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1. Introduction

Ethyl cellulose-block-poly(benzyl glutamate)
block copolymer compatibilizers for ethyl
cellulose/poly(ethylene terephthalate) blends¥

Abigail F. Chinn, (2 *® Isabela Trindade Coutinho, {2 1°
Saipranavi Reddy Kethireddy,® Noah R. Williams,?® Kenneth M. Knott,?
Robert B. Moore (2 *2® and John B. Matson () 2P

Blends of petroleum-based polymers with bio-sourced polymers are an alternative to polymers derived
from non-renewable resources. However, polymer blends are usually immiscible, and a compatibilizer,
often a block copolymer, is required to improve mixing. In this work, we synthesized a block copolymer
of ethyl cellulose (ECel) and poly(benzyl glutamate), termed ECel-block-poly(BG), and we applied it as a
compatibilizer for ECel/poly(ethylene terephthalate) (ECel/PET) blends. To synthesize this block copoly-
mer, two ECel-NH, macroinitiators were evaluated for ring-opening polymerization of benzyl glutamate-
N-thiocarboxyanhydride (BG-NTA), one with the amine directly attached to the ECel reducing chain end,
and the other with a short PEG linker between ECel and the amine initiator. The PEG-containing macroi-
nitiator led to the synthesis of a block copolymer that was unimodal by size-exclusion chromatography
(SEC) while the other initiator led to uncontrolled homopolymerization of BG-NTA, presumably due to
steric hindrance near the primary amine. A series of solvent studies revealed that polymerization of
BG-NTA in CH,Cl, was the best system for obtaining the ECel-block-poly(BG) block copolymer, achieving
95% conversion based on *H NMR spectroscopy. The success of chain extension and molecular weight
analysis were evaluated using SEC with multi-angle light scattering (SEC-MALS). Blends composed of 70%
ECel and 30% PET with different weight percentages (wt%) of block copolymer compatibilizer were made
via solvent casting from hexafluoroisopropanol. Phase contrast optical microscopy and small-angle laser
light scattering were used to probe the effectiveness of the ECel-block-poly(BG) block copolymer as a
compatibilizer (5-30 wt%) for the 70/30 ECel/PET blends. A decrease in average domain size from 15 +
4 um in the base blend (without compatibilizer) to 2 + 1 pm in the blend containing 30 wt% ECel-block-
poly(BG) indicated successful compatibilization of the blend.

cellulose-based materials are more sustainable than those
made from petroleum, they have limited applications due to

Greener alternatives to commonly used petroleum-based poly-
mers, such as poly(ethylene terephthalate) (PET), are needed
to increase biodegradability, renewability, and sustainability of
commercial plastics.”> Among the greener alternatives are
polysaccharides,  including  primarily  cellulose-based
materials.*® Many polysaccharide derivatives also hold poten-
tial property advantages over petroleum-based polymers such
as transparency, high UV stability, and sustainability.’® While
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poor solubility, processing difficulties, and moderate thermal
stability, among other property deficits."* Despite this, there
exist several commercial polymers based on cellulose, and uti-
lizing these cellulose derivatives in blends could reduce the
amount of feedstock that comes from fossil fuels and lead to a
more sustainable and renewable source of plastics. The need
for new bio-derived polymers and new approaches to polymer
sustainability is urgent—biopolymers made up around only
0.5% of all plastics produced in 2023,'* and growing this
number would increase the sustainability of the plastic
industry.

