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In this study, quasilinear polyglycidols (PG)s with ultralow degree of
branching (DB) could be synthesized through anionic polymeriza-
tion of glycidol carried out in the presence of triethylborane (TEB).
PGs with DB < 0.10, and molar masses up to 40 kg mol™ could be
indeed obtained using mono- or trifunctional ammonium carbox-
ylates as initiator and under slow monomer addition conditions.
The synthesis of degradable PGs through ester linkages obtained by
copolymerization of glycidol with anhydride is also described.
PG-based amphiphilic di- and triblock quasilinear copolymers were
also derived. The role played by TEB is discussed and a polymeriza-
tion mechanism is proposed.

Poly(ethylene glycol) (PEG) remains the most widely used poly-
mer and the gold standard in biomedical applications due to its
unique properties such as stealth effect, chemical stability,
hydrophilicity, biocompatibility." However, the drawbacks of
PEG such as low functionality, non-biodegradability and some
toxicity® (up to 400 g mol ') due to enzyme-catalyzed oxidation
processes cannot be overlooked. On the other hand, linear
polyglycidol (LPG),® a structural analogue to PEG, possesses
multiple hydroxyls along its backbone for bioconjugation and
exhibits a slightly better biocompatibility, lower intrinsic visc-
osity, longer in vivo circulation and shorter renal clearance
time; it is thus viewed as a promising alternative to PEG for
different biomedical applications.*

Invariably whether anionic or cationic means are used for
the homopolymerization of glycidol, samples with high degree
of branching, varying between 0.35 and 0.6, are generally
produced.® To obtain LPG the protection of glycidol hydroxyl
group is required to avoid its participation in the initiation
process; a deprotection step is then necessary after polymer
synthesis. Different protecting group and thus different protected
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monomers such as trimethylsilyl glycidyl ether (TMSGE), ethox-
yethyl glycidyl ether (EEGE), tert-butyl glycidyl ether (¢(BGE), allyl
glycidyl ether (AGE), and isopropylidene glyceryl glycidyl ether
(IGG) were reported in the literature for the preparation of
LPG,*”® EEGE being the most frequently used protected glycidol
due to the easy removal of its protective group under mild acidic
conditions. To reduce the degree of branching and fine tune the
extent of its incorporation, glycidol was copolymerized with
monomers such as EO, AGE and EEGE,’ but overall the synthesis
of PG with low DB or no branching at all directly from the ring-
opening polymerization of unprotected glycidol by ROP is a
major challenge. Few attempts were made to target PGs of
relatively low DB. For instance, Harth et al. reported PGs with
DB between 0.15 and 0.24 using tin(u) trifluoromethanesulfonate
[Sn(OTf),] as catalyst; they derived protein PG bioconjugates by
using a protein (BSA) as initiator of glycidol by cationic
polymerization.® Subsequently, the same group successfully
synthesized PGs with DB of 0.23 without any catalyst by aqueous
ring-opening polymerization of glycidol in a phosphate buffer
solution (pH = 3.75-8) at 80 °C with a modest yield.” Similarly,
Haag and his coworkers polymerized cationically glycidol with
citric acid, the latter playing the double role of monomer proto-
nating agent and of initiator, which resulted in the formation of
PGs with DB of 0.32-0.54."° Recently Kim et al. obtained PGs with
a DB of 0.26-0.27 and used for that double metal cyanide as
catalyst. In that contribution the authors showed that batch
addition of glycidol produced PGs with low DB (< 0.3), in contrast
slow glycidol addition resulted in hyperbranched PGs with higher
DB (>0.5)."" In all aforementioned reports the molar masses of
resulting PGs were limited to 1000-2000 g mol ' with the lowest
DB close to 0.20 whether the polymerizations of glycidol were
carried out through either cationic or coordinative mechanism.
In this communication, we want to report how PGs with DB as
low as 0.03 to 0.1 can be obtained by anionic ring-opening
polymerization of unprotected glycidol with controlled molar
masses up to 40 kg mol .

In their seminal contributions on the oxyanionic ring-opening
polymerization of glycidol, Frey and coworkers established that a
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Scheme 1 (A) Synthesis of ultralow branched polyglycidol in the presence
of ABA/ATMA as initiators and TEB as activator; (B) synthesis of degradable
poly(glycidol-co-ester) using ABA as initiator and TEB as activator.

latent AB, monomer such as glycidol produces upon polymeriza-
tion hyperbranched polyether polyols.***'> The hyperbranched
PGs formed comprise different types of repeating units, namely
two types of linear units (L,; and L,,) and dendritic (D) ones, in
addition to terminal (T; and T,) units (Scheme 1). In such
multibranching polymerization the growing oxyanionic species
has the option to add monomer and thus propagate or to
undergo an inter/intramolecular transfer to hydroxyls carried
either by the monomer or by the grown chains (see mechanism
Scheme S1 in ESIT). Because of transfer reactions to chains the
experimental degree of branching of the polymer formed
increases with the degree of polymerization before reaching a
value that plateaus between 0.55 and 0.59. As for transfers to the
monomer, they are responsible for the loss of control of the
sample molar mass.

