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ABSTRACT: Synthetic water-soluble polymers are ubiquitous in
solution-based applications, but their petroleum origin and
nondegradable bonds create environmental concerns. Here, CO,-
and glycerol-derived polycarbonates incorporating hydrophilic
diglycerol motifs are prepared as a general-purpose water-soluble
degradable polymer platform. A high-performance heterodinuclear
[Co(III)/K(I)] catalyst enables controlled ring-opening copoly-
merization (ROCOP) of CO, with an acetal-protected epoxide,
delivering well-defined polycarbonates with low dispersity (D < 1.2)
and predictable molecular weights (22000—20,000 g mol™"). The
catalysis is tolerant to protic initiators (chain transfer agents,
CTAs), enabling control over both chain length and end-group
chemistry. Deprotection of the acetals is quantitative and affords
water-soluble polycarbonates incorporating hydrophilic diglycerol
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motifs. Using natural hydrophobic initiators yields amphiphilic polymers that self-assemble in water to form nanostructures of ~7—
11 nm with a critical micelle concentration of ~30 mg L™". These polymers are stable at either neutral or acidic pH but depolymerize
in alkaline solution to form nontoxic small molecules. Degradation proceeds by hydroxyl chain-end—initiated backbiting, i.e. by self-
immolation, with pH- and end-cap-dependent kinetics, with complete degradation occurring over minutes to one month. Overall,
this renewable polycarbonate chemistry, which is ~23 wt % CO,-derived; ~77 wt % glycerol-derived, combines precise
polymerization catalysis, spontaneous aqueous self-assembly and controllable aqueous degradability which are important for next-

generation surfactants.

B INTRODUCTION

Using carbon dioxide as a C;-source in chemistry is attractive
as it is abundant, inexpensive, of low toxicity and a common
waste product of many industrial and biochemical processes."”
Making polymers from carbon dioxide is particularly important
since they are among the largest volume chemicals
produced.” Delivering more sustainable polymer manufactur-
ing requires severe limits to the consumption of virgin
petrochemical feedstocks so as to stop the ever-growing
greenhouse gas emissions arising from oil refining and
monomer production.” Since lower product embedded
emissions generally correlate with simpler, energy eflicient
manufacturing processes, attention has focused on the direct
use of carbon dioxide as a monomer.””” Accordingly, the
ring-opening copolymerization (ROCOP) of CO, with
epoxides is a promising carbon dioxide utilization producing
polycarbonates showing genuinely lower embedded emissions
(vs petrochemical analogues) and comprising up to S0 wt %
C0,.>*"7 Successful CO,/epoxide ROCOP requires a catalyst,
with the best ones showing excellent rates, productivity,
selectivity and control.'>""* Controlled polymerization cata-
lysts must successfully tolerate the addition of chain transfer
agents (CTAs) which are protic compounds such as water or

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

diols."* These protic compounds undergo rapid and reversible
exchange with the propagating chain and enable control over
the polycarbonate chain length, end group chemistry and
architecture.* The development of high-performance catalysts
that copolymerize a range of epoxides has motivated research
into the resulting polycarbonate material properties and
application potential;">~"* promising performances are already
demonstrated as polyols for polyurethane production,
engineering thermoplastics, thermoplastic elastomers, adhe-
sives and ion-conducting electrolytes.”'”*°

There is also a need to reconsider the design of polymers for
aqueous or liquid formulations (PLFs) so as to ensure
properties are compatible with the wide-range of current
applications while tackling growing concerns associated with
their end-life and wastes.”' ~>* These polymer formulations are
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produced at very large scale, ~36 million tonnes/annum, and
applied in agriculture, medicine, cleaning, personal care, paints,
coatings and many more.”> Their solution behavior depends
upon the polymer structure and for some chemistries it was
now quite well understood how to tallor polymer structure for
desired application performance.”*"** Amphiphilic polymer
surfactants are particularly widely applied and comprise
hydrophilic and hydrophobic segments that undergo aqueous
self-assembly useful for the controlled delivery and/or release
of other active molecules, e.g. pharmaceuticals or fragrances.
One challenge is that the highly dilute aqueous polymer
solutions typically end up being dispersed in wastewater or soil
after use; unlike other polymers they cannot be collected for
reuse or recycling.” To address environmental concerns, new
design criteria for these polymers are emerging: (i) maximize
renewable carbon uptake in the polymers, by using biobased
and/or CO,-derived monomers and (ii) deliver polymers that
undergo aqueous (bio)degradation after use. Currently
polyacrylates and -acrylamides show really impressive perform-
ances and by using controlled radical polymerization synthetic
methods, outstanding selectivity for target chain lengths,
architectures, and comonomer compositions can be achieved,
but their hydrocarbon backbones prevent (bio)degradation
(Scheme 1A).>>3*736 Although recent copolymerization
strategies have demonstrated methods to introduce hydrolyti-
cally cleavable units into the polyacrylate/acrylamide back-
bones, the degradable chemistry is often part of the
hydrophobic domain and may result in the release of
nondegradable polymer segments.””*”** CO,—polycarbonates
may be able to offer comparable structural tuneability to these
vinyl-derived polymers while the regular carbonate repeat unit
chemistries both maximize carbon dioxide use and provide
sites for chain degradation after use.

