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1. Introduction

Toward sustainable SLA 3D printing: glycerol-
based 1,3-diether-2-methacrylates with solvent
capability for in situ polymer blend formation

Zahra Sekhavat Pour, Pravin S. Shinde,
Tibor Szilvasi and Jason E. Bara @ *

Jun Wang, Mustapha Iddrisu,

Development of sustainable and environmentally friendly stereolithography (SLA) 3D printing resins has
gained considerable attention in recent years. Towards this goal, we have successfully employed glycerol-
based 1,3-diether-2-methacrylate monomers that offer tunable mechanical and thermal properties.
These monomers also act as solvents for thermoplastics such as polystyrene (PS) and poly(methyl-meth-
acrylate) PMMA. This dual functionality enables the direct fabrication of polymer blends using only a con-
sumer-level SLA 3D printer. The resulting blends exhibit composition-dependent phase morphologies
that significantly influence mechanical properties. For instance, incorporating 5 wt% waste PS (wPS)
results in complete phase separation with a stratified morphology in each layer and substantially dimin-
ished elongation at break, whereas 10 wt% wPS led to a more uniform dispersion and improved mechani-
cal behavior. In contrast, PMMA-containing systems provide more transparent blends and continuous
matrix morphology without compromising elasticity. Thermal analysis revealed the presence of two dis-
tinct glass transition temperatures (Ty) corresponding to the matrix formed via monomer curing and the
thermoplastic phase, confirming the immiscibility of the blends. However, shifts and broadening of Ty
values indicate improved interfacial interactions across the studied composition range. These results high-
light the potential of glycerol-based methacrylate monomers as multifunctional platforms for tunable
resin formulations and sustainable SLA 3D printing.

toxicity further enhance its suitability as a sustainable
feedstock."'* Glycerol and its derivatives have been used in

Glycerol (also known as glycerin, 1,2,3-propanetriol, etc.) has
transitioned from being a critical industrial chemical in
limited supply to an abundant by-product of biodiesel pro-
duction over the past seven decades. Global biodiesel pro-
duction was projected to reach 41.4 x 10° L by 2025, a 33%
increase from 2015."2 Since ~10% of the weight of biodiesel is
generated as glycerol, a significant amount of waste glycerol
has been produced. Therefore, the reuse and valorization of
glycerol have become urgent priorities.®* Numerous catalytic
strategies, including oxidation, etherification, esterification,
and acetalization, have been explored to convert glycerol into
value-added chemicals, such as organic acids, diols, and
fuels.* *°

The three hydroxyl (-OH) groups of glycerol make it an
excellent precursor for multifunctional monomers and bio-
based polymers. Its non-flammability, low volatility, and low
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polycondensation polymerization to produce materials such as
polyglycerols, bio-polyesters, and multifunctional poly-
urethanes with properties like self-healing and shape
recovery.">'* However, most reported glycerol polycondensates
remain limited to oligomeric or crosslinked structures and
often require complex synthesis steps, which hinder broader
commercial adoption.™

Radical polymerization has also been utilized in the syn-
thesis of glycerol-derived polymers.'®™® Methods such as
(trans)esterification’® or transvinylation®® typically
employed to functionalize glycerol with (meth)acrylic, vinylic,
or allylic groups. Such biobased monomers are compatible
with various radical polymerization methods and have enabled
the synthesis of high-performance thermoplastics and
adhesives. For instance, esterifying crude glycerol with acrylic
acid, followed by RAFT polymerization to mitigate gelation,
has resulted in the production of glycerol-based thermoplas-
tics with high molecular weights and performance comparable
to conventional wood adhesives.™ Glycerol ketal(meth)acrylate
monomers are synthesized by the reaction of various glycerol

are
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ketals and methyl(meth)acrylate via enzymatic transesterifica-
tion and used to develop novel biopolymers with potential
application in hard block polymers and adhesives.>' The
results of this study demonstrate how the choice of (meth)acry-
late backbone and pendant side chain groups can be used to
influence the thermal and rheological properties of the result-
ing polymers.

3D printing, also known as additive manufacturing (AM), is
a transformative technology that builds complex three-dimen-
sional objects layer by layer from digital models, enabling geo-
metries that are difficult or impossible to achieve with tra-
ditional methods.”* The global market for 3D printing
materials has experienced exponential growth over the past
decade, with photopolymers now accounting for nearly half of
global material sales.>® The global revenues for AM materials
are expected to reach $30 B by 2032, with the largest market
shares for the aerospace, defense, medical, and dental indus-
tries.>* Stereolithography (SLA) is a well-established AM tech-
nique that enables the layer-by-layer photopolymerization of
liquid resins into high-resolution parts with fast production
times. Although it is an efficient and low-waste production
method, the lack of sustainable resins for vat photo-
polymerization remains a major limitation, underscoring the
need for environmentally friendly alternatives to support
broader adoption.>®

In recent years, there has been interest in the formulation
and application of resins derived from renewable feedstocks
such as lignin and vegetable oils.”*>® For example, soybean oil
methacrylates have been formulated into printable resins that
showed full layer fusion, high print quality, and tunable
mechanical properties, including stiffness and toughness, by
varying their chemical composition and functionality.>®
Another renewable soybean oil-based epoxidized acrylate has
also been processed by 3D laser printing to produce porous,
biocompatible scaffolds capable of supporting human bone
marrow stem cell growth.?’ Five 3D-printable, self-healing,
reprocessable, and chemically degradable thermoset polymers
were fabricated by the functionalization of different Jeffamines
with vanillin methacrylate and formulated with vanillin acry-
late to allow for printability. The resulting thermosets exhibi-
ted a broad range of mechanical properties (Young’s modulus:
2.05-332 MPa), enabling diverse applications.*' However, con-
siderable efforts are still needed to develop environmentally
friendly materials for SLA 3D printing that can replace com-
mercial fossil fuel-based resins.