From our previous works on the anionic polymerization of
epoxides fitted with electron-withdrawing groups and on the
copolymerization of epoxides with CO, or with anhydrides, we
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learnt that in the presence of a Lewis acid such as triethylbor-
ane (TEB) propagation is significantly favored over all possible
side reactions. For instance in the synthesis of polycarbonates
by copolymerization of epoxides with CO, the formation of
cyclic carbonates due to back-biting could be entirely elimi-
nated and only well-defined linear polycarbonates were formed
in the presence of TEB."?

Upon resorting to the same oxyanionic polymerization of
glycidol as that used by Frey’s group and applying their condi-
tion of slow monomer addition, we observed a totally different
outcome from theirs when TEB was intentionally added to the
reaction medium. In this work we show that the anionic
polymerization of glycidol, when carried out in the presence
of TEB, affords quasi-linear PG samples with low to ultralow
degree of branching (0.03 < DB < 0.1) and controlled molar
masses up to 40000 g mol '. We also demonstrated that
degradable and yet quasilinear poly(ether-co-ester) samples
can be obtained through anionic copolymerization of glycidol
with phthalic anhydride in the presence of TEB (Scheme 1). We
also took advantage of the beneficial role played by TEB to
derive PG-based amphiphilic di- and triblock copolymers by
sequential polymerizations of propylene oxide and glycidol.

As indicated in Table 1 we chose two organic carboxylate
salts, one monofunctional -tributyl ammonium salt of benzoic
acid (ABA)-, and a second trifunctional one -tributyl ammonium
salt of trimesic acid- as initiators for these TEB-controlled ROP
of glycidol. Through the variation of parameters such as the
ratio of [Monomer]/[Initiator], that of [TEB/[Initiator], the rate
of monomer addition and the temperature of reaction, experi-
ments were then designed with a view of uncovering the role
played by TEB in such polymerizations and its effect on the
degree of branching of the samples eventually obtained. Experi-
ments carried out at four different temperatures (Table 1 and
Table S2, and Fig. S1, ESIT) show that the degree of branching
increases marginally from 60 °C (DB = 0.06) to 90 °C (DB = 0.1)
and that molar mass control is better achieved between 80 °C
and 90 °C. In the same Table 1 which gathers information

Table 1 Characterization data of PGs obtained from mono-functional (ABA) and trifunctional (ATMA) initiator with excess of TEB using slow monomer

addition (0.1 mL hour™) process?

Entry [ABA(ATMA)J/[TEB)/[Gly] ~ Temp. (°C)  Mpytheo)  Mnawir)’  Mneoy/PDI° DB Ly (%)  Lif (%) D"(%) T (%)
PGM-1 1/5/200 60 15000 13200 20200/1.59 0.06 44.34 44.12 2.66 8.87
PGM-2 1/5/200 70 15000 13700 19600/1.49 0.08 43.20 43.84 3.89 9.07
PGM-3 1/5/200 80 15000 14200 19000/1.43 0.09 42.55 42.55 4.26 10.64
PGM-4 1/5/200 90 15000 15700 21600/1.68 0.10 40.32 44.36 4.44 10.89
PGM-5 1/5/20 80 1600 1650 3000/1.20 0.04 38.24 49.52 1.53 10.71
PGM-6 1/5/50 80 3800 3700 6100/1.45 0.08 40.16 42.97 4.02 12.85
PGM-7 1/5/500 80 37200 29500 43100/1.43 0.12 39.68 43.65 5.95 10.71
PGM-8 1/—/200 80 15000 22300 7600/1.85 0.57 9.01 28.38 24.41 38.20
PGT-9 1/5/50 80 3900 4800 5300/1.50 0.07 31.55 47.00 3.12 18.30
PGT-10 1/5/200 80 15000 19300 13200/1.75 0.09 39.22 44.71 4.31 11.76
PGT-11 1/5/500 80 37300 38400 26 800/1.60 0.11 41.93 42.98 5.45 9.64

“ Samples PGM-1-PGM-8 were obtained using ABA as monofunctional initiator; star-shaped PGT-9-PGT-11 were obtained from ATMA trifunctional

initiator.
initiator acid].
samples the conversion of glycidol is 100%). ¢

Theoretlcal molar mass calculated assuming linear PG structure, My(theoretical) =
Calculated from "H NMR spectra by compar1son of repeatlng unit SLgnal intensity to the 1n1t1at0r signal intensity (for all PG
Determined via GPC-RI in DMF using linear PMMA standards. ©

[(Glycidol/Initiator) x 74.08 x conversion + Mw. of

Degree of branching were

calculated according to equat10n described by Frey et al; (DB = 2D/(2D + Ly3 + Ly4)./ Content of linear 1-3 units. £ Content of linear 1-4 units.

