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Polyhydroxyurethanes (PHUs) are strong candidates for replacing conventional isocyanate-based poly-
urethanes (PUs), yet analogous structural diversity and subsequent properties have so far not been
reached for PHUs. Here, we demonstrate that by rational design of the PHU microstructure and utilization
of solubility as an enabling tool, complex architectures can be realized with benign reagents and atom-
economical reactions, without harsh reaction conditions and solvents. Polyhydroxyurethane-graft-poly(e-
caprolactone), PHU-graft-PCL, copolymers were synthesized through graft ring-opening polymerization
of e-caprolactone (CL) from the pendent —OH groups of a PHU. The structure of the PHU was carefully
designed to allow its dissolution in CL and enable bulk polymerization conditions. Solubility tests of
different PHUs in various lactones corroborated that the PHU-lactone structure pair was critical to
achieve dissolution. The optimum reaction conditions were kinetically determined, the copolymers’ struc-
ture was confirmed by 'H, DOSY and P NMR spectroscopy and their thermal properties were evaluated
by DSC and TGA analysis. Our work demonstrated the effectiveness of utilizing solubility to achieve
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Introduction

Significant effort is undertaken to develop solvent-free, atom-
economical synthetic procedures, utilizing benign reagents
and mild conditions as alternatives for the production of con-
ventional polymers. There is also an ongoing quest to decrease
the oil dependence of the chemical industry and therefore,
great interest lies in exploiting renewable resources to obtain
platform chemicals that can serve as precursors to functional
monomers and polymers. One such “greener” class of poly-
mers is polyhydroxyurethanes (PHUs). PHUs have emerged as
a safer alternative to conventional thermoplastic and thermo-
set polyurethanes (PUs) that utilize toxic isocyanates for their
production." The most common synthesis route to create
PHUs is step-growth polymerization between diamines and
cyclic dicarbonates, a highly attractive method from a sustain-
ability point of view. It is atom-economical, it can be per-
formed under bulk conditions and can be combined with
extrusion techniques®® to shorten the polymerization time
needed and improve the final characteristics of the PHUs.
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Structural diversity in the linear and crosslinked PHUs can
also be achieved by utilizing one of the numerous dicarbonate
precursors in combination with one or more of the several di-
amines available. These building blocks can be derived from
renewable resources,”” enabling biobased PHUs with tailored
microstructure, designed to reach the properties needed for
the intended application. A plethora of cyclic carbonates can
be accessed by incorporating CO, to oxiranes®” and oxetanes®
or benign carbonylating agents such as dimethyl carbonate to
diols®'® thereby avoiding toxic phosgene and contributing to
the fixation of CO, for materials’ production.**

Much fewer examples exist, however, of PHUs combined
with other classes of polymers, creating more complex struc-
tures such as block, star or graft copolymers. This could be
due to the inherent challenge of synthetic control over step-
growth polymerization, the low molar masses achieved and the
limited solubility of PHUs caused by the hydrogen bonding
(H-bonding).">"™ Carbonate, ester and ether,"* thioether,"
sulfone,'® siloxane,"” amide'® and tertiary amine'® groups or
longer segments of oligo-esters, -ethers and -carbonates,?®!
have for instance been reported along the backbone of linear
PHUs, yielding diverse microstructures. Hydroxyurethane moi-
eties have also been incorporated as side-groups in fluori-
nated, alternating copolymers® and polyester-graft-poly(ethyl-
ene glycol) brush copolymers,* and recently biobased ester-
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urethane star polymers based on glycerol and dimethyl-2,5-
furan dicarboxylate were reported.>* Hence, PHUs with diverse
microstructures can be achieved and hydroxyurethane func-
tionalities can be used to decorate various polymer backbones,
but copolymers with a PHU block or more complex architec-
tures are lacking, especially when considering synthesis con-
ditions devoid of solvents and hazardous reagents.

To truly promote sustainable polymers, in addition to utiliz-
ing benign reactants and mild reaction conditions, it is critical
to prove that they are not limited to linear or crosslinked struc-
tures, but that they can be utilized for the synthesis of func-
tional copolymers with complex architecture even for ‘hard to
work with’ systems. We hypothesized that the flexibility of the
PHU chemistry could enable this. By designing a biobased
PHU with a microstructure that would allow its dissolution in
e-caprolactone (CL), a brush-like copolymer could be created
by graft ring-opening polymerization (ROP) of CL from the
pendent hydroxyl groups of the PHU and the copolymer
characteristics could be simply controlled by adjusting the
monomer : initiator ratio. 2,2'-(Ethylenedioxy)bis(ethylamine)
(EDOBA) and diglycerol carbonate (DGC) were selected as
monomers for the PHU. This selection had twofold impor-
tance. First, DGC can be easily synthesized from renewable,
benign and inexpensive diglycerol and dimethyl carbonate,
thereby, the sustainability requirements are met. Second, it
bears an ether bridge which in combination with the ethylene
glycol moiety of EDOBA should favor the dissolution of the
PHU in CL allowing for bulk polymerization conditions and
achieving an overall more sustainable synthesis.