We previously reported the controlled synthesis of sym-
metric and non-symmetric 1,3-diether-2-propanol and 1,2,3-
triether derivatives, starting from epichlorohydrin (ECH), a key
molecule that can be obtained from glycerol via reaction with
two equivalents of HCL®?*7* While 1,2,3-triether compounds
show excellent promise as tunable solvents, particularly for
CO, absorption,** 1,3-diether-2-propanol serves as a versatile
intermediate for synthesizing various functional molecules,
including esters, ketones, and amines.****” We recently uti-
lized 1,3-diether-2-propanol compounds as precursors to syn-
thesize UV-curable glycerol-based methacrylate monomers
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designed to serve as critical components in SLA 3D printing
resins. Comprehensive evaluations of the thermal and
mechanical properties of the 3D-printed objects were per-
formed and reported in our recently published paper,®® reveal-
ing that these straightforward monomers can create parts
indistinguishable in appearance from highly optimized com-
mercial resins. The versatility of these methacrylate monomers
extends beyond their role in 3D printing resins. They can also
function as solvents for certain commodity thermoplastics,
effectively dissolving polystyrene (PS) and poly(methyl meth-
acrylate) PMMA. This dissolved plastic is integrated into the
printed structures, enabling the customization of their
material properties, including mechanical properties.
Therefore, these glycerol-based methacrylate monomers open
new opportunities for creating polymer blends through SLA 3D
printing. While polymer blends are commonly achieved
through melt blending using equipment like extruders, the
dual functionality of MAA-DEP as both a monomer and a
solvent offers an innovative alternative for preparing polymer
blends through a fundamentally distinct method.

Incorporation of non-reactive polymers or prepolymers into
photopolymerizable monomers is a strategy to generate phase-
separated structures through photopolymerization-induced
phase separation.***' In these systems, an initially homo-
geneous mixture becomes thermodynamically unstable as
polymerization proceeds, owing to increasing molecular
weight, reduced entropy of mixing, and rising viscosity of the
forming network. As a result, the dissolved polymer or prepoly-
mer demixes from the growing photopolymer matrix, produ-
cing composition-dependent phase morphologies. This behav-
ior has been widely reported in UV-curable coatings, films,
and bulk photopolymer systems containing dissolved polymers
or oligomeric modifiers, where phase separation and domain
size are governed by additive loading, molecular weight, and
curing kinetics, and exploited to tailor optical, mechanical,
and thermal properties.*>** This phenomenon has been rarely
reported in the context of vat photopolymerization and SLA
resin design; however, extending this concept to SLA printing
enables composition-dependent control of microstructure and
properties within printed objects.

In this work, we demonstrate how dissolving PS and
PMMA into glycerol-based diether-methacrylate monomers sig-
nificantly impacts the microstructure of the resulting polymer
blends, thereby influencing their mechanical and thermal
properties. Moreover, PS is a major contributor to plastic waste
streams and is notoriously difficult to recycle by conventional
means** such that incorporating materials like waste PS (wWPS),
PMMA, and potentially other thermoplastics into 3D
printing resins provides a promising upcycling route that
transforms discarded plastics into higher-value materials and
proportionally reduces the volume of SLA resin required. By
blending renewable glycerol-derived monomers with wPS
and PMMA, this work demonstrates a circular materials
design strategy in which bio-based feedstocks and waste plas-
tics are combined to create sustainable resins for AM
applications.
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2. Experimental

2.1. Materials

(£)-ECH (99%) and 2-methoxyethanol (99%) were purchased
from Beantown Chemical. ACS-grade ethanol (EtOH), metha-
nol (MeOH), chloroform (CHCl;), and sodium hydroxide
(NaOH, 97%) were received from VWR, while methacrylic anhy-
dride (MAA, 94%) was purchased from Sigma-Aldrich. 4-
(Dimethylamino)pyridine (DMAP) was acquired from Chem-
Impex International, and phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO), used as the initiator, was obtained
from TCI America. Triethylamine (Et;N) was purchased from
Macron Fine Chemicals. wPS was obtained from food contain-
ers marked with resin identification code (RIC) 6. These con-
tainers were manually cut into small flakes (0.5-1.0 cm),
washed with deionized water and EtOH, and dried in a
vacuum oven at 60 °C overnight before use. The weight-average
molecular weight (M,,) of wPS was determined to be 174.7 kDa
using gel permeation chromatography (GPC).*> Virgin PS (PS
(45k): My, = 45 kDa) and PMMA (M,, = 15 kDa) were purchased
from Scientific Polymer Products (Ontario, NY, USA).

2.2. Synthesis of symmetric 1,3-diethers

Symmetric 1,3-diether-2-propanol compounds, including 1,3-
diethoxypropan-2-ol (DEP), 1,3-dibutoxypropan-2-ol (DBP), and
1,3-bis(2-methoxyethoxy)propan-2-ol (DMEP), were synthesized
from ECH and the corresponding alcohols following the
method outlined in our previous studies.?**

2.3. Synthesis of symmetric 1,3-diether-2-methacrylates

Three glycerol-based monomers, 1,3-diethoxypropan-2-yl meth-
acrylate (MAA-DEP), 1,3-dibutoxypropan-2-yl methacrylate
(MAA-DBP), and 2,5,9,12-tetraoxatridecan-7-yl methacrylate
(MAA-DMEP), were synthesized through the reaction of the
corresponding symmetric 1,3-diether-2-propanol compounds
with MAA, using Et;N and DMAP as catalysts (Scheme S1). The
synthetic procedure followed the strategy previously reported
in our earlier publication,® and is briefly summarized in the
SI. Fig. 1 illustrates the chemical structures of the 1,3-diether-
2-methacrylate monomers.