Polysaccharides offer biodegradable and sustainable solu-
tions for various applications, and blends of polysaccharides
with existing commercial polymers may provide a route toward
greater sustainability.”’*'® While polysaccharides, including

Polym. Chem., 2024, 15, 3501-3509 | 3501


http://rsc.li/polymers
http://orcid.org/0000-0003-4829-2914
http://orcid.org/0000-0003-3007-6797
http://orcid.org/0000-0001-9057-7695
http://orcid.org/0000-0001-7984-5396
https://doi.org/10.1039/d4py00688g
https://doi.org/10.1039/d4py00688g
https://doi.org/10.1039/d4py00688g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4py00688g&domain=pdf&date_stamp=2024-08-22
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00688g
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY015034

Open Access Article. Published on 08 August 2024. Downloaded on 7/29/2025 8:07:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

cellulose, are utilized in commercial applications, poor solubi-
lity and difficult purification and characterization have limited
the expanded use of polysaccharides in blends. However, some
recent reports highlight the benefits of polysaccharide-based
polymer blends. For example, polysaccharide-containing
polymer blends hold potential in food packaging,'® biomedical
applications,"” and drug delivery.'® In particular, we imagined
that ethyl cellulose (ECel) could be an ideal polymer for blends
because it is a commercial polymer with several useful charac-
teristics such as excellent film-forming properties and good
UV stability. While new materials based on ECel have
increased lately,'®* it has not been heavily investigated in
blends. Recent examples include the combination of ECel with
hydroxyl-terminated polybutadiene to form partially miscible
blends as well as its blending with butadiene-bridged polydi-
methylsiloxane for gas separation membranes.*"**

PET is a semicrystalline thermoplastic with thermal and
mechanical properties suitable for food and beverage packa-
ging.>® While the recycling of PET and biopolymer mixing with
PET has improved in recent years,>® PET is still largely pro-
duced from petroleum, and mechanical recycling efforts have
only a moderate impact.>® To enhance sustainability, polyester
blends, including blends containing PET, have been studied in
a variety of potential applications due to their transparency,
toughness, and improved processability compared to PET
alone.?®?® Creating blends of PET with biopolymers such as
polysaccharides, including ECel, could further reduce reliance
on petroleum for polyester-based plastics.

In this work, we sought to create a blend of ECel and PET.
ECel, while slow to biodegrade compared with other biopoly-
mers,”® is a cellulose-based polymer coming from a renewable
and sustainable source. ECel has organic solubility, which
increases the ease of synthetic modifications and blend prepa-
ration compared to native cellulose.>* Blending the two poly-
mers, ECel and PET, would allow us to combine the desirable
properties of both, increase the bio-derived content, and
decrease the petroleum-based PET content in potential appli-
cations such as food packaging. However, because these two
polymers are immiscible, a compatibilizer is needed to
decrease the interfacial tension between the PET and ECel
domains.

We envisioned that a block copolymer (BCP) compatibilizer,
synthesized via a living chain polymerization such as ring-
opening polymerization (ROP), could allow us to compatibilize
ECel/PET blends while avoiding the poor solubility and
difficult functionalization of PET itself. Poly(benzyl glutamate)
(poly(BG)), derived from glutamic acid, can be made by ROP of
benzyl glutamate-N-thiocarboxyanhydride (BG-NTA); poly(BG)
possesses an aromatic group and an ester in the repeating
unit, which is similar to PET (Fig. 1). Thus, we proposed that
ECel could be functionalized with an amine on the reducing
end through reductive amination and used to initiate polymer-
ization of BG-NTA to synthesize an ECel-block-poly(BG) BCP.
This BCP would then be used as a compatibilizer for ECel/PET
blends. We hypothesized that this BCP compatibilizer would
improve mixing in ECel/PET blends by decreasing the inter-
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Fig. 1 Chemical structures of poly(BG) and PET. Both polymers possess
an aromatic group and an ester in the repeating unit.

facial tension and average domain size for more a bio-derived,
sustainable approach to traditional petroleum-based PET
materials.

2. Results and discussion
2.1 Block copolymer synthesis

We set out to synthesize ECel-block-poly(BG) BCP by first
synthesizing an ECel-NH, macroinitiator to initiate polymeriz-
ation of BG-NTA monomer. Here, we chose ECel as the polysac-
charide for polysaccharide/PET blends due to its thermal and
mechanical stability as well as its solubility in organic solvents
for ease of synthesis and blend preparation. We selected com-
mercial ECel with a viscosity of 10 cps and ethoxyl content of
48% (degree of substitution, DS = 2.6). Size-exclusion chrom-
atography with multi-angle light scattering (SEC-MALS) gave
an M, of 17200 g mol™" in tetrahydrofuran (THF) and a P
value of 1.9 (Fig. S1f) based on a measured dn/dc value of
0.060 mL g~ (Fig. S27).