One significant challenge in developing CO,-polycarbonates
for use in aqueous formulations is installing hydrophilic
functionalities to the polymer backbone, as protic groups, like
alcohols or acids, act as chain transfer agents during the
catalysis. One way to overcome this issue is to make
polycarbonates from alkene-substituted epoxides which can
be postfunctionalized with hydrophiles, e.g. by thiol—ene
reaction with hydrophilic thiols (Scheme 1B).>”~* However,
this approach requires use of excess hydrophilic thiols which
gives rise to concerns over any residual thiols, which may be
toxic and have very unpleasant odors, uncertain polymer
stability since thioethers can be oxidized and results in the
release of small-molecule byproducts of uncertain toxicology
upon chain degradation. Alternatively, functionalized, but
protected, epoxides may be used so that the hydrophilic
functionality is inert under ROCOP conditions but can be
easily deprotected after polymerization. There is good
precedent for use of protectmg groups 1nclud1ng O-benzyl***
and N-benzyl groups,*® benzyl esters,"”*® and acetals. 47’31 >
In particular, glycerol-derived polycarbonates were prepared by
ROCOP of benzyl- or acetal-protected epoxides with carbon
dioxide. Such an approach was used to make poly(1,2-glycerol
carbonate) featuring pendant primary alcohols (Scheme 1C).
This polymer was shown to swell in water, but unfortunately
the product was unstable, undergoing fast and spontaneous
decomposition to form the S5-membered ring, glycerol
carbonate.*®*” This stability issue was solved by introducing
an acetal-protected diglycerol-based epoxide 1,2-isopropyli-
dene glyceryl glycidyl ether (IGG). Solaro and Frey both
independently attempted the ROCOP of IGG with CO,, using

Scheme 1. (A) Moving from Non-degradable Vinyl
Polymers to Heteroatom-Rich Analogues for Degradation;
The ROCOP CO,—epoxide Produces Carbonate-
Containing Polymer Backbones; (B) Hydrophilic Polymers
Made by ROCOP can be Accessed by Post-functionalization
of Double Bonds by the Thiol-Ene Reaction; (C)
Hydrophilic Polymers can be Obtained from Monomers
Containing Protected Hydroxyl Groups; (D) This work: the
Controlled Synthesis of Hydrophilic and Amphiphilic
Polycarbonates Exhibiting Degradability.
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zinc(11) catalysts, and also evaluated its terpolymerization with
. . 51,52

propylene oxide or glycidyl methyl ether. Upon depro-

tection, vicinal diols are unmasked, with the increased

separation between the reactive hydroxyl groups and the

carbonate linkages improving the polymer stability. Unfortu-

nately, the Zn(II) catalysts used were not so effective as they

either failed to produce any IGG/CO,-polycarbonates’’ or
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Figure 1. Controlled ring-opening copolymerization (ROCOP) of IGG and CO,. (A) Synthesis of P1 from the [Co(III)/K(I)]-catalyzed ROCOP
between IGG and CO, using MBA as initiator. 1 is obtained as a side product. (B) In situ IR spectroscopy monitoring of the CO,-IGG ROCOP at
50 °C (Table 1, entry 1). (C) Formation of P1 and 1 vs time curves obtained for the polymerizations conducted at either S0 °C (top) or 25 °C
(bottom) to produce polycarbonate (P1) or the byproduct 1. (D) Stacked SEC traces (in THF) of pure derivatives of P1 with various mean

degrees of polymerization (DP).

produced ill-defined polycarbonates with rather high dispersity
(D = 2.1-2.5).°> None of the previously prepared poly-
carbonates showed any water solubility, rather they were only
reported to swell in water and their degradability was not
assessed. Recent advances in highly active, selective catalysts
for CO,/epoxide ROCOP motivate the exploration of IGG,
featuring the acetal functionality, as a building block for
hydrophilic polymers. These catalysts might be able to address
prior limitations in reactivity and selectivity, while also showing
better tolerance to protic additives and delivering polycar-
bonates with controlled molecular weights, low dispersity and
chain-end functionality. Such controlled hydrophilic polycar-
bonates would be very useful to delineate the structure—
performance relationships underpinning any future use of them
in aqueous formulations.>®

B RESULTS AND DISCUSSION

Controlled ROCOP Catalysis Delivers Acetal-Protected
Polycarbonates

The glycerol-derived epoxide monomer, IGG, was either
synthesized on a 100 g scale from epichlorohydrin and solketal
(a coproduct of biofuel production), or was commercially
provided on kilogram scale. It was purified by distillation and
was characterized by NMR spectroscopy (Figures S1 and S2).
The ROCOP of IGG and CO, was evaluated using a
heterodinuclear [Co(III)/K(I)] catalyst (Figure 1A). This
catalyst was previously shown to copolymerize various alkylene
oxides with high activity and productivity, as well as showing
good selectivity and tolerance to protic chain transfer agents.
These protic species typically undergo chain transfer reactions
significantly faster than polymer propagation, and therefore
either end-cap (alcohols) or chain-extend (diols) the polymer
chain (Scheme S$1).°° When using diols as the chain transfer
agent, it is feasible to produce di-hydroxyl telechelic

polycarbonates, or polyols, with predictable molecular weights
M,, whose degree of polymerization (DP) is proportional to
the epoxide/initiator molar ratio.!*”°% In this case, a
monofunctional alcohol, methyl benzyl alcohol (MBA) was
selected since it should form a-hydroxyl-w-benzyl alcohol end-
groups which are needed for subsequent investigations into
diblock polycarbonate surfactants. Further, the use of methyl-
benzyl alcohol (MBA) enables convenient determination of
the polycarbonate M, yyr by end group analysis using 'H
NMR spectroscopy. The IGG-CO, ROCOP was conducted at
50 °C with a constant 20 bar CO, pressure and using reactors
equipped to enable in situ IR spectroscopy monitoring (Figure
1B). The polymerizations were conducted using [cat]/
[MBA]/[IGG] of 1:40:1000, with an overall epoxide (IGG)
concentration of 4.4 M (in toluene). These conditions were
selected to yield polycarbonates with a mean degree of
polymerization (DP) of 2S.