2.4. Resin formulation for 3D printing

To prepare the PS or PMMA solutions with symmetric 1,3-
diether-2-methacrylate monomers, a specific amount of wPS (5
and 10 wt%), PS(45k) (10 wt%) or PMMA (5 and 10 wt%) was
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weighed and added to the monomer. The mixture was heated
at 45 °C while stirring for a minimum of 5 h to obtain a clear
solution. SLA 3D printing resins were formulated by incorpor-
ating 2.5 wt% BAPO photoinitiator into each PS or PMMA
monomer solution. The mixtures were stirred for 10 min until
a clear solution was achieved.

2.5. SLA 3D printing

3D printing was performed using an Elegoo Mars 4 MSLA
printer (China) equipped with a 405 nm light source. Each
layer with a thickness of 50 pm was exposed for 40 s for pure
monomers and 50 s for PS or PMMA/monomer solutions. After
printing, the 3D-printed parts were cleaned to remove any
residual monomer, and finally, the parts were post-cured in a
UV oven (Elegoo Mercury Plus) for an additional 10 min.

2.6. Characterization

'H NMR spectra were acquired using a 500 MHz Bruker Avance
instrument (Billerica, MA, USA). The viscosity of PS or PMMA
solution was measured at 25 °C using an Anton Paar ViscoQC
300-L rotational viscometer equipped with a CP40 cone plate
spindle. Glass transition temperature (T,) values of the poly-
mers were determined by differential scanning calorimetry
(DSC) using a TA Instruments DSC Q20 (New Castle, DE, USA).
3D-printed samples were heated and cooled from —40 to
150 °C at a scan rate of 10 °C min~" under a nitrogen atmo-
sphere. Multiple heating and cooling cycles were performed to
ensure reliable results.

Thermogravimetric Analysis (TGA) measurements were con-
ducted using a SETARAM Labsys Evo thermal analyzer (KEP
Technologies, TX, USA). An appropriate amount of 3D-printed
polymer sample was placed in alumina (Al,0;) pans and
heated from 25 to 700 °C at a heating rate of 10 °C min™"
under a constant flow of ultra-high purity argon gas (AR
UHP300, Airgas). Tensile tests were performed using a
compact table-top electromechanical-driven single-column
load-frame universal testing machine (Test Resources Inc,
Shakopee, MN, USA) equipped with a 1.1 kN load cell. Tests
were conducted according to ASTM D 638 standards on speci-
mens with dimensions of 82 mm x 12 mm x 2 mm. Degree of
Conversion (DC) was determined using Fourier Transform
Infrared Spectroscopy (FTIR) with a PerkinElmer Spectrum
Two ATR-FTIR instrument. DC was calculated based on the
change in the absorption intensity of the methacrylate C=C
stretching vibration at 1638 cm™" before and after 3D printing,

X

o~ O
0\/\0/

MAA-DMEP

Fig. 1 Molecular structures of 1,3-diether-2-methacrylate monomers used in this work.
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using the C=O0 stretching vibration (1715-1725 em™") as an
internal standard. Eqn (1) was used to calculate DC:

(i)
Aco Polymer

()
Aco Monomer

where Ac—c represents the absorbance at 1638 cm™ before
and after 3D printing, while Ac—o refers to the absorbance

peak around 1715-1725 cm™' in the monomer and
46,47

DC(%)=|1- x 100 (1)

polymer.

The morphology of 3D-printed samples prepared from solu-
tions of PS or PMMA in 1,3-diether-2-methacrylates was ana-
lyzed using a Thermo Fisher Scientific Apreo 2 SEM. Samples
were cryogenically fractured in liquid nitrogen, coated with
silver, and analyzed at an accelerating voltage of 5 kV. XRD
measurements were performed using a Panalytical MPD X’pert
Pro diffractometer (model: PW3050/60).

3. Results and discussion

3.1. Polymer blend formation through SLA 3D printing

This study explores a novel approach to polymer blend for-
mation using SLA 3D printing. We previously reported the
efficient synthesis of 1,3-diether-2-methacrylate monomers via
Steglich esterification of glycerol-derived 1,3-diether-2-propa-
nol with MAA, catalyzed by DMAP.*® The resulting pure mono-
mers (Fig. 1) demonstrate a capability to dissolve some ther-
moplastics, such as PS and PMMA. 3D printing of 1,3-diether-
2-methacrylate monomers containing varying fractions of dis-
solved PS and PMMA, in the presence of BAPO as a photo-
initiator, resulted in the formation of polymer blends via a
process distinct from conventional melt or solution blending,
which typically requires heating and mechanical mixing in an
extruder or solvent medium. This promising approach signifi-
cantly influences both the mechanical properties and the
microstructure of the resulting blend, which will be discussed
in the following sections. In this study, wPS (M, = 174.7 kDa),
low molecular weight PS (M,, = 45 kDa), and PMMA (M,, =
15 kDa) were dissolved in the three different 1,3-diether-2-
methacrylate monomers at 5 and 10 wt% to evaluate the influ-
ence of PS and PMMA on the properties of the resulting 3D
printed polymer blends. The thermoplastic loadings were
selected based on polymer solubility, resin viscosity, and SLA
printability. Although MAA-DEP could dissolve up to 15 wt%
wPS, formulations at this loading exhibited excessively high
viscosity and could not be printed reliably, resulting in part
adhesion to the resin tank even at extended exposure times. In
contrast, PMMA loadings above 10 wt% were not fully soluble,
leading to heterogeneous resins. Therefore, 5 and 10 wt% load-
ings were chosen as the highest compositions that ensured
complete dissolution and reproducible printing while enabling
evaluation of the effect of thermoplastic content on phase
morphology and properties. The physical appearance of pure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polymer and 3D-printed poly(1,3-diether-2-methacrylate)/PS or
PMMA is shown in Fig. 2. The incorporation of PS notably
altered the color and transparency of the resulting 3D-printed
specimens, leading to yellowish blends. In contrast, PMMA-
based blends retained some degree of transparency, particu-
larly at lower concentrations, highlighting their better compat-
ibility and optical clarity with the poly(MAA-DEP) matrix.