Synthesis of polysaccharides with specific functional
groups on one end can be accomplished by reductive amin-
ation, a slow but reliable method for functionalizing polysac-
charides by utilizing the ring-chain equilibrium between a
hemiacetal and an aldehyde on the reducing-end.?® In brief,
we synthesized ECel with a single amine on the reducing end,
termed ECel-NH,, in a reaction of ECel with a large excess of
hexamethylene diamine in the presence of sodium cyanoboro-
hydride. Successful reductive amination after 7 d was con-
firmed by 'H NMR spectroscopy in CDCl; with the proton
alpha to the coupled amine shifting up-field (Fig. S5t). The
macroinitiator was purified via dialysis against acetone to
remove unreacted diamine and residual salts from the redu-
cing agent.

After successfully synthesizing the ECel macroinitiator, we
aimed to identify polymerization conditions for the synthesis
of an ECel-block-poly(BG) BCP (Scheme 1). NTAs can undergo
polymerization to form polypeptides in a variety of solvents,
including CH,Cl,, hexanes, and even water.>"*> NTAs are also
more stable than N-carboxyanhydrides and less sensitive to
moisture and heat,**** so we chose the make poly(BG) from
BG-NTA rather than the N-carboxyanhydride derivative.
However, initial attempts in CH,Cl, using the ECel-NH, macro-
initiator yielded little to no conversion (Table 1, entry 1,
Fig. S15%). These results led us to try a water suspension

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Polymerization of BG-NTA to synthesize ECel-block-
poly(BG).

method. In this case, due to the insolubility of ECel-NH,,
aqueous conditions also did not result in any conversion of
the NTA monomer to polypeptide (Table 1, entry 2). To address
this issue, we tried a biphasic water/CH,Cl, mixture, which led
to poor conversion (Table 1, entry 3). We attribute this result to
the immiscibility between water and CH,Cl,. In response to
this low conversion seen with an aprotic organic solvent with
and without the addition of water, we moved to testing metha-
nol (CH30H) as an example of an organic protic solvent.
Polymerization in CH;0H led to 100% hydrolysis/alcoholysis
of the BG-NTA monomer after 24 h as indicated by "H NMR
spectroscopy but no measurable conversion to the target BCP
(Table 1, entry 4). Similarly, trifluoroethanol (TFE), a fluori-
nated polar protic solvent, resulted in extensive hydrolysis/
alcoholysis (90%) and very little polymerization (Table 1, entry
5). Mixtures of TFE with CH,Cl, (50:50 and 75:25) led to
minimal hydrolysis (1% and 0%, respectively) but also
afforded minimal conversion (Table 1, entries 6 and 7, 6% and
7%, respectively).

Returning to our idea of utilizing a water/organic mixture to
improve solubility, we evaluated two different water-miscible
organic solvents, acetonitrile (CH3;CN) and acetone. Initial
trials included 60 :40 mixtures of water with organic solvent,
which afforded higher conversion than previously seen with
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organic solvents alone (Table 1, entries 8 and 9). The concen-
tration for the polymerization was lowered to 6 mg mL™*
instead of the previous 12 mg mL ™" to minimize the potential
aggregation of the ECel macroinitiator, which would hinder
initiation. This higher conversion was promising but was still
lower than desired. Because CH;CN led to slightly higher con-
version compared to acetone (28% and 27%, respectively), we
moved forward with CH3;CN. Increasing the water content
(50:50 and 40:60 CH3CN : H,0) resulted in even higher con-
versions (Table 1, entry 10-11, 81% and 69%, respectively),
with the 50:50 mixture leading to the highest conversion of
monomer to polymer in the set, as indicated by '"H NMR
spectroscopy.

