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ABSTRACT

Photoresists (PRs) are light-sensitive polymers used in photolithography to fabricate micropatterns on substrates. This study
proposes a microphase separation strategy to overcome the flexibility limitations associated with typical acrylic-based PRs in
patterning applications by incorporating poly(e-caprolactone)-b-poly(n-butyl acrylate) (PCL-b-PnBA) block copolymer (BCP)
additives. A BCP additive was prepared using a dual-functional initiator, ethyl 2-hydroxyethyl-2-bromoisobutyrate (HEBiB), which
can efficiently combine two eco-friendly polymerization techniques of ring-opening polymerization (ROP) and supplemental
activator and reducing agent atom transfer radical polymerization (SARA ATRP) (i.e., ROP-E-SARA ATRP), allowing for precise
control over compositions and compatibility. For synthesizing the PRs, methyl methacrylate (MMA), acrylic acid (AA), and
maleic anhydride (MAn) monomers were utilized to afford two randomly copolymerized pre-polymers, namely, P(IMMA-r-
AA) and P(MMA-r-MAn). Following esterification with allyl bromide and hydroxyethyl methacrylate (HEMA), two PR systems
(abbreviated as PMAV and PMMANMA, respectively) were prepared. By mixing various amounts of the PCL;;4-b-PnBAgs (M, xnwmr
= 26,080; Ppc;, = 0.49; D = 1.28) and two PRs following UV-curing reactions, high transmission films can be obtained. Their
photopatterning and mechanical properties were improved, owing to the occurrence of microphase separation within the
matrix. Microstructure-containing matrices were characterized by small-angle X-ray scattering (SAXS). The compatibility of
the BCP additive with commercially available polyimide acrylate (PIA) and polyurethane acrylate (PUA) PRs was examined.
Lithographic evaluations showed improved resolution, uniformity, and developer resistance, highlighting the potential of
PCL-b-PnBA-modified resins for high-performance photoresists in flexible electronic fabrications and next-generation lithography.

technologies, especially in the production of semiconductors,
printed circuit boards, and photosensitive insulating layers, as

1 | Introduction

Photoresists (PRs) are photosensitive materials that are used in
photolithography and photoengraving to create patterned surface
coatings [1]. They are essential in micro- or nanofabrication

ink coatings for flexible circuit boards, and more recently in
biomedical and optical applications [2]. The main matrix ensures
strong substrate adhesion and provides suitable mechanical
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properties [3, 4]. In contrast, additives are essential for enhancing
specific characteristics for photolithography [5, 6]. For overall
formulations, key components of the PR matrix, photoinitiators,
additives, and solvents serve distinct functions and should be
circumspectly considered [7-10].

Regarding the polymer matrix for PRs, photosensitive resins of
acrylic, epoxy (EP), polyimide (PI), and polyurethane (PU) with
distinct chemical structures and properties have been reported
for various valuable applications [11, 12]. Acrylic resins, which
are derived from monomers such as acrylic acid (AA), methyl
methacrylate (MMA), and hydroxyethyl methacrylate (HEMA),
are the most utilized in advanced photoresist materials due
to their specific advantages [13, 14]. Likewise, photosensitive
EP resins are renowned for their high mechanical strength,
chemical resistance, excellent adhesion to various substrates,
and good dimensional stability [15]. However, without modifiers,
they are relatively brittle and exhibit slow curing times unless
catalyzed [16-18]. Polyurethane acrylate (PUA) resins offer high
flexibility, abrasion resistance, impact strength, and tunable
softness or hardness, along with good elastic recovery [19, 20].
When two or more such resins are mixed, they complement
each other, resulting in customized materials with balanced
performance, overcoming individual limitations, and enhanced
multifunctionality [21]. For example, for flexible circuit boards,
photosensitive resin blends comprise acrylic and epoxy resins,
which are UV-crosslinked. Such hybrid resins demonstrate a
synergistic balance of flexibility and durability achievements [21-
25]. In addition, elastic materials are commonly added to improve
their softness and flexibility [26]. However, this approach still
faces challenges due to poor compatibility between elastomers
and polar resins [27, 28]. Additionally, removal of high molecular
weight elastomers during the development process is difficult,
negatively affecting the imaging quality of the photosensitive
resins [29-32].