3.2. Hansen solubility parameters

To further assess the miscibility of glycerol-derived methacry-
late monomers with PS and PMMA, Hansen Solubility
Parameters (HSPs) and relative energy differences (RED) were
calculated (Table 1 and Table S1). HSP provides a useful frame-
work for understanding polymer solubility in terms of inter-
molecular interactions relevant to solvation; however, they are
not a perfect model, with reported accuracies of only ~67% for
“g00d” solvents and even lower for polar polymers.*® PS and
PMMA were used as reference polymers with &y (dispersion),
Sp (polar), and &y (H-bonding) values of 18.5, 4.5, 2.9, and
18.6, 10.5, 5.1 (MPa)'’?, respectively, and R, (interaction radius)
of 8 (MPa)"* (Table S1). The calculated RED factors for the
methacrylate monomers with PS were typically <1 (0.6-0.7),
indicating favorable compatibility and consistent with the
observed dissolution of PS in 1,3-diether-2-methacrylate mono-
mers. In contrast, the RED values for the same monomers
with PMMA were closer to unity (0.9-1.1), suggesting marginal
miscibility. Interestingly, despite these predictions, PMMA is
soluble in MAA-DEP, indicating that molecular weight, chain
mobility, and processing conditions, factors not captured in
HSP/RED calculations, can significantly influence experi-
mental solubility.

3.3. Viscosity

Resin viscosity plays a crucial role in SLA 3D printing, signifi-
cantly influencing print quality, mechanical properties, and
the overall success of the printing process.’® In general, rela-
tively low viscosity is preferred to ensure proper recoating of
the liquid resin between the previously cured layer and the
resin tank surface.”® Formulations with viscosities <5000 mPa
s (5000 cP) are within the capabilities of SLA printers, ensuring
proper layer recoating and adhesion during the printing
process.”® Table 2 summarizes the viscosities of the pure
monomers and their corresponding PS and PMMA solutions at
~25 °C and atmospheric pressure. The pure 1,3-diether-2-
methacrylate monomers exhibit low viscosities at 25 °C,
ranging from 2.5 to 5.5 mPa s. The dissolution of PS and
PMMA into the monomers significantly increases resin vis-
cosity. For example, incorporating 5 and 10 wt% of wPS into
MAA-DEP raises the viscosity to 44.1 and 166.2 mPa s, respect-
ively. Higher monomer viscosity generally results in higher PS
solution viscosity, with the MAA-DMEP/PS (10 wt%) solution
exhibiting the highest value of 428.6 mPa s among the systems
studied. In contrast, dissolving lower molecular weight PS, PS
(45Kk), at 10 wt% in MAA-DEP resulted in a lower viscosity. The
lowest viscosities among the polymer solutions, 5.2 and
10.7 mPa s, were observed for 5 and 10 wt% low molecular

RSC Appl. Polym., 2026, 4,1028-1041 | 1031
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Fig. 2 Physical appearance of 3D-printed (a) neat poly(MAA-DEP) and 3D-printed poly(1,3-diether-2-methacrylate)/thermoplastic blends: (b) poly
(MAA-DEP)/WPS (5 wt%), (c) poly(MAA-DEP)/wPS (10 wt%), (d) poly(MAA-DBP)/wPS (10 wt%), (e) poly(MAA-DMEP)/wPS (10 wt%) (f) poly(MAA-DEP)/PMMA
(5 wt%), and (g) poly(MAA-DEP)/PMMA (10 wt%). Tensile bar specimens’ dimensions (according to ASTM D 638 standards): 82 mm x 12 mm x 2 mm.

Table 1 Calculated HSP parameters of the 1,3-diether-2-methacrylates monomers and their R, and (relative energy difference) RED values with the

respective polymers

R, (MPa)"?) RED
Monomers 54 (MPa)"?) 5, (MPa)*?) 8, (MPa)'?) PS PMMA PS PMMA
MAA-DEP 16.0 4.7 5.0 5.4 7.8 0.7 1.0
MAA-DBP 16.1 3.7 4.2 5.0 8.5 0.6 1.1
MAA-DMEP 16.2 5.3 6.3 5.8 7.2 0.7 0.9

ép: dispersion forces. §p: polar interactions. §y: hydrogen-bonding interactions. RED = R,/R,.

Table 2 Viscosity (u) of 1,3-diether-2-methacrylates monomers and
their PS and PMMA solutions

Sample u (mPa s)
MAA-DEP 2.80
MAA-DEP/wPS (5 wt%) 441
MAA-DEP/WPS (10 wt%) 166.2
MAA-DEP/PS(45Kk) (10 wt%) 17.7
MAA-DEP/PMMA (5 wt%) 5.2
MAA-DEP/PMMA (10 wt%) 10.7
MAA-DBP 5.53
MAA-DBP/WPS (10 wt%) 284.1
MAA-DMEP 4.95
MAA-DMEP/wWPS (10 wt%) 428.6

weight PMMA solutions in MAA-DEP. All formulations devel-
oped in this study demonstrated viscosities suitable for use in
vat photopolymerization-based printing. However, since PS or

PMMA lack reactive functional groups for photo-

1032 | RSC Appl. Polym., 2026, 4,1028-1041

polymerization, it is likely to interfere with the curing of active
monomers, potentially influencing the final material

properties.