Monomer conversion and selectivity were continuously
monitored, using in situ IR spectroscopy, by following the
growth of the polymer P1 carbonate band at 1750 cm™, and
the cyclic carbonate byproduct 1 at 1815 cm™, respectively
(Figure 1B). 'H NMR spectroscopy analysis of the crude
reaction mixture was used to quantify the final monomer
conversion and yields for P1 and 1 (Figure S3). The polymer
formation occurred rapidly over the first 8 h before reaching a
plateau, whereas the formation of 1 proceeded much more
slowly over time owing to slower backbiting cyclization
occurring from the chain ends (Figure 1C, top). As the aim
is to produce polymers with predictable chain lengths, this
cyclic carbonate side reaction must be suppressed. By
performing the IGG/CO, ROCOP at 25 °C, the catalyst
selectivity for P1 increased from 90 to 98% (Figure S4). The
lower temperatures needed for the improved selectivity result
in longer reaction times, with 91% IGG conversion requiring
~70 h under these conditions (Figure 1C, bottom).
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Table 1. Synthesis of P1 by the ROCOP of CO, and IGG with Varying Amounts of Methyl Benzyl Alcohol (MBA) as Initiator”

entry  MBA initiator (equiv) Mgt (8 mol™")  IGG Conv.? (%)

1v 40 5900 98
2 10 23,300 81
3 20 11,700 79
4 40 5900 91
s 80 3000 85

P1 Select.? (%) P1 DP®

Mn,NMRC (g morl) Mn,SECf (g mOI_l) b’

90 19 4500 4400 1.09
95 87 20,300 14,900 1.13
94 39 9200 8300 1.11
98 20 4800 4300 1.08
96 10 2400 2100 1.08

Reactlon conditions: [cat]:[MBA]:[IGG] = 1:x:1000 where x is varied from 10 to 80, dry toluene, 25 °C, 70 h, 20 bar CO,, [IGG] = 4.4 M.
PReaction performed at 50 °C for 18 h. Targeted M calculated from theoretical initiator loading (i.e., targeted DP) at full monomer conversion

and selectlv1ty (DPtargeted X Mn ,repeating umt) + M,

o, MBA- 9Conversion in IGG and selectivity in P1 vs 1 measured by '"H NMR spectroscopy (CDCl;)

using the crude product (see Supporting Information for further information). “Molar mass determined by NMR: (DP X M, repeating unit) + Mampa
on the pure polymer. "Molar mass determined by SEC analysis using the pure polymer, with THF as eluent and polystyrene calibration standards.

Dispersity, D = M,,/M,.

The purified polycarbonate was characterized by 'H and "*C
NMR spectroscopy (Figures S5 and S6). The selective
formation of carbonate linkages was evidenced by the presence
of the -CH- signal (8,4 = 5.02 ppm) directly adjacent to the
carbonate function (8,3c = 154 ppm). The acetal protecting
group remained intact after polymerization and purification of
the polymer, as highlighted by the two strong -CHj; resonances
(81 = 1.34 and 1.40 ppm). The characteristic -CHj signal (6,4
= 2.34 ppm) of the chain-end group (MBA) was used to
determine the polycarbonate mean DP of 20, which matches
the value expected from the catalyst loading and monomer
conversion.

Systematic variation of the catalyst/initiator (MBA) loading
provided control over the resulting polycarbonate M, as
expected since it controls the number of initiated chains,
providing P1 samples with M, values ranging from 2000 to
20,000 g mol ™" and consistently high IGG conversions (>79%)
with low dispersities (B < 1.13) (Table 1). Reducing the
initiator loading vs catalyst resulted in a high molecular weight
shoulder in the SEC trace owing to some chain initiation from
diols (Figure 1D).”” M, values determined from 'H NMR
spectroscopy by integration of the end (7.16 ppm) vs main
chain (5.02 ppm) groups were consistent with values
determined by SEC in THF, suggesting only minor differences
in hydrodynamic volume when using polystyrene calibration
standards in this molar mass regime (Figure S7).

MALDI-TOF analysis of the polycarbonate with a mean DP
of 20 shows two distributions assigned to chains associated
with either potassium cations or protons, respectively. No
other polymer series were detected, suggesting the selective
formation of the target polycarbonate, without any ether
linkages. The experimentally determined repeat unit mass
(232.20 g mol™") closely matched the theoretical value (232.09
g mol™!) (Figure 2A). Plotting m/z vs number of repeat units
(N™) showed a gradient with the expected repeat unit together
with the target MBA and hydroxyl end-groups (Figure 2B).

Thermal gravimetric analysis (TGA) of the polycarbonates
show an onset degradation temperature ( Tdeg,s%) ranging from
180 to 230 °C (Figure S8). DSC analyses revealed that all the
polycarbonates are amorphous and, as expected for such low
molar mass samples, the glass transition temperatures (T,)
increase with the polymer DP, from —36 °C (DP = 10) to 3
°C (DP = 87) (Figure S9).

Overall, the [Co(III)/K(I)] catalyst shows excellent
polymerization control and conversion; it is fully compatible
with the sensitive acetal IGG functionality. The resulting
polycarbonates have predictable M, values and narrow
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Figure 2. (A) The MALDI-TOF spectrum for P1 (DP 20). (B) Plot
of m/z vs N® repeat unit, with experimental and theoretical m/z
values for the poly(IGG-alt-CO,) and MBA end-group.

molecular weight distributions. Polymer P1 (DP = 20) was
selected as the lead sample for further characterization and
degradation studies.