Experimental
Materials

All reagents were used as received without further purification,
unless stated otherwise. Moisture- and air-sensitive reagents
were stored and used under inert N, atmosphere in a MBraun
glovebox. Diglycerol (DG, mixture of isomers, >80.0% with
respect to the a,a-isomer) was purchased from TCI Europe.
Dimethyl carbonate (DMC, 99%) was purchased from Alfa
Aesar. Calcium hydride (CaH,, >90%), potassium carbonate
(K,CO3,  >99.0%), tin(u) 2-ethylhexanoate  (Sn(Oct),,
92.5-100%), e-caprolactone (CL, 97%), 2,2’-(ethylenedioxy)bis
(ethylamine) (EDOBA, 98%), methanesulfonic acid (MSA,
>99.0%), 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (TBD, 98%), chro-
mium(ur) acetylacetonate (Cr(acac);, 97%), 2-chloro-4,4,5,5-tet-
ramethyl-1,3,2-dioxaphospholane (CI-TMDP, 95%), N-hydroxy-
5-norbornene-2,3-dicarboxylic acid imide (HNOB, 97%),
toluene (anhydrous, 99.8%), tetrahydrofuran (THF, >99.0%),
ethyl acetate (EtOAc, >99.5%), butyl acetate (BuOAc, >99.5%),
d-valerolactone (8VL, technical grade), y-valerolactone (yVL,
99%), w-pentadecalactone (wPDL, >98%), hexadecanolide
(HDL, 97%), ethylene brassylate (EB, >95%), &-decalactone
(dDL, >98%), e-decalactone (eDL, >99%) and o-bromo-
y-butyrolactone (aBr-yBL, 97%) were purchased from Sigma-
Aldrich. Pyridine (>99.7%), methanol (MeOH, >98.5%),
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n-heptane (>99%), acetone (>99%), chloroform-d (CDCl;,
99.8% D) and dimethyl sulfoxide-ds (DMSO-ds, 99.8% D) were
purchased from VWR. Chloroform (CHCl;, >99.8%) was pur-
chased from Fisher Scientific. CL was stirred over CaH, for
24 h, distilled under vacuum and stored over activated 4 A
molecular sieves under inert atmosphere before use. Sn(Oct),
was stored over activated 4 A molecular sieves under inert
atmosphere before use.

Synthesis of diglycerol carbonate (DGC). DGC was syn-
thesized as described by Tryznowski et al® and purified as
described by van Velthoven et al.'® The adapted procedure is
as follows: diglycerol (100 g, 0.60 mol, 1 eq.) and K,CO; (0.5 g,
0.0036 mol, 0.006 eq.) were suspended in 300 mL of dimethyl
carbonate (320 g, 3.6 mol, 6 eq.) in a 500 mL round-bottom
flask and heated under reflux for 24 h. Unreacted DMC and
the methanol byproduct were removed under vacuum at
65-70 °C, resulting in a light brown, viscous oil. The oil was
mixed with 150 mL of deionized H,O to remove any residues
of DG and K,CO; and an off-white crystalline solid precipi-
tated. H,O was removed by filtration and the solid was further
suspended over 200 mL of MeOH and stirred for 40 min.
MeOH was filtered out and the product was dried overnight in
a vacuum oven yielding DGC as white, crystalline solid (65 g,
50% yield), Fig. S1.7

General procedure for the synthesis of PHUs. DGC (8 g,
0.0367 mol, 1 eq.) and EDOBA (5.43 g, 0.0367 mol, 1 eq.) were
mixed in a 100 mL round-bottom flask at room temperature
and subsequently heated in an oil bath at 100 °C, under
mechanical stirring for 24 h. The reaction was thermally
quenched by placing the flask in liquid N,. The PHU was
removed and stored at room temperature until further use.

Estimation of hydroxyl group content of the PHUs. The —OH
content of the PHU was calculated through *'P NMR spec-
troscopy, after phosphitylation of the —OH groups with
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (CI-TMDP),
as previously described.”>™”

Effect of catalyst on the PHU. Three solutions of 25 mg of
PHU in 0.7 mL of DMSO-d,, were prepared in snap-on lid glass
vials. To each of them, a stirring bar and 5 mol% respect to
the PHU, of TBD, MSA and Sn(Oct), were added, respectively.
The vials were placed in an oil bath, at 120 °C for 24 h under
stirring. A PHU solution without any catalyst was prepared the
same way and used as reference. After, the solutions were
cooled down, they were transferred to NMR tubes and analyzed
with *C NMR spectroscopy.

Graft ring-opening polymerization of CL. The graft ring-
opening polymerization (graft ROP) of CL was monitored
using MSA and Sn(Oct), as catalysts at different loadings, and
with various CL concentrations. All glassware used were dried
at 130 °C for at least 24 h prior to use. The PHU was dried
under vacuum overnight and then stored in a glovebox. A reac-
tion with 100:1:0.02 of CL: OH : Sn(Oct), ratio is described as
a representative example. Inside the glovebox, 3.25 g of CL
(100 CL monomers per —OH) and 50 mg of PHU (0.285 mmol
of —OH) and a stirring bar were added in a 25 mL Schlenk
flask and sealed with a glass stop. The flask was taken out of
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the glovebox, connected to a Schlenk line and placed in a ther-
mostated oil bath at 110 °C under stirring. A N, gas flow was
applied and kept during the entire reaction. A solution of Sn
(Oct), (2.3 mg, 0.0057 mmol, 0.02 eq. per —OH) in a minimum
amount of anhydrous toluene was added to the flask after the
PHU had completely dissolved in the CL. Time zero was set as
the time when all of the catalyst had been added. At regular
time intervals, samples were withdrawn with oven-dried, glass
Pasteur pipettes and directly dissolved in CDCI; for further 'H
NMR analysis. Once the reaction was completed, the crude
product was cooled down to room temperature and purified by
two successive precipitations from CHCl;, first in a 10-fold
excess of cold MeOH, and then in cold heptane. The solvent
was filtered out and the copolymer was dried under vacuum at
room temperature and stored. For the MSA-catalyzed reactions,
the same procedure was followed, only MSA was directly added
in the flask with an automatic pipette, and a CDCl; with 0.1 M
pyridine solution was employed to quench the catalyst.
Table S11 summarizes the masses of the reactants for all the
kinetic reactions.