3.4. Degree of conversion (DC, %)

The degree of C—=C double bond conversion (DC%) in SLA 3D
printing refers to the proportion of monomers that have poly-
merized into the solid structure during the curing process. A
higher DC indicates a more complete polymerization, which
significantly influences the mechanical properties and overall
performance of the printed material. Fig. S1 presents the FTIR
spectra of the 1,3-diether-2-methacrylate monomer blended
with dissolved PS or PMMA, both before and after 3D printing.
In most of the studied systems, the characteristic C=C stretch-
ing peak at 1638 cm ™' was almost eliminated after 3D print-
ing, indicating efficient polymerization. However, in certain
polymer blends—such as poly(MAA-DEP)/PS(45k) (10 wt%)
and poly(MAA-DBP)/wPS (10 wt%)—this peak persisted with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Degree of conversion (DC, %) of 3D-printed polymer blend

Printed blend DC (%)
Poly(MAA-DEP) 78.3
Poly(MAA-DEP)/wWPS (5 wt%) 84.7
Poly(MAA-DEP)/wPS (10 wt%) 80.6
Poly(MAA-DEP)/PS(45k) (10 wt%) 68.9
Poly(MAA-DBP) 82.1
Poly(MAA-DBP)/wPS (10 wt%) 44.8
Poly(MAA-DMEP) 80.7
Poly(MAA-DMEP)/wPS (10 wt%) 77.1
MAA-DEP/PMMA (5 wt%) 85.8
MAA-DEP/PMMA (10 wt%) 84.6

reduced intensity. Table 3 summarizes the DC calculated from
eqn (1) for the 3D-printed 1,3-diether-2-methacrylate polymers
containing 5 and 10 wt% of PS and PMMA. Blending poly
(MMA-DEP) with wPS preserved high polymerization
efficiency, achieving DC values >80%. This suggests that the
increased viscosity of the 10 wt% wPS solution did not hinder
C=C double bond conversion. The incorporation of 10 wt%
PS (45 kDa) into MAA-DEP reduced the DC to 68.9%. This
reduction is likely due to the PS chains interfering with the for-
mation of a continuous polymer matrix, possibly through the
formation of microdomains that disrupt network uniformity. A
notably lower DC (44.8%) was observed for the poly
(MAA-DBP)/wPS (10 wt%) blend. The significant reduction may
stem from the greater interference of wPS with the curing of
MAA-DBP, whose longer alkyl side chains (compared to
MAA-DEP) introduce additional steric hindrance and reduce
compatibility during network formation. As will be shown
later, the SEM images clearly illustrate the resulting differences
in phase structure. However, the poly(MAA-DMEP)/wPS
(10 wt%) blend exhibited a relatively high DC of 77.1%,
despite having the highest viscosity among the systems
studied. This suggests that the more flexible chemical struc-
ture of the DMEP monomer may facilitate better compatibility
or interaction with wPS, enabling more efficient polymeriz-
ation under high-viscosity conditions. These findings high-
light the significant impact of PS molecular weight and chemi-
cal structure of the monomer on the polymerization efficiency
of SLA-printed blends.

Dissolving PMMA into MAA-DEP at both 5 and 10 wt%
resulted in high DC values of 85.8% and 84.6%, respectively.
Unlike the PS blends, the PMMA blends remained optically
transparent (Fig. 2f and g) to some extent and highly flexible,
likely due to excellent molecular-level dispersion of PMMA
within the matrix. The structural similarity between PMMA
and the poly(methacrylate) matrix likely enhances miscibility
and interfacial compatibility, reducing phase separation and
optical scattering that could otherwise impede light pene-
tration and hinder efficient photopolymerization.

3.5. Mechanical properties

The mechanical performance of the 3D-printed polymer
blends was evaluated via tensile testing, with results reported
in terms of tensile strength, Young’s modulus, and elongation
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at break (Fig. 3 and Table S2). The mechanical behavior of the
pristine 3D-printed monomers has been previously reported;
among them, poly(MAA-DEP) exhibited the best performance,
displaying a characteristic elastic response with a tensile
strength of 1.61 MPa, Young’s modulus of 7.67 MPa, and
elongation at break of 142.94%.%*

The incorporation of PS into 1,3-diether-2-methacrylate
polymers generally enhanced the tensile strength and stiffness
of the resulting blends while reducing their elongation at
break. This trend is attributed to the reinforcing effect of PS,
which inherently possesses high tensile strength and rigidity,
but also introduces brittleness into the system. For example,
blending 5 wt% wPS with poly(MAA-DEP) significantly
increased the tensile strength (3.5 MPa) and modulus (22.6
MPa) compared to the neat resin; however, the elongation at
break dropped sharply to 24.2% (Fig. 3). Interestingly, increas-
ing the wPS loading to 10 wt% in poly(MAA-DEP) further
enhanced strength and stiffness, while the elongation at break
recovered to ~90%. This behavior suggests that the dispersion of
the PS domain and phase morphology in the resulting blend are
influenced by composition, as will be further examined in the fol-
lowing microstructure analysis section. The incorporation of
10 wt% PS(45k) into poly(MAA-DEP) yielded lower tensile strength
(2.2 MPa) and modulus (12.6 MPa), along with limited elongation
(~29%) (Fig. 3d and Table S2). The inferior performance is likely
due to lower molecular weight, reduced chain entanglement, and
weaker phase interaction between the short-chain PS and the
matrix. The poly(MAA-DBP)/wPS (10 wt%) formulation exhibited
a relatively high tensile strength of 3.9 MPa and the highest
Young’s modulus of 30.7 MPa, primarily due to the intrinsically
rigid nature of the poly(MAA-DBP) matrix and the reinforcing
effect of the incorporated PS. However, the elongation at break
decreased to ~20%, indicating limited elasticity (Fig. 4d). The
poly(MAA-DMEP)wWPS (10 wt%) blend exhibited significantly
enhanced mechanical strength and stiffness, over threefold and
ninefold increases, respectively, compared to its neat counterpart,
likely due to improved interfacial interaction between the two
polymers. However, its elongation at break was reduced to ~27%.