With a set of conditions leading to good monomer conver-
sion to poly(BG), we set out to characterize the resulting
polymer using SEC-MALS in THF. First, we characterized ECel-
NH,, which showed a broad peak centered around 15 min
elution time with M, = 20.3 kg mol " and P = 1.7 (Fig. 2, grey
trace), within a reasonable deviation from the values for as-
received ECel before the addition of the chain end amine. For
the polymerization of BG-NTA initiated by ECel-NH, in
CH;CN/H,0 (50:50), we saw a broad, low intensity peak cen-
tered around 16.5 min elution time as well as sharper peaks
centered around 18 and 19 min elution times (Fig. 2, green
trace). The high elution time populations suggested homopoly-
merization of BG-NTA, likely due to hydrolysis of a small
amount of BG-NTA in this solvent system, exposing a primary
amine capable of initiating ROP of the remaining monomer.
MALS analysis using a reported poly(BG) dn/dc value of 0.150
in THF?® showed that the molecular weights of the two sharp
peaks were in the range of 1-3 kg mol™'. The peak near
16.5 min showed a higher elution time than the ECel-NH,,
which is typically associated with a decrease rather than an
increase in MW, but in this case, may be a result of a small
amount of successful chain extension but with a higher
elution time than ECel-NH, due to interactions between
poly(BG) and the column stationary phase. However, we were
unable to accurately assess the molecular weight of this popu-
lation because the ECel/poly(BG) molar ratio, and therefore the
dn/dc value, was unknown.

Table 1 Polymerization conditions of BG-NTA using macroinitiator ECel-NH, for synthesis of ECel-block-poly(BG)”

Entry Solvent(s) Concentration (mg mL ™) % NTA remaining” % NTA hydrolyzed” Conversion to poly(BG)? (%)
1 CH,Cl, 12 97 0 3
2 H,O 12 98 2 0
3 50 : 50 CH,Cl, : H,O 12 9 1 3
4 CH;0H 12 0 100 0
5 TFE 12 11 89 0
6 50: 50 TFE: CH,Cl, 12 93 1 6
7 75:25 TFE: CH,Cl, 12 93 0 7
8 60 :40 acetone : H,O 6 71 2 27
9 60:40 CH;CN: H,O 6 70 2 28
10 50: 50 CH,;CN : H,0 6 18 1 81
11 40:60 CH;CN: H,0 6 29 2 69

“ All polymerizations were conducted at rt for 24 h. ” 'H NMR spectra of each polymerization reaction mixture appear in Fig. $15. Intact NTA,
hydrolyzed/alcoholized NTA, and conversion to poly(BG) were estimated using the method described in Fig. S16.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEC traces of ECel-NH, macroinitiator (grey) and polymerization
of BG-NTA in 50:50 CH3CN : H,O initiated by either ECel-NH, (green,
Table 1 entry 10) or hexylamine (blue). *H NMR spectra of macroinitiator
ECel-NH; and polymerizations can be found in Fig. S5, S11, and S15.1
SEC eluent is THF.

To confirm the suspected homopolymerization we observed
in the SEC trace, we polymerized BG-NTA in a 50:50
CH;3CN : H,0 mixture, initiated by hexylamine (0.01 equiv.), to
synthesize poly(BG) homopolymer (blue trace in Fig. 2). The
"H NMR spectrum of poly(BG) indicated high conversion
(Fig. S11,1 93%), and we expected a peak with an M, near
20 kg mol™" based on this conversion. However, SEC-MALS
revealed multimodal low molecular weight peaks again in the
range of 1-3 kg mol™", similar to the high elution time peaks
observed in the trace for the attempted BCP synthesis (Fig. 2,
green trace). This result again suggested hydrolysis of a small
amount of BG-NTA leading to homopolymerization of the
remaining BG-NTA rather than forming the desired BCP.