The same procedure was followed for the synthesis and
purification of the copolymers under the optimized conditions
with Sn(Oct), as catalyst, but crimp-top glass vials sealed with
butyl/PTFE septum caps were employed instead of Schlenk
flasks. The masses of the reactants for these reactions are sum-
marized in Table S2.F

Characterization

Nuclear magnetic resonance (NMR). 'H and ’C NMR
spectra were recorded at room temperature with a Bruker
Avance 400 NMR spectrometer at 400 and 100 MHz, respect-
ively, and the residual solvent signals of CDCl; (7.26,
77.16 ppm) and DMSO-d¢ (2.50, 39.5 ppm) were taken as
internal reference. *'P NMR spectra were recorded with the
same instrument, taking as a reference the chemical shift of
the hydrolysis byproduct between CI-TMDP and moisture at
132.2 ppm. 256 scans were recorded and the relaxation time
was set to 5 s. 2D diffusion-ordered spectroscopy (DOSY)
experiments were performed on a Bruker DMX-400 spectro-
meter using a 5 mm inverse broadband probe head with a gra-
dient coil. The probe temperature was measured by a cali-
brated Pt-100 resistance thermometer and adjusted using a
Bruker Eurotherm variable temperature control unit. The
diffusion NMR experiments were performed with a Pulsed-
field gradient stimulated echo (PFG-STE) sequence. The data
were recorded with a diffusion delay (A) varying between
30 and 180 ms and a diffusion-encoding gradient pulse dur-
ation (8) of 5 ms using 16 scans. The gradient stabilization
delay after the gradient pulse was 1 ms. Typically, 16 values of
diffusion-encoding gradient were applied linearly between
2 and 57 G cm™'. All NMR data were processed with
MestReNova v. 9.0 software.

Size exclusion chromatography (SEC). The number and
mass-average molar mass (M, and M,,) and dispersity (P) of
the polymers were evaluated by size exclusion chromatography
(SEC). The pure PHUs were analyzed with a TOSOH EcoSEC
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HLC-8320GPC system, equipped with an EcoSEC RI detector
and three columns from PSS GmbH (PSS PFG 5 pm; micro-
guard, 100 A and 300 A). The mobile phase was DMF with
0.01 M LiBr at 50 °C, at a flow rate of 0.2 mL min~". A conven-
tional calibration method was created using narrow poly
(methyl methacrylate) standards ranging from 700 to
2000000 g mol~". PSS WinGPC Unity v. 7.2 software was used
to process the data. For the PHU-graft-PCL copolymers, a
Malvern GPCMAX instrument was employed equipped with a
PLgel 5 pm guard column (7.5 x 50 mm), two PLgel 5 pm
MIXED-D (300 x 7.5 mm) columns and a Viscotek VE3580 RI
detector. The mobile phase was CHCI; at 35 °C, at a flow rate
of 0.5 mL min~" and toluene was used as internal standard for
flow rate fluctuation corrections. The system was calibrated
with narrow poly(styrene) standards with molar mass range
from 1200 to 940000 g mol™'. The data were processed by
OmniSEC v. 5.1 software.

Differential scanning calorimetry (DSC). The thermal pro-
perties of the PHU and PHU-graft-PCL copolymers were evalu-
ated with differential scanning calorimetry (DSC) on a Mettler
Toledo DSC 1 instrument, under a 50 mL min~" N, flow and a
10 K min~" temperature ramp. Samples (5-8 mg) were weighed
in 100 pL aluminium crucibles and subjected to two heating
and one cooling scan. The first heating scan was set from
25 °C to 120 °C for the copolymers, and to 150 °C for the pure
PHU, followed by an isothermal stay for 2 min before cooling
to —80 and —30 °C, respectively, and keeping the temperature
steady for another 2 min. Finally, the temperature was raised
again to 120 or 150 °C. The glass transition (T;) and melting
(Tm) temperatures were obtained from the second heating scan
as the midpoint of the glass transition and the maximum of
the melting peak, respectively. All values are reported as
average of triplicate measurements. The degree of crystallinity
(X.) was calculated through (1):

_ AHp
AHY

X x 100% (1)
where AH,, is the melting enthalpy of the sample, and AHY, is
the melting enthalpy for 100% crystalline PCL (139.5 J g~").>®
The data were processed with Mettler Toledo STARe v. 15.00
software.

Thermal gravimetric analysis (TGA). A DSC-TGA 1 instru-
ment (Mettler-Toledo) was employed to assess and compare
the thermal stability of the PHU and the PHU-graft-PCL copoly-
mers. 5-10 mg of the samples were weighed in 70 pL alumina
pans and heated from 50 to 600 °C, under a 50 mL min~* N,
flow and a 10 K min~" temperature ramp. The onset decompo-
sition temperature (Ty4, 50,) Was taken at 5% mass loss. The
data were processed with Mettler Toledo STARe v. 15.00
software.

Results and discussion

Graft copolymers, PHU-graft-PCL, were successfully designed
and synthesized implementing a “grafting from” approach

This journal is © The Royal Society of Chemistry 2021
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through bulk, graft ROP of e-caprolactone (CL) from the
pendent -OH groups of a polyhydroxyurethane (PHU). As
PHUs are very versatile with respect to the chemical structure
of their building blocks and thereby their microstructure, the
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Scheme 1 Synthesis of the EDOBA PHU and the PHU-graft-PCL
copolymers.
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predefined choice of 2,2'-(ethylenedioxy)bis(ethylamine)
(EDOBA) and diglycerol carbonate (DGC) allowed tailoring a
PHU that was soluble in the monomer CL, thereby enabling
bulk polymerization, Scheme 1.

Polyhydroxyurethane (PHU) synthesis and characterization

As a first step towards the PHU-graft-PCL copolymers, the PHU
main chain was synthesized under rather mild reaction con-
ditions, 100 °C, in bulk, without the addition of catalyst and
with stoichiometric balance between DGC and EDOBA.