Hydrophilic Polycarbonates

Next, deprotection of the P1 acetal substituents was targeted
to obtain hydrophilic, diol-containing polycarbonates P1d.
Previously, other researchers reported the acetal deprotection
of related IGG-derived polyethers using a solid acid catalyst
with mixtures of aprotic organic solvents (e.g, THF) and
protic solvents (methanol or water) at slightly elevated
temperature (40—50 °C).*”~°" This method was attempted
for P1, but we encountered reproducibility issues and
contamination of the polymer with catalyst residues. To
overcome this issue, an alternative deprotection strategy
involving aqueous hydrochloric acid (HCI) as an inexpensive
mineral acid enabled efficient removal of the acetal groups.
After optimization, it was found that a 1:1 acetonitrile/water
solution of P1 (100 mg mL™"), with HCI (0.6 equiv. vs acetal
linkages), led to quantitative deprotection of P1 within 1 h at
25 °C (Figure 3A). The polymer deprotection reaction was
monitored by 'H NMR spectroscopy, which showed
progressive loss of the acetal —CHj; signals at 1.24 and 1.29
ppm over time until they were no longer detectable, along with
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Figure 3. Deprotection of the acetal-containing polymer P1. (A)
Deprotection of P1 into P1d. Reaction conditions: P1 (100 mg
mL™"), HCI (0.6 equiv. vs polymer linkage), v/v acetonitrile/water =
1:1, 25 °C, 1 h. (B) '"H NMR spectra (400 MHz, DMSO-d;), (C)
SEC data (DMF/LiBr as eluent), and (D) ATR-IR spectra recorded
for pure P1 (top) and P1d (bottom).

a constant polycarbonate backbone -CH- signal at 4.97 ppm
(Figures 3B and S10).

Following purification, P1d was recovered in high yield
(93%) and characterized by NMR spectroscopy (Figures S11
and S12), SEC (Figure 3C) and MALDI-TOF (Figure S13).
Notably, these hydrophilic polycarbonates are entirely renew-
able, comprising 23 wt % CO, and 77 wt % biobased, glycerol-
derived molecules. The formation of the diol chain substituents
was confirmed by the complete disappearance of the acetal
methyl protons, and the appearance of broad -OH resonances
(6,4 = 4.8—4.4 ppm) in the purified samples of P1d (Figure
3B). The end-group (MBA) vs main chain group integrals
were the same as those for P1, confirming that the
polycarbonate backbone remained intact after deprotection
(Figure S11). As P1d is insoluble in THF, the SEC traces of
both P1 and P1d were compared using DMF as the eluent:
identical peak shapes and similar retention times were
observed, with only a slight shift toward higher apparent
molar mass for P1d (Figure 3C). This shift is attributed to a
subtle change in the hydrodynamic volume of P1d (vs P1) and
may arise from polymer—column interactions. MALDI-TOF
analysis confirmed the expected repeat unit molar mass and

chain end-groups (MBA and hydroxyl), without any additional
distributions (Figure S13). Infrared (IR) spectroscopy of P1
and P1d both showed the carbonate carbonyl band, along with
the appearance of a broad O—H stretch at 3400 cm™' for P1d
(Figure 3D). The carbonate band was also slightly broadened
in P1d, suggesting hydrogen bonding between the newly
formed hydroxyl groups and the carbonate linkages (Figure
S14). Although P1d was insoluble in THF, it proved to be
highly soluble (>100 mg mL™") in polar aprotic solvents (e.g,,
DMF or DMSO) and, importantly it showed high solubility in
water. P1d exhibits a slightly higher decomposition temper-
ature than P1 (Tgeg s = 227 °C) and a higher T, value (from
—17 for P1 to 4 °C for P1d) (Figure S15), which is consistent
with hydrogen bonding interactions reducing chain mobility.*

P1 and P1d show remarkably different physical properties:
P1 is a viscous liquid whereas P1d forms a self-supporting film.
Rheological measurements were conducted to assess both
polymer properties within the viscoelastic region, at lower and
upper temperatures as evaluated by amplitude sweeps (Figures
S16 and S17). Time—temperature superposition (TTS)
experiments were used to obtain master curves over a wider
frequency range (Figures S18 and S19). In the terminal (low
frequency) regime, both materials exhibited Rouse-like
behavior that is typical of unentangled polymer melts, with a
power law exponent for G’ approaching 2.°” For P1, this trend
was observed up to the crossover between G’ and G” at higher
frequency (Figure 4A). In contrast, P1d showed some
deviation in the medium-frequency regime: the power law
exponent for G' was reduced to 0.9, nearly matching that of
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Figure 4. Rheological characterization of polycarbonates P1 (before
deprotection) and P1d (after deprotection). Master curves of (A) P1
and (B) P1d constructed by time—temperature superposition (TTS)
referenced to 20 °C: storage (G’) and loss (G”) moduli vs angular
frequency. (C) The zero-shear viscosity 77, at 20 °C was determined
from the complex viscosity 1*.
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of the polymers.