Most of the polymerization conditions tested using the
ECel-NH, macroinitiator indicated little to no conversion to
polymer based on NMR studies (Table 1). The one set of
polymerization conditions that led to significant conversion to
polymer showed little to no BCP formation in the SEC trace.
Instead, we observed homopolymerization of BG-NTA as indi-
cated by SEC-MALS. Based on these disappointing results, we
then theorized that initiation of NTA polymerization using
ECel-NH, was slow due to steric hindrances. Therefore, conver-
sion of BG-NTA to polymer was minimal in organic solvents,
but with the monomer remaining intact. However, in con-
ditions that included water and a water-miscible organic
solvent, the NTA monomer slowly hydrolyzed, revealing a free
primary amine that was not sterically hindered, initiating
homopolymerization of the remaining monomer. We hypoth-
esized that by limiting the steric hindrance of the ECel macroi-
nitiator and polymerizing BG-NTA in an organic solvent in
which hydrolysis would be minimal, we would be able to
produce the desired BCP. To test this hypothesis, we aimed to

3504 | Polym. Chem., 2024, 15, 3501-3509
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synthesize an ECel macroinitiator with a linker between the
ECel backbone and the primary amine used for initiation.
Ideally, this linker would then allow the primary amine to be
more freely available for initiation.

Poly(ethylene glycol) (PEG) (M,, = 1 kg mol™") was chosen as
the linker due to its widescale availability, tunability, and
organic solubility. A molecular weight of 1 kg mol™" was
chosen for the PEG linker to allow for the availability and flexi-
bility of the primary amine on the macroinitiator. We envi-
sioned that a larger PEG linker would potentially separate the
ECel and poly(BG) blocks excessively, limiting the effectiveness
of the BCP compatibilization in the eventual blend studies. To
synthesize the ECel-PEG-NH, macroinitiator, we first syn-
thesized PEG diamine using previously published methods.*®
In brief, PEG diol was mesylated, and then the chain-end
mesylates were substituted in aqueous ammonium solution to
generate chain-end amines (Fig. S6-S91). The PEG diamine
product was subsequently coupled to ECel using reductive
amination to synthesize macroinitiator ECel-PEG-NH,
(Fig. S10t). The macroinitiator was purified using dialysis
against acetone, allowing unreacted PEG diamine to escape.
Synthesis of ECel-PEG-NH, macroinitiator was confirmed
using "H NMR spectroscopy and SEC-MALS (Fig. $10 and S17).
The SEC-MALS trace in THF showed a small amount of
unreacted PEG diamine (~5%) that could not be removed by
dialysis.

We then set out to use ECel-PEG-NH, to initiate polymeriz-
ation of BG-NTA to synthesize the target ECel-PEG-block-
poly(BG) BCP compatibilizer (Scheme 2). To minimize hydro-
lysis, we aimed to choose an organic solvent in which BG-NTA
monomer would be stable. Furthermore, to increase the rate of
polymerization, we envisioned that acetic acid (AcOH) would
help drive off COS gas. We chose CH,Cl, as the solvent with
the addition of AcOH due to previous success by Zhang with
this approach in homopolymerization of NTA monomers
initiated by hexylamine.** While polymerization conditions in
solely organic solvents led to limited conversion when using
the ECel-NH, macroinitiator, the polymerization reached 95%
BG-NTA conversion to polymer when using the ECel-PEG-NH,
macroinitiator as indicated by 'H NMR spectroscopy

o
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Scheme 2 Polymerization of BG-NTA to synthesize ECel-PEG-block-
poly(BG) using macroinitiator ECel-PEG-NH,.

This journal is © The Royal Society of Chemistry 2024
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(Fig. S131). "H NMR spectroscopy also did not suggest any
hydrolysis as the previous polymerizations with ECel-NH,
exhibited. The BCP was then purified using dialysis against
acetone (MWCO 6-8 kg mol™) to remove any unreacted
monomer (Fig. S147).