Thanks to the comparably mild reaction conditions, the
undesired side-reactions, mainly urea formation, common
during PHUS’ synthesis,”"*>"*?%3% were circumvented and only
<2% urea was formed. The chemical structure of the PHU was
confirmed by "H NMR spectroscopy and all signals are attribu-
ted to the desired PHU structure. An overlap of the -CHCH,O-
and -CHCH,OH protons of DGC with the -OCH,CH,O-
protons of the diamine was observed, giving a sharp peak at
3.49 ppm, Fig. 1. The ratio of primary to secondary hydroxyl
groups, pOH : sOH was 27 : 73, in agreement with other PHUs
reported in the literature.'®*'> The pOH:sOH ratio is
especially important in this system for the second step of the
graft ROP, where pOH is considered a more active initiator
than sOH.>**” The urea byproducts (<2%) were identified by
the characteristic -NHCONH- protons at 5.98 ppm,*® Fig. 1.
The synthesized PHU was water-soluble and completely amor-
phous with glass transition temperature (Ty) of 9.6 + 1.6 °C.
The number-average molar mass (M,) and dispersity (D) were
5300 ¢ mol™' and 1.9, respectively. The total —OH concen-
tration of the PHU was 5.7 mmol g™, calculated through
3P NMR spectroscopy after phosphitylation of the hydroxyl
groups with CI-TMDP,>**” Fig. S2.f Additionally, the
pOH : sOH ratio was 32: 68 which is in good agreement with
the ratio determined from "H NMR spectroscopy.
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Fig. 1 H NMR spectrum (400 MHz, DMSO-dg) of the EDOBA PHU.
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Designing the graft ROP of CL from the PHU

To achieve a complex brush-like architecture in a sustainable
manner, the inherent and extensive H-bonding in the PHU"
needs to be overcome. Protic or polar aprotic solvents such as
MeOH, DMF and DMSO disrupt the intermolecular H-bonding
between the pendent hydroxyl groups, acting as Lewis acid or
base,*® respectively, allowing the dissolution even in less polar
CHCI;."*** The carbonyl oxygen of CL could potentially act as
a H-bonding acceptor, similar to a solvent with an available
lone electron pair, facilitating the disruption of the inter-
molecular H-bonding of the PHU. Combined with elevated
temperature, which further contributes to the disruption of
the H-bonding, the PHU could ultimately be dissolved in CL.
This would create appropriate conditions for a robust, solvent-
free, ring-opening polymerization of CL. To test this hypoth-
esis, the EDOBA PHU (10 wt%) was mixed with CL at 90 °C
and a slow dissolution was observed, further improved by
increasing the temperature to 100 and 110 °C. At 110 °C, the
PHU dissolved completely in CL and a clear solution was
retained for several hours at that temperature. Upon cooling,
the PHU gradually precipitated out. At low PHU concentrations
(1 wt%), no precipitation was observed during cooling even
after one week at room temperature.

To prove the contribution of CL’s structure to the dis-
solution of the PHU, the solubility of the PHU was investigated
in the linear equivalent of CL, butyl acetate (BuOAc) at 110 °C.
Visually, the PHU was insoluble in BuOAc. The differences in
solubility parameters (A§) between EDOBA PHU, CL and
BuOAc were calculated by Hoy’s method of group contribution,
providing a theoretical explanation for the observed behavior,
Table $3.1%°* The Adpyu-ct is 7.3 (MJ] m™)"? and the
Abpiu-puoac is 11.4 (MJ m™)"2, Both values are higher than
the 5 (MJ m )" threshold below which the polymer is soluble
in a solvent,”® but clearly, dissolution in CL is favored over
BuOAc. The high temperature applied (110 °C) has probably a
beneficial effect towards dissolution, but the discrepancy
could be further related to the structure of the solvent. The
linear structure of BuOAc makes the alkyl groups more accessi-
ble and the polar interactions between the PHU and the CL’s
carbonyl oxygen may be hindered. In contrast, the ring struc-
ture of CL could be responsible for the adoption of a more
favorable conformation that suppresses the freedom of move-
ment of the alkyl groups and allows for more interactions
between the carbonyl oxygen of CL and the H-bonding donor
sites of the PHU, Fig. S3.f Additionally, although the ester
groups of both CL and BuOAc are described as of moderate
H-bonding capability,** lactones are more basic than linear
esters due to conformational differences.*> This increased
basicity could result in slightly stronger H-bonding of CL com-
pared with BuOAc and therefore, the ability to dissolve the
PHU would be influenced as well. Ethyl acetate (EtOAc) was
also evaluated near its boiling point (77 °C) due to its struc-
tural similarity with CL'® and with the possibility that the
shorter ethyl group could facilitate dissolution. The PHU was,
however, again insoluble, suggesting that either the lower
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temperature prevents dissolution or that the same effect as for
BuOAc occurs.

To further evaluate whether the microstructure of the PHU
or the elevated temperature was the sole reason for dissolution
in CL, we compared the solubility of a PHU with an aromatic
backbone in CL. The aromatic PHU was synthesized under the
same polymerization conditions as DGC and EDOBA but
m-xylylenediamine (mXDA) was employed instead of EDOBA
(M, = 3500 g mol™!, D = 2.5, T, = 37 + 1.1 °C). Even after pro-
longed heating at 130 °C in CL, a considerable part of the
mXDA PHU was not dissolved, as visually observed, confirming
that high temperature is substantially contributing to the dis-
solution of the PHU but the chemical structure is equally
important. The polar ethylene glycol moiety of EDOBA prob-
ably favored the interactions between the EDOBA PHU and CL
in contrast to the hydrocarbon structure of mXDA. mXDA PHU
was also not dissolved in boiling toluene, confirming that the
structural similarity between the PHU and the solvent is contri-
buting to, yet not exclusively governing, the dissolution of the
PHU and that the H-bonding has a central role in it.

