesis (Table S1 and S2), table
with experimental details for repeated macroinitiator
synthesis (P1, P6-P9, Table S3) and table with experi-
mental details of pentablock quinquiespolymer synthesis
(Table S4), MALDI-ToF mass spectra of ID1 and ID10 sam-
ples (Figure S1) and of P1 with corresponding simulated
Gauss and Poisson-distributions (Figure S2), MALDI-ToF
MS spectra of P1, P6-P9 (Figure S3) and GPC elugrams of P1
and P6-P8 (Figure S4) can be found.

3. Conclusion

Living polymerizations are typically rather difficult to
realize and maintain throughout preparation of multiblock
copolymers. Here, we adduce evidence that the nucleophilic
ring-opening polymerization of NNCAs not only exhibits
all features of a living polymerization but also that the
living character is extraordinarily robust with no evidence
of chain termination or chain transfer after >10 iterative
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polymerization steps. Moreover and for the first time, multi-
block copolypeptoids have been realized with excellent
definition. Thus, polypeptoids offer a unique combination
of synthetic versatility, accessibility via a robust and repro-
ducible living polymerization, backbone degradability, and
biocompatibility and represent very interesting biomimetic
biomaterials.
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