We first attempted to characterize the product using
SEC-MALS in THF, but column interactions prevented accurate
molecular weight analysis. Instead, SEC-MALS for this BCP
was performed in DMAc/LiCl, which is a better solvent system
for poly(BG) than THF. For ECel-PEG-block-poly(BG),
SEC-MALS revealed a broad, unimodal peak centered around
15.5 min (Fig. 3, green trace). The SEC trace showed a shift to
slightly higher retention time from the original ECel-PEG-NH,
peak (Fig. 3, grey trace), likely due to interactions between
poly(BG) and the columns. The use of SEC-MALS was critical
here to evaluate whether chain extension was successful
despite the increase in retention time. By using 'H NMR
spectroscopy to determine the polypeptide/polysaccharide
ratio by moles and mass, we estimated the dn/dc for BCP ECel-
PEG-block-poly(BG), to be 0.078 mL g~'. Applying this dn/dc
value to the peak afforded an M,, value of 36.7 kg mol™* and P
value of 1.4. Therefore, despite the increase in retention time,
which initially suggested a drop in molecular weight,
SEC-MALS revealed the expected increase in molar mass and
suggested successful chain extension. Furthermore, no homo-
polymerization of the BG-NTA monomer was detected in these
traces, unlike what was observed when using the original
ECel-NH, macroinitiator that lacked the PEG linker.

Another complimentary characterization technique to
confirm chain extension is diffusion ordered spectroscopy

ECel-PEG-NH,

ECel-PEG-
block-poly(BG)

dRI

10 12 14 16 18
retention time (min)

Fig. 3 SEC-MALS traces (dRl trace shown) of polymerization of
BG-NTA using macroinitiator ECel-PEG-NH, (ECel-PEG-block-poly(BG),
green) along with SEC trace of macroinitiator ECel-PEG-NH, (grey). *H
NMR spectra can be found in Fig. S10 & S14.1 SEC eluent was DMAc/
LiCl. M,, (NMR) was estimated to be 40.4 kg mol™* using poly(BG) : ECel
ratio. M,, (SEC-MALS) was estimated to be 36.7 kg mol™ (P = 1.4) using a
weighted ratio of dn/dc values for poly(BG) and ECel.

This journal is © The Royal Society of Chemistry 2024
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(DOSY). DOSY allows for differentiation of NMR signals in the
spectrum by their diffusion coefficients, and differences in
molecular weight can change the diffusion coefficients of
small molecules and polymers. We envisioned that DOSY
would corroborate the SEC-MALS data and confirm successful
chain extension.

We performed DOSY at 21 °C on as-received ECel, the ECel-
PEG-NH, macroinitiator, and the ECel-PEG-block-poly(BG) BCP
(Fig. S17-S197%). Each revealed a diffusion coefficient consist-
ent with a high molecular weight species (i.e., a polymer) in
the range of 107 to 107'® m? s™'. For ECel, we observed a
single high molecular weight species with a diffusion coeffi-
cient of 6.7 + 0.5 x 10~ m* s™". DOSY results from the ECel-
PEG-NH, macroinitiator showed a slightly faster diffusion
coefficient of 8 + 3 x 107! m? s™". The large error is consistent
with a mixture of the desired product along with a small
amount of residual PEG diamine that was not removed by
dialysis, as suggested by the SEC data. The diffusion plots for
these signals also revealed two diffusing species. Finally, the
ECel-PEG-block-poly(BG) BCP showed a diffusion coefficient of
8 +1 x 107" m? s7*. The diffusion plots suggested only one
diffusing species, consistent with the SEC data. The similar
diffusion coefficients among all three samples likely reflect
molecular weight dispersity in each and the moderate 2-fold
molecular weight increase, which translates to only an
expected ~10% change in diffusion coefficient, which is
within the error of these measurements. We then set out to
apply the ECel-PEG-block-poly(BG) BCP in compatiblization
studies on ECel and PET blends.