" Content of dendritic units.  Content of terminal unit.
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about the relation between the ratio of [Monomer]/[Initiator]
and the DB of samples, one can point to the marginal degree of
branching (DB = 0.035) for samples of low DP, (PGM-5,
Table 1). As the targeted molar mass increases, DB progres-
sively increases as well and plateaus at around a value of 0.10
(Fig. S2 and Table S2, ESIt). As for the control of the molar
masses of the samples synthesized, it could be actually
achieved upon following Frey’s recommendation to slowly
add monomer (0.1 mL hour ') as shows the close agreement
between the expected and experimental values of molar mass,
whether samples were grown from mono or trifunctional
initiators (Table 1 and Fig. S3-S5, ESIT). When the monomer
was introduced in the reaction medium at a more rapid pace
(0.3 mL hour ") or at once (Tables S1, S2 and Fig. S6, S7, ESI{),
then glycidol acted as an inimer, initiating chains through its
hydroxyl and contributing to their growth by ring-opening. In
the latter cases lower than expected molar masses were
observed, entailing a loss of control of the sample molar
masses. The amount of TEB used in these experiments with
respect to that of the initiator also matters (Table S1, ESIt): an
excess of [TEB] over [I] is necessary to favor monomer addition and
thus propagation over monomer transfer and both intra- and
intermolecular transfers that affect this kind of polymerizations.
When examining more closely the various parameters con-
sidered above and comparing the results obtained with those
published by Frey and coworkers, it is manifest that TEB has a
beneficial and essential role in the formation of quasilinear
PGs (Scheme 2). First, by forming with growing oxyanionic
species an ate complex of lower reactivity TEB helps to curb
both intra- and intermolecular transfer reactions with hydroxyls
carried either by the monomer or PG chains. Second, the excess
of TEB that was systematically used served to activate glycidol
(Fig. S8, ESIY), thus boosting specifically propagation over all
other chemical events. This double role played by TEB (mitigat-
ing the reactivity of growing oxyanionic species through the
formation of 1:1 ate complex with the latter anions and at the
same time activating monomer through the excess used) thus
upends all chemical events occurring in such polymerizations.
The rate of polymerization can now be written as: R, = k, tes

M Ho

1 T
Ho. 1
HOAS
— = RCOO RHBu,

o 2 l_\/()H
s R Aiar
B~
7

RCOOH + NBu,

Polyglycidol with m
ultralow branching H

® BEL,
Rreo0 Bet fibu, = [1-TEB) 3 X
(B) Ate complex BEt, A, fores
A /
. N on/koren
kies | 8, =pr
A on BEL,
‘c\,o [} o-H FED
RJ‘O g" fhgy, o __o-8e, feu, [ SN T
) “osTEB
H-C
)y Karep B, Nibu,
8 BEt <=
......... “‘;" i Kot

5 Toi
%haEly ﬁllilu

Monomer ate-complex
transfer

“\‘ R

I'J
@Ex Nhau,
;) V'ITEB *0/1/\0’}/\0

©8et, fupu,

P mvlan«ulon Oézx,nnsu

Intrafintermolecular
ate-complex transfer

Scheme 2 Plausible mechanism for the anionic polymerization of
glycidol carried out in the presence of TEB.
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[I-TEB] x [M*] where k,rpp represents the rate constant of
propagation in the presence of TEB, [I-TEB] the concentration
of ate complex which is equal to the concentration of initiator
[T]o, [M*] being the concentration of activated glycidol which can
be assumed equal to the concentration of available TEB:
[TEB]. = [TEB], - [I]o- Because of monomer activation by TEB,
the rate of polymerization (R;) dominates all rates of transfer,
that to the monomer: Ry - k1 tgg [I'-TEB] x [M] as well as that to
the hydroxyls carried by the chains: Ry, - &y rgp [I'-TEB] x ([L1s] +
[L14]), allowing propagation to prevail over all possible transfer
reactions. In absence of TEB, such as the situation previously
described by Frey et al., propagation and transfer reactions
occur at similar rates as indicate the comparable proportion
of linear and dendritic units (see Scheme S1 in ESIT).