To gain further insight into the dissolution of the PHU, a
series of lactones with varying size and functionality was evalu-
ated for their ability to dissolve the EDOBA PHU at 110 °C,
Fig. 2. Lactones with long aliphatic segments, either in the
main ring (ePDL, HDL, EB) or as side chains (8DL, eDL), were
unable to dissolve the EDOBA PHU. This is most probably due
to unfavorable interactions between the polar groups of the
PHU and the apolar hydrocarbon moieties of the lactones,
similarly to the BuOAc effect. The insolubility in a-bromo-
y-butyrolactone (aBr-yBL) should be associated with the Br-

EDOBA PHU

Q H
’PLO/\(\O/\/rOTrN\/\O/\/O\/\N/rn
OH 0 H

HO

Soluble
YL VL cL
0 0 0
< [¢] << i‘} < ( 0)
partially fully fully

Insoluble
n=1, wPDL -
n=2, HDL EB &DL eDL aBr-yBL

Fig. 2 Solubility of EDOBA PHU in various lactones at 110 °C.
y-valerolactone (yVL), &-valerolactone (8VL), e-caprolactone (CL),
w-pentadecalactone (oPDL), hexadecanolide (HDL), ethylene brassylate
(EB),  &-decalactone  (3DL), e-decalactone (eDL),  a-bromo-
y-butyrolactone («Br-yBL).
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group which can act as an additional H-bonding acceptor site,
but it also makes the molecule more hydrophobic. As a
6-membered ring, §-valerolactone (8VL) could, similarly to CL,
also adopt a favoring conformation that resulted in complete
dissolution of the PHU after heating. However, the solution
seemed less stable compared to CL and faster precipitation of
the PHU occurred upon cooling, as determined by an
increased haziness of the solution. The effect of the smaller
ring size on dissolution was evaluated through y-valerolactone
(YVL). Low solubility was observed, with the exo-methyl substi-
tuent contributing to this behavior. An identical solubility test
was also performed for mXDA PHU, which presented similar
or inferior dissolution for all lactones, again highlighting the
pivotal role of the PHU’s microstructure.

Catalyst selection for the graft ROP of CL

To screen catalysts that enable a fast and efficient polymeriz-
ation of CL, but hinder simultaneous PHU scrambling and
thereby the formation of e.g. urea byproducts, initial trials
were performed by adding catalysts to the PHU and keeping
the system at 120 °C. A plethora of catalysts have been reported
to efficiently catalyze the ROP of CL, ranging from metal based
catalysts, such as tin- and zinc alkoxides, and pure organo-
catalysts, both acidic and basic such as sulfonic acids and
guanidines.””*® To screen broadly, one of the most efficient
and well-studied catalysts, tin(u) 2-ethylhexanoate (Sn(Oct),)*’
was selected along with two organocatalysts, methanesulfonic
acid (MSA)*° and 1,5,7-triazabicylco[4.4.0]-dec-5-ene (TBD).>!
The scrambling effect was evaluated by >*C NMR spectroscopy
monitoring changes in the carbonyl region, as it is the clearest
and most direct way to determine if scrambling reactions
occur. The results were compared to an uncatalyzed PHU
sample heated to the same temperature, Fig. 3.

Three chemical shifts are observed for the PHU, the
urethane’s carbonyl carbon at 156.3 and 156.0 ppm and a
small signal at 157.9 ppm corresponding to the carbonyl

<+—156.3

pristine PHU <+—156.0
no catalyst le
Sn(Oct), LL
MSA L

167.6 157.9
TBD | o
180 175 170 165 160 155 150

5 (ppm)

Fig. 3 Carbonyl region of **C NMR spectra (100 MHz, DMSO-dg) of the
EDOBA PHU tested with different catalysts at 120 °C.
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carbon of the urea byproduct. The -NHCOO- signals of the
sample with no catalyst, Sn(Oct), and MSA were completely
intact after heating. In the MSA sample a new signal at
163.05 ppm appeared, most likely representing a second type
of urea byproduct. This was surprising as the strong acid MSA
should protonate the -OH and -NH, groups thereby, it should
not allow side reactions to occur. It is possible that due to the
slight basicity of DMSO, a reaction between DMSO and MSA
takes place producing the corresponding salt’® and affecting
the chemical shifts of the urea byproducts that were already
present. The spectrum of the TBD sample was vastly changed.
The urethane signals disappeared while the 157.9 ppm signal
was enhanced and a new peak at 167.6 ppm appeared. This
was explained by the ability of TBD to catalyze side reactions
involving the deprotonation of amine species concurrently
with activation of the urethane’s carbonyl and subsequent
attack on the urethane bonds producing urea linkages.*®
Therefore, Sn(Oct), and MSA were chosen as catalysts for the
ROP of CL.

Monitoring of the graft ROP of CL from the PHU

The kinetics of the graft ROP of CL from the PHU main chain
were monitored to evaluate the efficacy of the catalysts and
establish the optimum polymerization conditions for the
system, varying the catalyst loading and CL loading. Initially,
the CL:OH ratio was fixed at 100:1 and the catalyst loading
was varied for both MSA and Sn(Oct),. The loadings of the cat-
alysts were chosen based on conventional loadings of each
catalyst*>®® and to reflect the effect of higher catalyst content
on the reaction rate. The MSA catalyzed polymerization of CL
has been shown to occur significantly faster when the
MSA : OH ratio is increased from 1:1 to 3:1, at room tempera-
ture.”® Here, the polymerization was carried out at 110 °C and
a 1:0.05 OH : MSA ratio was included to evaluate the influence
of high temperature at a low MSA loading. Four different
OH : Sn(Oct), ratios were evaluated, 1:0.01, 1:0.02, 1:0.05
and 1:1 probing the effect of both low and high catalyst
loading. A reaction temperature of 110 °C was considered ideal
for the reaction to ensure full dissolution of the PHU in CL
and high activity of the catalyst. The reactions were monitored
by "H NMR spectroscopy and SEC until high conversions were
reached. The samples are named after the CL and catalyst eq.
per —OH group, for instance CL;ooMSA; denotes that the reac-
tion was catalyzed by MSA and the CL:OH and OH:MSA
molar ratio was 100: 1 and 1: 1, respectively. The reaction con-
ditions and characteristics of the samples are summarized in
Table 1 and the conversion, M,, and P vs. time profiles are pre-
sented in Fig. 4.