G”, with both moduli evolving in parallel with frequency
(Figure 4B).°* This behavior was previously reported for
weakly hydrogen-bonded polymers and is attributed to a
transient cluster regime controlled by the dynamic formation
and dissociation of reversible hydrogen bonds, generating
microstructures within the polymer melt.”**® This behavior is
responsible for the additional relaxation regime observed for
P1d, before complete chain relaxation in the terminal regime.
Notably, the crossover point at high frequency, where the
storage modulus becomes greater than the loss modulus (i.e.,
when the chains do not have sufficient time to relax and exhibit
an elastic behavior®®) shifted to lower frequencies for P1d,
with the terminal relaxation time®” increasing from 0.011 s for
P1 to 0.053 s for P1d. The zero-shear viscosity (7,) of P1d
revealed a striking 288-fold increase at 20 °C, compared to the
acetal-protected polycarbonate P1, which is consistent with
enhanced intermolecular interactions via hydrogen bonding
(Figure 4C).

Hydrophilic and Amphiphilic Polycarbonates

Having established a consistent and effective preparation route
for hydrophobic acetal polycarbonates that can be transformed
into hydrophilic diol-containing analogues, we next targeted a
series of polycarbonates with tailored solution properties. We
targeted materials with the following property profiles: (i)
hydrophilic polycarbonates (P1d) without the aromatic end-
groups that may be undesirable in certain applications, and (ii)
amphiphilic polycarbonates, comprising both hydrophilic and
hydrophobic components, so as to investigate the aqueous
solution self-assembly. Controlling the nature of the initiator
used in the catalysis should offer a straightforward route to

introduce functional end-groups into the polymers, including
hydrophobic chains/substituents.'#**~7°

To obtain a purely hydrophilic polycarbonate, solketal was
selected as the initiator since it is a direct mimic of the IGG
polymer repeat unit and, upon deprotection, should generate
the same hydrophilic diol functionality (Figure SA). ROCOP
was conducted between IGG/CO, using the same [cat]/
[solketal]/[IGG] molar ratios employed to prepare P1
(1:40:1000, DP = 25) and yielded polymer P2. The 'H
NMR spectrum of the crude reaction product confirmed full
IGG conversion with quantitative (>99%) selectivity for P2.
End-group analysis by 'H NMR spectroscopy, recorded in
CDCl;, was hindered by peak overlap, since the solketal end-
group signal is almost identical to the acetal repeat units.
Fortunately, the '"H NMR spectrum recorded in DMSO-d
enabled reliable integration of the terminal hydroxyl signals,
affording a mean DP of 22 (Figures S20 and S21). SEC
analysis (in THF) of the polycarbonate indicated an M, value
consistent with that calculated by '"H NMR spectroscopy
(Mynmr = 5200 g mol™; M, ggc = 5700 g mol™") (Figure
$22). Quantitative deprotection of the acetal groups to afford
the fully hydrophilic analogue P2d was achieved within 1 h,
following the same protocol described above (Figures S23—
S25). The thermal analysis data obtained for P2/P2d were
similar to those for P1/P1d (Figures S26 and S27).

A series of amphiphilic polycarbonates were targeted using
four different hydrophobic natural products as the initiators:
lauryl alcohol (P3), stearyl alcohol (P4), oleic acid (PS), and
cholesterol (P6) (Figure SB). To examine whether using such
hydrophobic initiators affected the polymerization, in situ IR
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Table 2. Synthesis of Polycarbonates (PC) P2-6 From the ROCOP of CO, and IGG Using Various Initiators”

entry polymer (PC)" IGG Conv.c (%) PC
select. (%)

1 P2 99 99

2 P3 93 99

3 P4 9S 99

4 Ps 75 9S

S Pé6 64 94

PC M, r” (g mol™) M, sec” (g mol™) p°
DPd
22 5200 5700 1.14
24 5700 6700 1.12
21 5100 5700 1.17
18 4500 4900 1.09
16 4100 3900 1.09

“Reaction conditions: [cat]:[initiator]:[IGG] = 1:40:1000, dry CH,Cl,, 25 °C, 70 h, 20 bar CO,, [IGG] = 4.4 M. YInitiator = solketal (P2), lauryl
alcohol (P3), stearyl alcohol (P4), oleic acid (PS), cholesterol (P6). “Conversion of IGG and selectivity for polymer vs 1 measured by '"H NMR
spectroscopy in CDCl; on the crude reaction product (see Supporting Information for further information). “Molar mass determined by NMR:
(DP X M, epeating unit) + Miyinitiator ON the pure polymer. “Molar mass determined by SEC analysis (THF as eluent, polystyrene calibration standards)

of the pure polymer. Dispersity B = M,,/M,.

spectroscopy was used to monitor P3 formation. The ROCOP
to make P3 showed exactly the same polymerization kinetic
profile as that measured during the formation of P1 (initiated
from MBA), which shows that the catalyst is very tolerant to a
range of different initiators (Figure S28). The ROCOP
reached 93% IGG conversion, with polycarbonate selectivity
of 99%, and the resulting polycarbonate has a monomodal
molar mass distribution (Figure S29). For P3, the 'H NMR
spectrum clearly shows the characteristic resonances of the —
CH,— in the a position of the carbonate (,; = 4.11 ppm), the
more shielded —CH,— in the hydrophobic end-group (6, =
1.65 and 1.22 ppm), and the terminal —CH, (8, = 0.86 ppm)
from which a mean DP of 24 was determined (Figures S30—
S31). MALDI-TOF analysis confirmed incorporation of the
long-chain initiator end-group (Figure S32).