2.2 Compatibilization of ECel/PET blends

An effective compatibilizer operates at the ECel/PET interface,
causing a reduction in the interfacial tension between the
polymers and resulting in a decrease in domain size. In order
to have the compatibilization effect, each block of the compati-
bilizing BCP must have specific interactions or miscibility with
one of the polymers of the blend.?””® To assess the miscibility
of each block of our BCP with ECel and PET, preliminary tests
were performed by mixing ECel/ECel-PEG-NH, and PET/
Poly(BG) at a 70/30 ratio. We chose this ratio because prelimi-
nary tests on the base blend (ECel and PET only) without com-
patibilizer revealed that this ratio had large enough domains
in order to see an impact of compatibilization but smaller
domains in blends with less PET; ECel was chosen as the
major component in order to create blends with mostly bio-
derived content. Phase contrast optical microscopy (PCOM)
and small angle laser light scattering (SALLS) (Fig. S207)
showed that ECel-PEG-NH, and poly(BG) were miscible with
ECel and PET, respectively. Therefore, these preliminary
results demonstrated the potential of the ECel-block-poly(BG)
BCP to be used as a compatibilizer for ECel/PET blends.

To test our hypothesis that the ECel-block-poly(BG) BCP
would compatibilize ECel/PET blends, we prepared several
films at this 70/30 ratio with a range of amounts of additional
BCP compatibilizer. The polymer mixture was prepared and
then dissolved in HFIP at 1 wt/v%. Films with thicknesses of
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below 10 pm were prepared by solvent casting and then drying
at rt for 15 min.

PCOM images of both the base blend (without compatibili-
zer) and the compatibilized blends as well as their respective
SALLS scattering patterns are shown in Fig. 4. The base blend
70/30-0 (70% ECel, 30% PET, 0 wt% BCP) exhibited large
domains (Fig. 4a), characteristic of the later stages of spinodal
decomposition, after coalescence of the initial bi-continuous
morphology.®® This blend also revealed a significant popu-
lation of smaller domains (droplets) dispersed homogeneously
among the larger domains. With increasing amounts of BCP
compatibilizer (Fig. 4b-e), the size and relative population of
the large domains decreased significantly. At 30 wt% compati-
bilizer (Fig. 4e), the large domains observed in the previous
blends (with lower compatibilizer content) were generally
absent, and the very small domains retained a more character-
istic, bi-continuous spinodal texture (Fig. 4f). Evidently,
30 wt% compatibilizer inhibited domain coalescence (i.e., by
steric stabilization) during solvent evaporation.

The reduction of the domain size with increasing compati-
bilizer content is plotted in Fig. 5 and listed in Table 2. These
results highlight the significant decrease in the size of the
large domains with increasing compatibilizer content. In con-
trast, the size of the smaller domains only decreased modestly
across the series. Given that the phase-separated morphology
of the 70/30-30 blend did not contain discrete domains
(Fig. 4f), a spherical droplet approximation to quantify the
domain size was no longer reasonably valid. Alternatively, a
measure of interdomain distances using SALLS provided a
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Fig. 5 Average domain diameter (PCOM) and interdomain distance
(SALLS) of ECel/PET 70/30 blends as a function of ECel-block-poly(BG)
concentration. Diameters and interdomain distance decreased as BCP
compatibilizer content increased.

more characteristic comparison in evaluating the compatibili-
zation effectiveness.

SALLS is a complementary technique to PCOM, allowing a
global average measurement of the center-to-center interdo-
main distances in a phase-separated blend. The presence of a

Fig. 4 Phase contrast optical microscopy (PCOM) images and small angle laser light (SALLS) scattering patterns of ECel/PET-wt% compatibilizer
blends (a) 70/30-0, (b) 70/30-5, (c) 70/30-10, (d) 70/30-20, (e) 70/30-30 and (f) higher magnification of 70/30-30. Domain sizes decreased and the
scattering patterns (halos) became more defined and larger by the addition of increasing amounts of ECel-block-poly(BG).