The reactions presented similar features; as expected
increasing the catalyst loading resulted in a faster CL conver-
sion, while in the absence of any catalyst (CLyq0), thermal
polymerization of CL took place to a small extent and after a
long reaction time (4.7% conversion after 8 h), Fig. S4.f
Transesterification reactions took place in the PCL blocks as
indicated by the increase in P, and CL homopolymer was
formed as seen from the bimodal SEC traces. Naturally,
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Table 1 Reaction conditions for the kinetic study with different catalysts and catalyst loadings and characteristics of the resulting PHU-graft-PCL
copolymers?®

Sample name Catalyst CL:OH: Cat. CL conversion ¢ (%) M, (g mol™) p?

CL1g0 — 100:1:— 4.7 — —
CL10oMSAg o5 MSA 100:1:0.05 9 (96)” 5300° 6.0°
CL10oMSA, MSA 100:1:1 98 36200 2.2
CL10oMSA; MSA 100:1:3 98 32500 1.8
CL100SNo.01 sn(Oct), 100:1:0.01 39 (98)° 39500 1.7
CL100SN0.02 sn(Oct), 100:1:0.02 99 61 600 6.5
CL100SN0.05 sn(Oct), 100:1:0.05 96 62 800 7.5

CL100SN, Sn(Oct), 100:1:1 97 57700 3.7

CL10SN 02 Sn(Oct), 10:1:0.02 96 Gelled (4300)” Gelled (8.9)
CLysSng 02 sn(Oct), 25:1:0.02 9 Gelled (8200)” Gelled (33.2)"
CL50SNg.05 Sn(Oct), 50:1:0.02 98 71 600 8.9

“Total reaction time was 24 h. ? Conversion after 72 h. ¢ Calculated through 1, 06/(I1.06 + I1.24-4.22), Where I, o6 and I, 54 45, are the integrals of the
~COOCH,~ signals of PCL and CL, at 4.06 and 4.24-4.22 ppm respectively, in the 'H NMR spectra. ¢ Values of purified samples, calculated by
SEC in CHCI; against narrow PS standards. M, values are rounded to the closest multiple of hundred. ¢ The value corresponds to the crude
product.”Sample gelled, the values in the brackets correspond to the crude fraction obtained after swelling and extraction in CHCI;.

MSA catalyzed reactions Sn(Oct), catalyzed reactions
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Fig. 4 Graft ROP of CL from the EDOBA PHU with varying catalyst and catalyst loading. Conversion, M,, and D vs. time plots of the MSA (a, b and c)
and Sn(Oct), (d, e and f) catalyzed reactions. The CL: OH ratio was 100 :1 and each line corresponds to the eq. of catalyst per —OH group. For
clarity, the 5-60 min points of conversion and M,, vs. time are shown in the inset graphs.
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b values less than ~2 are not possible as the PHU backbone
already had D = 1.9. Both catalysts, at all loadings, reached
high conversion at the end of the reaction, Table 1, but overall,
CL’s conversion was faster for the MSA than the Sn(Oct), cata-
lyzed reactions as seen from the conversion vs. time profiles in
Fig. 4. CL;0oMSA; and CL;,(MSA; reached 98% conversion
within 45 and 5 min, respectively, whereas the CL;yoSng. o2z,
CL10oSng.05 and CL;oSn; samples achieved conversion >95%
within 24, 8 and 2 h, respectively. The reason is most likely the
different activation mechanisms for the two catalysts. MSA cat-
alyzes an activated monomer mechanism by protonating the
CL’s carbonyl and activating the hydroxyl group by H-bonding.
The reaction proceeds in two steps (nucleophilic attack and
ring-opening) through a tetrahedral intermediate.>® Instead,
Sn(Oct), follows a coordination-insertion mechanism.*® This
includes three distinct steps before the active tin alkoxide
species, responsible for propagation, are generated and there-
fore, slower kinetics are observed. At low catalyst loading
(CL10oMSAg 05 and CL;peSng01), MSA seemed initially faster
but after 24 h merely 9% conversion was reached, Table 1. In
contrast, for Sn(Oct), (CL10oSNe01) @ conversion of 39% was
reached. The induction period observed is likely due to more
protonation instead of activation of the —OH in the case of
MSA,*® and due to the equilibrium between the dormant chain
end species and the active tin alkoxide species in the case of
Sn(Oct),.*

The formation of the active species is favored at higher Sn
(Oct), loadings leading to faster initiation, as confirmed by
CL1poSng0, and CLyppSnges. Their induction period was
approximately 60 and 30 min, while the induction period of
CL10oSn; was <5 min due to the high catalyst amount, Fig. 4.

In both systems, after full conversion was reached,
M,, decreased concomitantly with an increase of b. This indi-
cated the existence of side reactions, most likely inter- and/or
intramolecular transesterification, Fig. 4b, ¢, e and
f. Transesterification is a prominent reaction in the ROP of lac-
tones and it is largely dependent on the nature of the catalyst,
reaction temperature and time. Sn-based catalysts, and specifi-
cally Sn(Oct),, are well known to induce such side reactions,>
in linear’®*® and more complex architectures such as star’’
or graft (co)polymers.’®>® Similarly, transesterification has
been observed in some sulfonic acid-catalyzed polymerizations
of CL and other lactones towards linear and star-based homo-
or copolymers.®®®* Due to the abundance of hydroxyl groups
and at high catalyst loadings (CL;,0MSA3z, CL100Sn4), transes-
terification may take place already from the early stages of the
reaction, but at a lower rate compared to the polymerization
rate. In other words, the competition between transesterifica-
tion and polymerization is negligible when copious CL
monomer is available, but it becomes significant once high
monomer conversion has been reached. This is why the low
catalyst loading reactions, CL;ooMSAgs and CL;poSng.01, did
not present analogous behavior. Although prolonged reaction
times open up for side reactions to occur, the conversion of
those samples was low until 24 h due to the slow polymeriz-
ation rate.
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The achieved M,, was independent of the catalyst loading,
Table 1, although the products of the MSA catalyzed reactions
exhibited lower M, values compared to the Sn(Oct), catalyzed
reactions. This was explained by the bimodal molar mass dis-
tribution observed in the SEC chromatograms, which was
more pronounced for the MSA than the Sn(Oct), catalyzed
reactions and notably, it was the lowest for the CL;00Sng g2,
Fig. S5 and S6.f The bimodality indicated the existence of a
second species, apart from the PHU-graft-PCL copolymer,
which could be a CL homopolymer initiated by adventitious
H,O0 or by 6-hydroxyhexanoic acid resulting from hydrolysis of