The incorporation of PMMA into poly(MAA-DEP) led to
noticeable changes in mechanical performance. At 5 wt%,
PMMA improved the elongation at break to 159.2%, surpassing
even the pristine polymer and all PS-containing blends. This
remarkable elasticity is likely due to better dispersion of
PMMA domains and favorable interaction between low mole-
cular weight PMMA and the poly(MAA-DEP) matrix, enabling
more energy dissipation during deformation. While the tensile
strength remained comparable to the neat polymer (1.80 MPa
vs. 1.6 MPa for pure polymer), the Young’s modulus decreased
slightly to 6.6 MPa at low PMMA loading. At 10 wt%, the
increased content of PMMA led to significant improvements in
tensile strength (3.1 MPa) and Young’s modulus (10.0 MPa)
without a significant change in elongation at break. This be-
havior contrasts with the trends observed in PS blends, which
exhibited low elongation at break, underscoring the favorable
nature of PMMA-matrix interactions despite its low molecular
weight.
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Fig. 3 Mechanical properties of 3D-printed poly(1,3-diether-2-methacrylate)/thermoplastic blends. (a) Stress—strain curves (the curves correspond
to representative individual tensile tests near the mean mechanical response), (b) tensile strength, (c) Young's modulus, and (d) elongation at break
(%) for various 3D-printed blends incorporating 5 and 10 wt% PS or PMMA. Bars represent the mean values for each formulation. Error bars represent

the standard error of the mean (SEM).

3.6. Thermal properties

3.6.1. DSC. DSC was conducted to investigate the T,s of the
SLA 3D-printed polymer blends. The resulting thermograms
are presented in Fig. S2-S9, and the corresponding T, values
are summarized in Table 4. Three heating—cooling cycles were
performed to ensure reliable results; the first cycle (green
curve in the DSC thermograms) was discarded to eliminate
thermal history, and the T, was determined from the average
of the second and third cycles.

DSC thermograms of pure 1,3-diether-2-methacrylate poly-
mers, wPS, PS (45k) and PMMA are shown in Fig. S2. Among
the pure polymers, poly(MAA-DEP) exhibited the lowest Ty,
measured at 0.29 °C. The glass transition behavior of a
polymer blend is a key indicator of its phase miscibility. While
fully miscible blends exhibit a single T, somewhere between
the T,s of the two pure components, immiscible blends typi-
cally exhibit two distinct T, values corresponding to those of
the pure components, indicating the presence of two separate
phases.”® DSC analysis of the 3D-printed PS blends revealed
two distinct T,s in all samples: one corresponding to the main

1034 | RSC Appl. Polym., 2026, 4,1028-1041

matrix, 1,3-diether-2-methacrylate polymers (7y), and the
other to the PS or PMMA phase (Ty,), indicating that the two
polymers are immiscible. However, the T, peaks of the result-
ing polymer blends are generally broadened and slightly
shifted compared to those of the corresponding pure poly-
mers. For instance, the T, of poly(MAA-DEP) containing
10 wt% wPS increased slightly to 0.72 °C with a broadened
peak. In contrast, the blend containing 5 wt% wPS exhibited a
decreased T, of —2.28 °C, suggesting composition-dependent
variations in segmental mobility and possible phase inter-
actions between PS and the poly(MAA-DEP) matrix. Such T,
shifts and broadening are commonly attributed to partial mis-
cibility between the polymer phases, particularly at interfacial
regions.>*>*
ently reduced across all blends. Residual unreacted monomers

The T, associated with the PS phase was consist-

likely act as plasticizers, diffusing into the PS domains and
reducing their T, through enhanced segmental mobility and
interfacial molecular interpenetration.

The poly(MAA-DEP)/PMMA blends also exhibited two T,
values. For the 5 wt% PMMA blend, the T, of the matrix (Tg;)
and the PMMA phase (Ty,) decreased to —6.39 °C and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of cryofracture surface of 3D printed (a) pure poly(MAA-DEP), b and (c) poly(MAA-DEP)/wPS (5 wt%), d and (e) poly(MAA-DEP)/

wPS (10 wt%) and f and (g) poly(MAA-DEP)/PS(45k) (10 wt%).

Table 4 Thermal properties of 1,3-diether-2-methacrylate polymers and their blends with PS and PMMA

Sample Ty “ (°C) Ty " (°C) Tamast © (°C) Tamaxz* (°C)
Poly(MAA-DEP) 0.29 — 291 —
wPS — 103.73 — 410
Poly(MAA-DEP)/wWPS (5 wt%) -2.28 80.6 331 431
Poly(MAA-DEP)/wPS (10 wt%) 0.72 95.82 309 395
PS (45Kk) — 60.72 — 405
Poly(MAA-DEP)/PS45 (10 wt%) -0.92 59.04 338 416
Poly(MAA-DBP) 27.17 — 326 —
Poly(MAA-DBP)/wPS (10 wt%) 27.11 89.49 301 419
Poly(MAA-DMEP) 26.17 — 309 —
Poly(MAA-DMEP)/wPS (10 wt%) 22.77 71.88 351 420
PMMA — 80.50 — 361
Poly(MAA-DEP)/PMMA (5 wt%) —6.39 77.11 326 —
Poly(MAA-DEP)/PMMA (10 wt%) —0.80 74.31 324 410

¢ T, of main polymer matrix. b T, of PS or PMMA phase. “ Primary maximum decomposition temperature of polymer matrix as measured by TGA.
4 Secondary maximum decomposition temperature of PS or PMMA component.

77.11 °C, respectively. The reduction in Ty at low PMMA
content implies enhanced segmental mobility in the matrix,
likely due to the good dispersion of low molecular weight
PMMA and partial intermixing at the molecular level, which
increases free volume and reduces T,. The structural similarity
between the two polymers may promote this compatibility,

© 2026 The Author(s). Published by the Royal Society of Chemistry

facilitating better dispersion and interfacial adhesion. At a
higher PMMA content (10 wt%), the diminished Ty
depression suggests more significant phase separation, redu-
cing the extent of interfacial mixing and its influence on
matrix mobility. The decrease in T, associated with the
PMMA phase was also observed for these blends, attributed to
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enhanced chain mobility, likely due to interfacial mixing with
the surrounding matrix and the presence of unreacted mono-
mers. This interaction may locally disrupt PMMA’s chain
packing and reduce its Ty.