The other initiators were also successfully applied in the
ROCOP and, in all cases, reactions achieved high IGG
conversions and excellent polycarbonate selectivity values
(Table 2), forming materials with predictable molar masses
and low dispersity (Figures $33—S50). In the case of PS, which
was initiated from a carboxylic acid (oleic acid), MALDI-TOF
revealed a chain-end corresponding to an oleate-IGG unit,
consistent with initiation via reaction of the carboxylic acid
with the epoxide, whereas alcohols initiate chains via direct
CO, insertion (Figure S42). The 'H and “C{'H} NMR
spectra of pure P3—P6 confirmed the characteristic resonances
from both the polycarbonates and the hydrophobic initiator
end-groups. All polymers exhibited similar thermal stability and
T, values to those obtained for P1, with Ty, sy values in the
range 200—210 °C and the desirable low T, values from —2$
to —2 °C (Figures SSland S52).

The hydrophobic segment in the polymer chains does not
hinder quantitative deprotection of the acetal groups, which
was achieved in all cases within 1 h and which was confirmed
by the complete disappearance of the characteristic resonances
at 1.24 and 1.29 ppm in the 'H NMR spectra. SEC analysis (in
DMEF) of the hydroxyl-functionalized polymers confirmed that
the polycarbonate backbone remained stable under acidic
conditions, in all cases. Polymers P3d—P6d exhibited Tg. 5o
values of 220—-240 °C (Figure S53) and slightly higher T,
values (—12 to —4 °C). Notably, P4d displayed a melting
transition at 14 °C and a T, value at —5 °C, with the former
thermal transition attributed to partial crystallization of the
stearyl chains in the polymer melt (Figure S54).”" In contrast,
P3d, which features a shorter C,, end-group vs Cg for P4d,
remained amorphous.

All the polymers show excellent water solubility over the
concentration range 1—50 mg mL™". Importantly, they could

be directly dispersed in water without solvent exchange or
thermal/pH triggers, and several of them spontaneously self-
assembled under these simple conditions, a feature which
could be useful for making surfactants at larger-scale.”””"*
Dynamic light scattering (DLS) measurements were per-
formed on 10 mg mL™" aqueous solutions of P1d—Pé6d to
evaluate any self-assembly of the polymer (Figure SC). P1d
and P2d both show hydrodynamic diameters below 3 nm,
suggesting that they form molecularly dissolved chains in
water. Polymers PSd and P6d each show a unimodal size
distribution, with hydrodynamic diameters of 9 and 11 nm,
respectively, which indicates the formation of small micelles or
nanoparticles. P3d shows a bimodal distribution, with a major
population at 7 nm and a minor population at 409 nm. P4d
presents a primary peak at 11 nm and a relatively intense
secondary population at 215 nm. Overall, these DLS results
suggest that both oleic acid- and cholesterol-functionalized
polymers form relatively small, well-defined micelles, whereas
long linear alkyl chains promote the formation of larger
aggregates. It must be noted that DLS is particularly sensitive
to the presence of larger assemblies, even when they are
present as a minor population. To further investigate the
nature of the minor larger nanostructure population observed
for P4d, cryogenic transmission electron microscopy (cryo-
TEM) images were acquired and showed rod-like assemblies
(Figure SSS). These larger nanostructures are responsible for
the secondary size distribution observed by DLS.

P4d was selected for further characterization as a potential
degradable nonionic polymeric surfactant. Surface tensiometry
measurements indicated a critical micelle concentration
(CMC) of approximately 30 mg L™, with a limiting surface
tension of 55.8 mN m™' (Figure 6 and Figure SS56). In
contrast, the more hydrophilic P1d exhibited no CMC up to
50 mg mL~’, indicating no surface activity in this case.

Polycarbonate Degradability

Hydrolytic degradation in water is a critical feature for many
aqueous formulations, as most products will ultimately enter
wastewater streams, it is also clearly a feature which must be
controlled during the formulation’s use phase.”>’® Under-
standing both the extent of depolymerization over time and the
identity of the degradation products is essential. Polycar-
bonates bearing reactive pendant primary hydroxyl groups
adjacent to the carbonate linkage are known to undergo
spontaneous depolymerization, via intramolecular cyclization
to form the stable cyclic carbonates.***””” For these
polycarbonates, the diglycerol-derived backbone increases the
distance between hydroxyls and carbonate groups, which
should increase their aqueous stability and prevent sponta-
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Figure 6. Aqueous surface tension vs concentration plots obtained for
polymers (A) P1d and (B) P4d dissolved in water.

neous decomposition (Scheme 1). However, the precise
conditions and polymer chemistries that enable long-term
aqueous stability as opposed to hydrolytic degradation are not
well-established.

Investigations of the hydrolysis of aliphatic polycarbonates,
prepared by ROCOP of CO, and epoxides, are particularly
scarce. Poly(limonene carbonate) functionalized with hydro-
philic groups, including a short PEG chain or an alcohol, was
shown to be stable for 4 weeks in basic aqueous solution (pH
9) at 37 °C.* In contrast, polymers bearing pendant ester
groups, such as poly(ethyl acrylate carbonate) or poly(glycidyl
ether ester carbonate), underwent hydrolysis to form CO, and
alcohols when stored in a THF/buffered water mixture at pH
5,7 or 9.”% Given the significant differences in hydrolysis rates,
it is clearly important to investigate the aqueous properties and
degradation kinetics of the new hydrophilic polycarbonates,
derived from diglycerol and carbon dioxide.

First, a 25 mg mL™" aqueous solution of the hydrophilic
polymer P2d was established to be highly stable when stored at
25 °C for more than 1 month at either neutral or acidic pH
(pH 1) (Figure S57). The complete degradation of P2d
occurred within 10 min in mildly alkaline solution, at 25 °C
(sodium carbonate buffer, pH 10, Figure S58). The "H NMR
spectrum of the crude reaction mixture, in D,0, confirmed the
complete disappearance of the polymer backbone -CH-
resonance (8;;; = S.14 ppm), and the formation of a well-
resolved multiplet attributed to the -CH- resonance (6, =
5.07 ppm) for diglycerol carbonate 2 (Figure SS8). This
assignment was confirmed by independent synthesis of 2, via
the cycloaddition of CO, and IGG to yield the cyclic carbonate
precursor 1, followed by acetal group removal to yield 2.