CL:OH:Sn(Oct), = x:1:0.02
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Fig. 5 Graft ROP of CL from the EDOBA PHU with varying CL loading.
(a) Conversion, (b) M, (c) B vs. time plots. x marks the eq. of CL per
—OH group. For clarity, the 5-60 min points of conversion vs. time and
the 5-120 min points of M, vs. time are shown in the inset graphs.
CL10Sng.02 and CL25Sng o, samples gelled after 24 h.
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CL monomer catalyzed by MSA. In either case, PCL with an
a-carboxylic acid group (HOOC-PCL-OH) would be produced.
The origin of the two species was determined by fractionating
the 30 min sample of CL;,0MSA,; by SEC and analyzing the
fractions by "H NMR spectroscopy, Fig. 7.7 The spectrum of
the first peak, ie. the species with highest molar mass, pre-
sented a signal at 12.4 ppm, which is attributed to an acidic
proton and thus, it corroborates our hypothesis. In the spec-
trum recorded for the second peak, the -CH- protons adjacent
to the esterification sites are observed along with some PHU
backbone signals, confirming that this species is the PHU-
graft-PCL copolymer. The -CH- signals can be weakly seen in
the first spectrum too, probably due to partial mixing of the
two fractions during separation, Fig. S7.}
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To evaluate the reactivity of the hydroxyl groups, *'P NMR
spectra of the purified products were recorded after -OH phos-
phitylation, Fig. S8.1 A linear PCL synthesized in bulk with
Sn(Oct), as catalyst (Mp,nmr = 12200 g mol™") was taken as a
reference. In the spectra of the copolymers, the PHU’s —OH
signals at 147.5 and 146.1 ppm have disappeared and only the
terminal —OH from the PCL blocks are detected at 146.9 ppm
indicating the successful graft ROP of CL from all the —OH
groups. This proves that the system was not limited either by
its inherent features such as steric hindrance and high vis-
cosity of the bulk or surprisingly, by the reactivity difference
between the secondary and primary hydroxyl groups. The
signal at 134.7 ppm was attributed to the acid group of the CL
homopolymer. The possibility of this signal belonging to

Table 2 Reaction conditions and characteristics of the final PHU-graft-PCL, copolymers synthesized under the optimized conditions

x CL:OH: Sn(Oct), t“ (h) CL conversion ? (%) M, ‘(g mol™) De

10 10:1:0.02 3 96 23200 + 500 2.23 £0.01
25 25:1:0.02 3 96 42700 + 900 4.53 £0.25
50 50:1:0.02 3.5 87 75700 = 1100 3.50 £0.08
100 100:1:0.02 6 72 111 600 + 1800 2.73 £ 0.05

“Total reaction time.

b Calculated through I, o6/(I1.06 + 11.24-4.22), Where I o and I, 445, are the integrals of the -COOCH,—

signals of PCL and CL

at 4.06 and 4.24-4.22 ppm, respectively, in the "H NMR spectra. ¢ Calculated by SEC in CHCI; against narrow PS standards, average of triplicate
measurements. M, values are rounded to the closest multiple of hundred.
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Fig. 6 Stacked *H NMR spectra (400 MHz, CDCls) of the final PHU-graft-PCL, copolymers.
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2-ethylhexanoic acid residue in the Sn(Oct), catalyzed reac-
tions, was considered highly unlikely as it should have been
removed during precipitation.>

Overall, the kinetics of the MSA and Sn(Oct), catalyzed reac-
tions with varying catalyst loading, showed that the copoly-
mers formed under Sn(Oct), catalysis exhibited higher molar
mass and lower CL homopolymer content, compared to their
MSA analogues. Hence, Sn(Oct), was selected for the rest of
the study. The CL;geSngo, sample portrayed monomodal
molar mass distribution and reached high conversion (88.5%)
and M,, (64300 g mol™ ') within a reasonable timeframe (8 h)
while the extent of transesterification was comparably low
(P = 2.2). Therefore, the 1:0.02 OH:Sn(Oct), ratio was con-
sidered the optimum. Keeping the OH : Sn(Oct), ratio fixed at
1:0.02, the reactions were kinetically monitored by varying the
CL:OH ratio to 10:1, 25:1, 50:1 and 100:1. The samples
were again named according to the CL: OH and OH : Sn(Oct),
molar ratio. For instance, CL;,Sn, o, denotes a 10:1 CL: OH
ratio and a 1:0.02 OH : Sn(Oct), ratio. The reaction character-
istics are summarized in Table 1 and the conversion, M,, and P
vs. time plots are presented in Fig. 5. The reactions fall into
two groups depending on the CL loading of the samples. The
low CL loading samples, CL;,Sng o, and CL,5Sng o, exhibited
conversions above 90% within 2-3 h and reached their final
M,, approximately at the same time. Thereafter, due to transes-
terification reactions, the M, decreased continuously followed
by quick increase of P for CL;oSng, and a more gradual
increase for CL,5Sng .. After 24 h the samples had gelled,
similarly to what has been previously observed in graft copoly-
mers of poly(ethylene-co-vinyl alcohol) and CL.’® The samples
with higher CL loadings, CL5oSn. ¢, and CLjpoSno.02, reached
high conversion, >85%, after 8 h and the M,, increased con-
tinuously during the total 24 h of reaction time. P increased
more modestly compared to the reactions with a low CL
loading, with a slightly higher value for CLs,Sngg, than
CL10oSng.02. The presence of CL homopolymer is low in all
cases, Fig. S9.1 Thus, it is shown that the CL loading can be
varied to obtain PHU-graft-PCL copolymers with varying molar
mass of the PCL grafts and controlled characteristics.