The more pronounced Ty, shifts observed for the wPS-con-
taining blends might be attributed to the polydisperse nature
of the waste polystyrene. Although the M,, of wPS is relatively
high (174.7 kDa), its broad molecular weight distribution (PDI
=2.31)*® implies the presence of a significant fraction of lower-
molecular-weight chains. These shorter PS chains are likely to
be more susceptible to partial interpenetration into the poly
(methacrylate) matrix and to plasticization by residual mono-
mers, leading to greater T, depression.

3.6.2. TGA. TGA and DTG thermograms of the 1,3-diether-
2-methacrylate polymer blends containing PS and PMMA are
presented in Fig. S10, and the T4 max values for the primary
and secondary degradation steps are summarized in Table 4.
As shown, the thermal stability of almost all blends improved
relative to the neat polymers of the 1,3-diether-2-methacrylates
reported previously.*® Nearly all PS blends exhibited a domi-
nant degradation step between 300 °C and 350 °C, corres-
ponding to the decomposition of the 1,3-diether-2-methacry-
late matrix, followed by a secondary, minor degradation step
attributed to the PS phase. Fig. S10b, d, and f show the DTG
curves of the blends and pure PS and PMMA, which depict the
corresponding degradation steps. The primary maximum
decomposition temperature of the main polymer matrix
(Td,max1) increased modestly in most blends compared to neat
polymers (Table 4), indicating enhanced thermal stability
upon blending. For instance, Tqmaxa for Poly(MAA-DEP)
increased from 291 °C (pure polymer) to 331 °C and 309 °C
upon incorporating 5 and 10 wt% wPS, respectively. However,
not all blends resulted in stabilization. An exception was
observed for the poly(MAA-DBP)/wPS (10 wt%) blend, which
exhibited a slight decrease in Tgmaxa from 326 °C (neat
polymer) to 301 °C. This reduction supports the hypothesis of
incomplete polymer formation in the presence of wPS, consist-
ent with the lower DC reported for this system. Interestingly,
while the T4 max values for the PS components remained close
to their respective pure polymer degradation temperatures
(410 °C) in most blends, a notable decrease to 395 °C was
observed for the poly(MAA-DEP)/wPS (10 wt%) system. This
reduction may be attributed to improved dispersion of PS and
increased interfacial interactions or chain entanglement with
the less thermally stable matrix, which could promote the
earlier onset of wPS degradation. However, interpreting these
changes remains complex, as the thermal behavior of polymer
blends often deviates from that of the individual com-
ponents.”® Literature reports varying outcomes during the co-
pyrolysis of mixed thermoplastics, with both synergistic stabi-
lization and accelerated degradation observed depending on
interactions between different species in the blend and their
respective degradation products.®*” In contrast to the wPS-
containing blends, increasing the PMMA content from 5 to
10 wt% in the poly(MAA-DEP) matrix did not significantly
change the thermal stability, with Tgmaa increasing to
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~325 °C for both. The second degradation step was not clearly
resolved in the 5 wt% PMMA blend. Since PMMA has a lower
degradation temperature than PS, its degradation might
overlap more closely with that of the main polymer matrix
(poly(MAA-DEP)).

3.7. Morphology analysis by SEM

Microstructural analysis of the 3D-printed polymer blends was
conducted using SEM to investigate phase morphology and
domain dispersion (Fig. 4 and 5, and S11). Most polymer
blends are thermodynamically immiscible because the mixing
of high-molecular-weight chains results in minimal entropy
gain. In contrast, the enthalpy of mixing is typically positive,
making the overall process energetically unfavorable.
Additionally, the high viscosities of the individual polymers
hinder phase mobility and coalescence, resulting in kinetically
trapped, partially mixed systems. Consequently, conventional
blending techniques such as extrusion or internal mixing
often yield phase-separated morphologies, with domain sizes
typically ranging from 0.1 to 50 pm. PS, a non-polar polymer
with a rigid backbone, tends to be immiscible with many polar
or flexible polymers due to unfavorable enthalpic interactions,
often leading to phase separation in the resulting blends.*®
The remarkable ability of the synthesized 1,3-diether-2-metha-
crylates in dissolving PS with different molecular weights and
their application in SLA 3D printing leads to polymer blends
with interesting and distinct morphology depending on the PS
content and molecular weight. The cryofracture surface of 3D-
printed poly(MAA-DEP) (Fig. 4a) displayed a smooth, homo-
geneous morphology without visible layer lines, suggesting
uniform curing and strong interlayer adhesion. Fig. 4b and c
show the fracture surface of the 3D-printed blend containing
5 wt% wPS in MAA-DEP with different magnifications. Unlike
the smooth morphology observed in the pure poly(MAA-DEP),
these images reveal layer-by-layer curing patterns characteristic
of the SLA 3D printing process. At low PS concentrations, SEM
analysis reveals that during 3D printing, the dissolved PS
tends to migrate toward the top of each printed layer, forming
PS-rich regions that are phase-separated from the main poly
(MAA-DEP) matrix. The PS-rich regions themselves are charac-
terized by spherical PS domains dispersed within the remain-
ing poly(MAA-DEP) matrix. This creates a stratified microstruc-
ture, with each layer exhibiting a distinct boundary between
the flexible matrix and the rigid PS domains. Such morphology
disrupts the uniform stress distribution during deformation
and introduces stress concentration points at the matrix-
domain interfaces, resulting in a substantial loss of elasticity
(Fig. 3d).