Products 1 and 2 were fully characterized by 'H NMR
spectroscopy and high-resolution mass spectrometry (HRMS)
(Figures $59—S62).

Next, the hydrolytic degradation of a 25 mg mL™" aqueous
solution of the polycarbonate P2d at pH 8 (sodium phosphate
buffer) was monitored by '"H NMR spectroscopy (in D,0)
using DMSO-Hy as the internal standard. Monitoring the
characteristic resonances for P2d and the cyclic carbonate 2
revealed that the degradation at pH 8 was much slower than
that at pH 10 (Figures S63 and S64A). Nevertheless, at pH 8,
95% of P2d degraded within 8 h at 25 °C and complete
degradation was achieved within 24 h. The polymer backbone
degradation appeared to be pseudo zero-order in polymer
concentration up to &50% conversion, followed by a regime
better described by first-order kinetics (Figure S64B, S65).
This mixed kinetic profile is characteristic of self-immolative
polymers, whereby degradation begins at the chain end-groups.
In such reactions, at the beginning of the degradation the end-
group concentration is constant, which results in zero-order
kinetics.””*" As depolymerization progresses, the progressive
formation of short oligomers, increases the dispersity of the
chains, and a decline in the concentration of active end-groups
leads to more complex kinetics. Formation of the cyclic
carbonate 2 by a backbiting chain-unzipping mechanism
initiated from the hydroxyl end-groups is consistent with this
interpretation (Scheme 2).

The molar mass of the degrading polycarbonate was
periodically analyzed by SEC. A progressive reduction in M,
was observed, while the corresponding dispersity remained
low, e.g. M, = 8100 g mol™!, B = 1.15 at t, and M, = 5500 g
mol™, B = 1.22 at 2 h, at 50% conversion (Figures 7 and S66).
This data indicates a uniform reduction in chain length (as
opposed to random chain scission) and is consistent with a
chain-end initiated degradation mechanism.

At the end of the degradation experiment (24 h), the cyclic
carbonate 2 was formed with 90% selectivity, with the
remaining 10% being diglycerol. These assignments were
made using C{'H} NMR spectroscopy owing to signal
overlap in the '"H NMR spectra (Figure S67). Low amounts of
glycerol carbonate were also detected (Figure S68); this
species is most likely formed by a second ring-closing reaction
that is unique to the glycerol chain end-group in P2d (Scheme
S2). These findings further support initiation of cyclization
from the terminal hydroxyl groups (Scheme 2B).

Like the fully hydrophilic P2d, the stearyl-derived P4d
remained stable for 1 month at 25 °C when stored at either
neutral or acidic pH. P4d was then exposed to mildly alkaline
aqueous solution (pH 8) and its degradation was monitored by
"H NMR spectroscopy. In this case, 57% degradation was
observed after 8 h, and complete degradation within 24 h
(Figure S69A). A satisfactory fit to the initial conversion vs
time data could be obtained by assuming pseudo zero-order
kinetics (Figure S69B). This approach yielded an apparent rate
constant k, of 2.02 X 107 M s™', which is more than 3-fold
lower than that observed for P2d (k, = 6.36 X 107> M s/, see
Table 3). According to the chain unzipping mechanism
outlined above, this rate difference can be rationalized because
P2d contains two hydroxyl end-groups, whereas P4d possesses
only one chain end-group (the other being an alkyl chain). In
other words, depolymerization should be twice as fast for P2d
(Figure 8). The 3-fold (instead of 2-fold) increase in k, may
arise because ring-closing is faster for primary vs secondary
terminal alcohols.*®®! Interestingly, an opaque solution was
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Scheme 2. Hydrolytic Degradation of the Deprotected Hydroxyl-Functional Polycarbonates in Aqueous Solution at 25 °C
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Figure 7. Polymer conversion (by 'H NMR spectroscopy), M, and
dispersity (P) (by SEC in DMF/LiBr) vs time plots for the
degradation of P2d in water (pH 8). The SEC refractive index signal
became rather weak within 2 h, preventing further reliable data
collection. The complete reaction profile is reported in Figure S64B
and all SEC chromatograms are shown in Figure S66.

obtained only at the end of degradation, which is attributed to
the formation of water-insoluble stearyl alcohol. Although

Table 3. Apparent Rate Constants Calculated for the
Hydrolytic Degradation of Three Polycarbonates at 25 °C

entry Polymer ky (M s71H)¢ k (s7Y)°
1 P2d 6.36 X 1073 1.14 x 107™*
2 P4d 2.02 % 1073 2.88 X 107°
3 Plcd n.d. 1.82 x 107¢

“Calculated from linear fits to plots of [polymer] vs time from t, up to
50% conversion. “Calculated from linear fits to plots of In[polymer]
vs time from t, to 56—95% conversion. ‘not determined (see
Supporting Information for further information).

characteristic resonances for the stearyl functional group
backbone (—CH,— and —CH,) were readily identified during
degradation, such signals almost disappeared after 24 h. This
suggests that the stearyl chain-ends are only released into the
aqueous solution after polymer backbone degradation is
complete, i.e. at the final carbonate linkage (Figure S70).