Synthesis of PHU-graft-PCL copolymers under the optimized
conditions

The synthesis of the PHU-graft-PCL copolymers with 1:0.02
OH : Sn(Oct), ratio was repeated for the four CL loadings (10,
25, 50, 100 CL monomers per ~OH group) and quenched upon
high conversion. The final copolymers were named PHU-graft-
PCL, where x signifies the theoretical number of CL repeating
units per —OH group. The reaction conditions and character-
istics of the final copolymers are presented in Table 2.

Side reactions were suppressed as seen from the final M,
and P values, Table 2. The successful graft ROP of CL from the
PHU was proven by "H NMR spectroscopy where the signals at
5.16 and 5.04 ppm, corresponding to the methine protons next
to the esterified hydroxyls of the PHU, are detected for all the
copolymers, Fig. 6. The PHU’s backbone signals between
3.60-3.36 ppm and the terminal -CH,OH of PCL at 3.64 ppm

This journal is © The Royal Society of Chemistry 2021
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are also clearly observed. Partial overlapping of the
-OCH,CH,0- protons of the diamine at 3.60 ppm with the
terminal -CH,OH protons of PCL at 3.64 ppm did not allow
for an estimation of PCL’s degree of polymerization. However,
DOSY NMR experiments indubitably showed copolymer for-
mation and the absence of copolymer/CL homopolymer blend,
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Fig. 7 DOSY NMR spectra (400 MHz, CDCls) of the PHU-graft-PCL
copolymers.
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Fig. 8 *'P NMR spectra of the final PHU-graft-PCL copolymers. All of

the —OH groups of the PHU have reacted and only the terminal —OH of
the PCL grafts are present.
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Table 3 Thermal properties of the pure PHU and the PHU-graft-PCL, copolymers?

x Ty, pru” (°C) Ty, por” (°C) T ? (°C) AH," (g™ T.© (°C) AH.S(Jg™) X (%) Tas0 7 (°C)
PHU 9.6+1.3 — — — — — — 241
PCL — —50.2 + 1.4 54.8 + 0.1 68.3+2.6 34.6+0.3 70.8+0.5 49 268
10 7.8+0.3 —50.6 £ 0.7 42.6 £ 0.1 63.2+0.5 16.3 £ 0.1 63.4+0.9 45 288
254 — — 50 + 0.006 71.4+1.3 25.4+0.2 71.5+1.1 51 291
507 — — 53.4 +0.01 72.8+1.3 29.5+ 0.4 72.3+1.4 52 291
100¢ — — 55.4+0.2 68.7 2.3 28.9+0.6 67.7 +2.0 49 301

“ All values are averages of triplicate measurements. ” Determined from the second heating scan. ° Determined from the cooling scan. ¢ No Ty
could be observed for either block. ° Calculated through eqn (1)./ Determined by TGA analysis at 5% mass loss.

as all of the 'H signals are attributed to a single species with
the same diffusion coefficient,® Fig. 7. Finally, *'P NMR spec-
troscopy confirmed that there are no unreacted —OH groups
on the PHU after polymerization, as only the terminal —OH of
the PCL blocks were identified at 146.96 ppm, Fig. 8.

Thermal properties of the PHU-graft-PCL copolymers

The thermal properties of the PHU-graft-PCL copolymers were
controlled by the molar mass of the PCL grafts. The melting
(Ty) and crystallization (7.) temperature and the respective
enthalpies (AH,, and AH,.), increased with increased molar
mass of the PCL blocks, Table 3, Fig. S10.T The PHU and PCL
segments were not miscible as two discrete T,s were observed
for the PHU-graft-PCL,, copolymer, in the vicinity of the Tgs of
the corresponding homopolymers. The absence of clear glass
transitions in the thermographs of the other copolymers, is
most likely associated to their higher degree of crystallinity
(X.) compared to PHU-graft-PCL,,. The degree of crystallinity
increased with increasing molar mass of the PCL chains, yet it
was slightly lower for the PHU-graft-PCL,o, copolymer (49%).
This is in line with previous observations of PCL displaying
lower crystallinity at higher molar masses.®®®” The onset
decomposition temperature (Tq, s0,) Of the copolymers was in
the range of 288-300 °C and, as expected, it increased with
increasing molar mass of the PCL grafts, Table 3. The grafted
PCL was advantageous as it offered greater thermal stability
due to the more stable ester bonds compared to the thermally
labile urethane linkages of the PHU.

Conclusions

Tunable polyhydroxyurethane-graft-poly(e-caprolactone) copo-
lymers with brush-like architecture were successfully syn-
thesized through a ‘grafting from’ approach. Judicious selec-
tion of the PHU monomers, DGC and EDOBA, afforded a PHU
that dissolved in CL at 110 °C and therefore enabled the graft
ROP of CL in bulk. The system presented several features of
sustainable design, solvent-free preparation of both the PHU
backbone and the PHU-graft-PCL copolymers, combined with
the biobased origin of DGC and mild reaction conditions. The
polymerization reaction was robust and the molar mass of the
PCL blocks was tuned by simply varying the CL: OH ratio. The
thermal properties of the copolymers were controlled by the

206 | Polym. Chem., 2021,12,196-208

molar mass of PCL and the copolymerization was beneficial
for the thermal stability, which was enhanced compared to the
pure PHU. This work demonstrates that complex structures,
that would otherwise be challenging to achieve, can be syn-
thesized by utilizing polymer-in-monomer solubility. This
enables the design of solvent-free systems and opens new pos-
sibilities for sustainable polymer synthesis.
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