3506 | Polym. Chem., 2024, 15, 3501-3509

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00688g

Open Access Article. Published on 08 August 2024. Downloaded on 7/29/2025 8:07:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

Table 2 Average domain diameter and interdomain distance of ECel/
PET 70/30 blends, measured through PCOM image analysis and SALLS,
respectively

Domain diameter (pm)

(PCOM)
Compatibilizer Large Small Interdomain
wt% domains domains distance (pm) (SALLS)
0 14.9 + 3.6% 41+1.8 —
5 12.0£1.8°  52:1.6° —
10 8.4+2.7° 3.2+1.1° 7.4+ 0.6
20 6.8 +1.39 21+08"  7.7:0.7°
30 — — 4.5+ 0.4°

abedpifferent letters across the same columns indicate significant
differences using Tukey’s test with an alpha value of 0.05.

distinct scattering halo in the 2D V, SALLS pattern (e.g., inset
of Fig. 4c) is attributed to interparticle interferences within the
phase-separated morphology, whereby the radius of the halo at
maximum intensity is inversely proportional to the center-to-
center interdomain distance.’"** As shown in Fig. 4a and b,
the SALLS patterns for the 70/30-0 base blend and the 70/30-5
compatibilized blend did not present well defined halos. We
attribute this scattering behavior to the comparable popu-
lations of both large and small domains yielding overlapping
distributions of two interparticle interferences, obscuring any
evidence of a discrete scattering maximum. In contrast, blend
samples with a compatibilizer content of 10 wt% or more con-
tained a relatively minor population of large domains, and
thus presented distinct scattering halos (Fig. 4c-e). For these
samples, the radius of the halos increased with compatibilizer
content, consistent with a corresponding decrease in the
respective interdomain distances as plotted in Fig. 5. It is also
important to note the significant decrease in scattering inten-
sity for the 70/30-30 blend. We attribute this behavior to an
elevated degree of compositional mixing that lowered the scat-
tering contrast in this highly compatibilized blend. Therefore,
the observed decrease in both domain size (PCOM) and inter-
particle distance (SALLS) suggested that the compatibilized
blends contained more, smaller domains as the compatibilizer
content increased. Collectively, these complementary tech-
niques indicate that the ECel-block-poly(BG) BCP is a remark-
ably effective compatibilizer capable of establishing a well-dis-
persed morphology in these highly incompatible blends of
ECel and PET. Future work focusing on optimizing compatibi-
lizer structure (e.g., polymer topology, molecular weight of
each block), homopolymer ratios, and processing conditions
may enable effective compatibilization with lower amounts of
copolymer.

3. Conclusions

In summary, ECel-block-poly(BG) BCP was successfully syn-
thesized through ROP of BG-NTA using ECel-PEG-NH, as a
macroinitiator. An ECel-NH, macroinitiator lacking a PEG

This journal is © The Royal Society of Chemistry 2024
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linker afforded very low conversion due to steric hindrances
near the amine except in the presence of water, which resulted
in slow monomer hydrolysis leading to homopolymerization of
the remaining BG-NTA. The addition of a PEG linker, i.e. ECel-
PEG-NH,, allowed the primary amine to smoothly initiate ROP.
The resulting BCP, ECel-block-poly(BG), was then exploited for
compatibilization of ECel/PET blends. PCOM and SALLS ana-
lysis demonstrated the efficacy of the ECel-block-poly(BG) BCP
as a compatibilizer for ECel/PET 70/30 blends. As the compati-
bilizer content increased, both domain size and interdomain
distance decreased, reaching the smallest dimensions at a
composition with 30 wt% of the ECel-block-poly(BG) compati-
bilizer. The morphological information from these comp-
lementary techniques demonstrated that ECel-block-poly(BG)
effectively compatibilizes ECel/PET blends. Ultimately, we envi-
sion that this work can be translated to other polysaccharides
to afford more bio-derived alternatives to traditional pet-
roleum-based polymers.
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