SEM analysis of the 3D-printed poly(MAA-DEP) blend con-
taining 10 wt% wPS (Fig. 4d and e) reveals a markedly
different microstructure compared to the 5 wt% sample. At the
higher loading, PS appears more uniformly dispersed as dis-
crete domains within the polymer matrix, suggesting improved
trapping during photopolymerization. This behavior might be
attributed in part to the higher resin viscosity at increased wPS
content, which restricts polymer chain mobility and sup-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of cryofractured surface of (a) and (b) poly(MAA-DEP)/PMMA (5 wt%), c and (d) poly(MAA-DEP)/PMMA (10 wt%).

presses long-range phase migration during the layer-by-layer
curing process. Although some heterogeneity persists, evident
from the slightly higher PS domain concentration with smaller
size near the top of each printed layer, the overall morphology
shows the wPS phase is well dispersed compared to the blend
with 5 wt%. By limiting PS mobility prior to gelation, the
increased viscosity promotes kinetic stabilization of the dis-
persed phase, resulting in reduced stratification. This
improved dispersion of PS domains contributes directly to the
enhanced mechanical performance of the blend, leading to a
significant recovery in elongation at break. These observations
highlight resin viscosity as a key formulation parameter gov-
erning microstructure development and mechanical perform-
ance in SLA-printed polymer blends. However, SEM analysis of
the poly(MAA-DEP) blend containing 10 wt% low molecular
weight PS, PS(45k), reveals that spherical PS domains with
different sizes from <1 pm to >10 pm are dispersed within the
continuous poly(MAA-DEP) matrix. Additionally, larger PS
domains consisting of aggregated smaller ones suggest incom-
plete coalescence or secondary phase separation during print-
ing and curing. This morphology contrasts with the more uni-
formly dispersed structure observed for blends containing
higher-molecular-weight PS.

The 3D-printed poly(MAA-DBP)/wPS (10 wt%) blend exhibi-
ted a distinctly different morphology, resembling a honey-
comb-like droplet structure (Fig. S11a and b), which highlights
the sensitivity of microstructure development to slight vari-
ations in monomer chemical structure. The larger droplets of
the main matrix are observed at the bottom of each printed
layer, encapsulated or surrounded by small PS domains

© 2026 The Author(s). Published by the Royal Society of Chemistry

(~1 pm), while smaller matrix droplets dominate the top. This
gradient structure indicates upward migration of the PS phase
during curing, with the domains exhibiting relatively well-
defined boundaries, indicative of poor miscibility and limited
interfacial mixing between PS and the main matrix. The cryo-
fractured surfaces of 3D-printed poly(MAA-DMEP) containing
10 wt% wPS exhibit a uniform dispersion of PS domains
throughout the matrix (Fig. S11c and d). However, the layer
boundaries appear more distinct compared to other systems,
indicating less effective interlayer fusion during the SLA print-
ing process.

SEM images of 3D-printed poly(MAA-DEP) blends contain-
ing 5 wt% and 10 wt% PMMA are presented in Fig. 5. At a
lower magnification, Fig. 5a, the 5 wt% PMMA blend exhibits
a homogeneous appearance, without characteristic layer-by-
layer deposition patterns typically observed in 3D-printed PS-
based blends. However, higher magnification (Fig. 5b) reveals
a dilute droplet-matrix morphology, characterized by spherical
PMMA domains approximately 1 pm in diameter dispersed
within the continuous poly(MAA-DEP) matrix. Such mor-
phology is common in blends with low concentrations of the
dispersed phase.>® The interfacial adhesion between PMMA
droplets and the poly(MAA-DEP) matrix, arising from favorable
interactions between their ester functionalities, can enhance
interfacial compatibility and reduce phase separation. These
interactions facilitate more uniform stress distribution during
deformation, promoting energy dissipation and contributing
to improved elasticity and toughness®® (Fig. 3d). In contrast,
the 10 wt% PMMA blend (Fig. 5¢) exhibits larger, oval-shaped
PMMA domains with less uniform dispersion, predominantly
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concentrated near the top of each printed layer with no dis-
tinct interlayer boundaries. Despite the significantly increased
domain size, these PMMA regions maintain strong interfacial
adhesion with the poly(MAA-DEP) matrix, as evidenced in
Fig. 5d. The presence of larger domains may introduce stress
concentration points; however, the overall matrix continuity is
preserved, with the polymer matrix connected at several
locations across each layer. This interconnected structure con-
tributes to a continuous matrix, which is essential for main-
taining mechanical integrity.

4. Conclusions

In this study, glycerol-derived 1,3-diether-2-methacrylate
monomers were synthesized and employed as dual-function
molecules, serving as both photopolymerizable monomers
and solvents to dissolve thermoplastics such as PS and PMMA.
These formulations were used to fabricate polymer blends via
SLA 3D printing to investigate the effects of thermoplastic
incorporation on morphology, mechanical, and thermal pro-
perties. The blends exhibited distinct phase separation
depending on monomer structure, thermoplastic structure,
and loading. All polymer blends displayed two T, values, indi-
cating the formation of immiscible systems; however, peak
broadening and slight shifts suggest partial miscibility at the
interface. The poly(MAA-DEP)/wPS system with low concen-
trations of wPS led to pronounced phase separation and a loss
of elasticity, while increasing the wPS content to 10 wt%
improved PS domain dispersion, enabling recovery of elonga-
tion at break, and more favorable mechanical properties.
Incorporation of low-molecular-weight PMMA, with a structure
closer to that of glycerol-derived 1,3-diether-2-methacrylate
polymers, particularly at lower concentrations, yields a con-
tinuous polymer matrix with indistinguishable printed layer
boundaries and a slight increase in elongation at break.

This method provides an alternative to conventional blend
formation, which typically relies on melt-blending polymers in
an extruder. In contrast, the approach demonstrated here
enables blend formation through photopolymerization in the
presence of dissolved thermoplastics, thereby reducing energy
input and processing complexity. Importantly, the potential
use of waste PS and PMMA in these systems offers a promising
route to reuse two of the most widely produced thermoplastics,
aligning with circular economy principles. Further optimiz-
ation through a more sophisticated monomer design with
different types of functional groups (e.g., aromatics) and/or
non-symmetric functional groups (e.g., one alkyl chain, one
aromatic group) and/or through the inclusion of crosslinkers
or compatibilizers could enhance material performance and
expand the range of potential applications and types of poly-
mers that could be dissolved. Nonetheless, it is clear that the
use of glycerol-derived 1,3-diether-2-methacrylates offer a very
wide range of design possibilities for sustainable and
advanced SLA 3D printing resin formulations.
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