To illustrate the benefits imparted by the presence of TEB,
representative interpretation of *C IG NMR of PGs obtained in
the presence and absence of TEB (PGM-4 and 8, Fig. 1A) clearly
indicates the relative intensity difference of peaks at 78-79 ppm
and 63-64 ppm corresponding to the D and T (dendritic and
terminal) units due to remarkable different branch extents
(PGM-4 = 0.09 DB and PGM-8 = 0.57). Furthermore, we carried
out two experiments in all aspects identical, except that in the
first case 5 equiv. of TEB was added with respect to the initiator
(PGM-5) and in the second no TEB was introduced (PGMS-7,
Table S1, ESIt). A low DP of 20 was intentionally targeted and
ABA was used as initiator. MALDI-TOF analysis (Fig. 1C) of the
first sample shows only one population of chains, matching the
formula: 74.1n + 121.2 (ABA) + 23 (Na") and thus indicating that
PGs chains were initiated in the latter case by ABA initiator. The
molar mass obtained corresponds to the ratio of glycidol to ABA
times the conversion. Characterization by IG NMR hardly
shows the presence of any branching which appears very
limited (DB = 3.5%) (Fig. S2A, ESIf). In contrast, more than
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Fig. 1 (A) Inverse gated **C NMR spectra for PGM-4 and PGM-8, (B) DSC
curves for PGM-4 and PGM-8 (Table 1), (C) MALDI-TOF mass spectra of
PGs (DP = 20) with TEB (PGM-5), and (D) MALDI-TOF mass spectra of PGs
(DP = 20) without TEB (PGMS-7, Table S1, ESI¥).
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three populations were observed in absence of TEB (Fig. 1D,
PGMS-7): one population obviously corresponds to PGs
initiated by ABA, two other populations: 74.1n + 18 (H,0) +
23 (Na'), 74.1n + 23 (Na') are self-initiated PGs with end-
standing hydroxyls and cyclic structures. In the latter case,
the DB reached a value of 0.57 and the molar masses of the
chains obtained were lower than the expected ones (similar
with sample PGM-8 in Table 1 and Fig. 1A). When characterized
by differential scanning calorimetry (DSC) (Fig. 1B), a T, of
—45 °C was measured for the highly branched sample PGM-8
and a much higher value of T, = —21 °C for the quasilinear
sample PGM-4. Similar results were obtained for PGT star-
shaped samples (Fig. S4C, ESIf). T, values ranging from
—8 °C to —27 °C are mentioned in the literature for LPGs of
various molar masses.”"**

Quasilinear PG samples obtained by homopolymerization of
unprotected glycidol in the presence of TEB opens up applica-
tive opportunities. For instance the copolymerization of epox-
ides with anhydrides in the presence of TEB produces
poly(ether-co-ester) with randomly distributed degradable ester
linkages."”> We thus thought of incorporating ester linkages
within PGs of ultralow DB to impart degradability. To this end,
phthalic anhydride (PA) was mixed with glycidol and both
monomers were added at 60 °C to the reaction medium con-
taining TEB and ABA used as initiator. (Table S3 and Fig. S9,
ESIT). The incorporation of ester linkages within PG chains did
occur, producing poly(glycidol-co-ester) (PGE) copolymers with
low DB (0.11). The GPC traces exhibit a unimodal and narrowly
dispersed distribution of chains. Upon changing the ratio of
([glycidol] + [PA])/[ABA], PGEs of different molar masses and
low DB could be easily generated (Table S3 and Fig. S10, RI and
UV detector, ESIt). The degradation of PGE-3 using a 0.5 M
solution of NaOH was straightforward. Within 24 h, the GPC
traces of an aliquot shifted to lower molar mass region, the
average molar mass value reducing from 16.3 kg mol ' to
3 kg mol ' (Fig. S11, ESIY¥).

We also prepared amphiphilic di- and triblock copolymers
made of poly(propylene oxide) and quasilinear PG (Scheme S2,
PGB 1-2 and Table S4, ESIt). Using either a mono- or difunc-
tional ammonium carboxylate as initiators both di- and triblock
copolymers with low DB could be synthesized in one-pot upon
sequential polymerization of propylene oxide and glycidol in
the presence of TEB (Fig. S12A, ESIf). The crude copolymer
samples were then dialyzed for the diblock and washed with
toluene for the triblock to remove residual homopolymers. The
GPC (Fig. S12B and C, ESIt) and diffusion-ordered spectroscopy
(Dosy NMR) (Fig. S13, ESIt) characterizations of these PGB
samples confirm the block structure of the copolymers formed.

In summary, we report an efficient method to prepare
quasilinear PGs with low to ultralow degree of branching
(0.03 < DB < 0.1) through AROP of unprotected glycidol in

This journal is © The Royal Society of Chemistry 2023
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the presence of TEB. TEB plays a crucial role in such AROP as it
activates glycidol on one hand and forms ate complexes with
growing alkoxides on the other hand; ate complexes being less
prone to transfer compared to alkoxides, branching could be
mitigated and even reduced to very low degrees. Quasilinear
PGs including degradable ester linkages and well-defined PG-
based amphiphilic block copolymers that can serve as surfac-
tants were accordingly derived.
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