To further test the chain-end mechanism for the rapid
degradation observed for P2d and P4d, the synthesis of Plc,
an end-capped version of P1, was achieved by reaction of P1
with ethyl chloroformate. "H NMR spectroscopy studies
confirmed successful functionalization via appearance of new
resonances at 1.21 and 4.11 ppm that are characteristic of the
ethyl carbonate group (Figure S71). Subsequent acetal
deprotection yielded Plcd without affecting the end-groups,
since the integrated signals for the MBA and ethyl carbonate
end-groups were precisely as expected (Figures S72—S75).
The thermal properties of the polymers, P1c and Plcd, were
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barely affected by such chain end-group functionalization
(Figures S76 and S77).

When Plcd was examined under identical conditions at pH
8, its rate of degradation was substantially slower (Figure 8).
Indeed, 56% conversion required 5 days while 95% conversion
was only achieved after 22 days (Figure S78A). Moreover, the
initial reaction kinetics (from f, — t,,,) did not obey zero-order
kinetics, suggesting a different degradation mechanism (Figure
S78). In the absence of any hydroxyl termini, fast chain
unzipping could not occur for Plcd (Figure 8). Instead,
degradation required relatively slow backbone hydrolysis to
generate polymer segments with free hydroxyl end-groups
(Scheme 2B). These segments then undergo relatively fast
chain unzipping on a shorter time scale than that required for
the backbone hydrolysis. This mechanism is consistent with
the formation of hydroxyl-terminated polymers via backbone
hydrolysis, which is the rate-determining step for the hydrolytic
degradation of end-capped polymers. The release of MBA and
ethanol, the two products of end-group hydrolysis for Plcd,
were observed in similar quantities by "H NMR spectroscopy
during Plcd degradation. Moreover, 46% of these end-groups
were released for a total polymer conversion of 56% after 5
days, supporting the hypothesis of fast chain unzipping after
slow chain hydrolysis (Figure S79).

As polycarbonate degradation proceeds, 2 is formed by a
backbiting process. Over long reaction times, the concentration
of 2 decreased, suggesting its hydrolysis to afford diglycerol
and CO, (Figure S78A). To verify this hypothesis, a pure
sample of 2 was subjected to the same degradation conditions
(pH 8) and conversion was monitored by 'H NMR
spectroscopy over 41 days (Figure 9). Over this time period,
74% of 2 was converted into diglycerol. This observation is
consistent with previous studies of the hydrolysis of iglycerol
carbonate in mildly alkaline aqueous solution.”’ It is
particularly encouraging that the cyclic carbonate 2 undergoes
such degradation as it means that all the ultimate degradation
products from these polycarbonates can be expected to be of
low toxicity: (i) diglycerol is classified as nontoxic and readily
biodegradable;** (i) CO, was originally used to make the
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Figure 9. Conversion vs time plot for the degradation of 2 to form
diglycerol in basic water. Reaction conditions: 2 (25 mg mL™") in
aqueous basic solution at pH 8 (phosphate buffer), 25 °C.

polymers; (iii) fatty acids and fatty alcohols, used as initiators,
are naturally occurring compounds of very low toxicity, and
have a widespread use in the surfactant industry.”> Although
data on the biodegradability of diglycerol carbonate is not
available, its structural similarity to glycerol carbonate, which is
recognized to be biodegradable,** suggests that it most likely
follows a similar degradation pathway.

Overall, here, we have demonstrated that water-soluble
polycarbonates are readily degraded under relatively mild
conditions in water. The rate of degradation is strongly pH-
dependent, with high stability being observed at either acidic
or neutral pH, while either slow or rapid degradation occurs as
the pH is raised from 8 to 10. The degradation mechanism
involves a chain-end initiated backbiting mechanism to form
cyclic carbonate. The degradation time scale can be tuned via
end-group modification, whereby hydrolysis of the carbonate
linkages becomes rate-determining.
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Although chain unzipping via cyclic carbonate formation is
known for ROCOP-derived polycarbonates, this reaction
typically requires both a high temperature and a catalyst.”**®
Our results suggest that aqueous solvation of the hydrophilic
polycarbonate substantially reduces the activation energy
required for backbiting, thereby enabling rapid depolymeriza-

tion in water.

B CONCLUSION

The controlled copolymerization of diglycerol-derived epoxide
and CO, to produce well-defined polycarbonates was achieved
using a [Co(II)/K(I)] heterodinuclear catalyst which showed
very good control over the polycarbonate molecular weight,
low dispersity, and well-defined chain-end group chemistry.
Deprotection of the polycarbonate acetal substituents yielded
water-soluble polycarbonates bearing pendant diols function-
alities. Employing different initiators in the catalysis produced
a series of hydrophilic and amphiphilic polycarbonates,
providing access to spontaneous self-assembly when dissolving
the polymers in water and suggesting they could show future
benefits as polymer surfactants. Importantly, the polycarbon-
ates are highly stable in neutral or acidic aqueous solutions but
undergo complete degradation in alkaline aqueous solutions to
form known compounds of low toxicity, including diglycerol
and carbon dioxide. The rate of hydrolytic degradation
depends on the polycarbonate structure, with time scales
varying from a few hours to up to one month. Overall, this
study introduces a promising new polycarbonate-based plat-
form technology for the rational design of inherently
degradable hydrophilic or amphiphilic polymers prepared
from renewable carbon sources. These polycarbonates may
be more sustainable alternatives to conventional fossil-based
and nondegradable polymers that are currently used in many
liquid formulations. These diglycerol and carbon dioxide-
derived polycarbonates should be prioritized for use in
controlled release and liquid formulation applications.
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