In addition to the aforementioned compositions, additives also
play a crucial role in photosensitive resin compositions by
enhancing properties such as flexibility, adhesion, and chemical
resistance [33, 34]. Additives serve several important functions,
such as increasing light sensitivity [5], enhancing resolution [11],
controlling film thickness and adhesion [35], reducing defects
[36], and modifying the mechanical and chemical properties
of the resist [37]. Therefore, the efficiency and reliability of
photolithographic processes in semiconductor manufacturing,
microfabrication, and related applications can be significantly
enhanced by carefully selecting appropriate additives.

Several strategies have been demonstrated for preparing diverse
functional copolymers, including chain-end transformations or
post-modifications coupled with subsequent reactions, the use
of dual-functional initiators or inimers in multistep or one-step
polymerizations, and grafting methods for nonlinear copoly-
mers. These approaches provide versatile pathways to tailor
architectures such as star copolymers and bottlebrush poly-
mers, while requiring careful consideration of site reactivity
and compatibility between different polymerization techniques.
Various combination approaches—denoted by the symbol “€”—
used in diverse and robust polymerization systems have been
reported. Several studies have highlighted the integration of
controlled/living polymerization (CLP) techniques with efficient

chemical reactions to develop novel polymeric materials and
explore their distinctive properties and potential applications [38-
42]. Through synergy with “green” polymerization methods, this
synthetic strategy enables sequential polymerization to yield well-
defined copolymers that integrate both degradable and functional
segments. For example, ring-opening polymerization (ROP) can
be achieved via an eco-friendly organo-catalyst and followed
by supplemental activator and reducing agent atom transfer
radical polymerization (SARA ATRP) via a ppm level of catalyst
(i.e., ROP-€-SARA ATRP) [43], as well as the reverse process
is also possible [44]. Thus, using a dual-functional initiator is
a promising and effective strategy to produce tailor-made block
copolymers (BCPs) [45-47].

To attain high performance, the development process of PR fea-
tures is also important. Reaction-induced microphase separation
(RIMPS) [48, 49] or a similar approach called polymerization-
induced microphase separation (PIMS) [50] is a highly effec-
tive technique for constructing micro- and nanoscale struc-
tures within polymeric matrices. When a BCP with compat-
ible and incompatible blocks is applied, microstructures are
formed within the polymeric matrix through RIMPS or self-
assembly (SA) mechanisms [51]. For example, Boyer demon-
strated a method that combined photopolymerization with in situ
microphase formation to construct highly ordered morphologies
[50, 52]. Thus, RIMPS or PIMS can simultaneously fabricate
ordered morphology, streamline processing by reducing steps,
and offer enhanced tunability along with improved mechanical
stability and pattern fidelity [52]. Its tunability with a wide
range of materials, along with the potential for solvent-free or
aqueous processing [52, 53], makes RIMPS an attractive option
for environmentally friendly and multifunctional applications.

This study investigates photosensitive resins incorporating the
block copolymer additive poly(e-caprolactone)-b-poly(n-butyl
acrylate) (PCL-b-PnBA), in which the compatible PCL block
[54] and the incompatible PnBA block render microphase dur-
ing crosslinking [55]. A dual-functional initiator bearing both
hydroxyl (for ROP) and halo-ester (for SARA ATRP) groups
was prepared to enable a sequential polymerization approach.
The resulting PCL-b-PnBA additive enhances film formation,
mechanical strength, and substrate adhesion, making it suitable
for flexible photoresist and ink coatings. In particular, PnBA
exhibits elastomeric properties due to its low glass transition
temperature (T, = —53°C) and also offers facile degradation
under UV irradiation. Various acrylic acid-based resins blended
with PCL-b-PnBA were prepared, characterized, and evaluated.
The materials exhibited high flexibility, resolution, and etch
resistance, indicating their potential for industrial photoresist
applications.

2 | Experimental Section
2.1 | Materials

Methyl methacrylate (MMA, 99%), acrylic acid (AA, 97%),
hydroxyethyl methacrylate (HEMA, 98%), propylene glycol
monomethyl ether acetate (PGMEA, 97%), and n-butyl acrylate
(nBA, 99%) were purchased from Sigma-Aldrich Co. Allyl bro-
mide (98%), e-caprolactone (e-CL, 98%), K,CO; (99%), ethyl glycol
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(a) Synthesis of block copolymer (BCP) via a ROP-€-SARA ATRP approach:

o) 0
i) ROP ii) SARA ATRP
Ho\/\oJl\l,Br WOROP_ oo . OMOV\O Br
e-CL nBA o n m
HEBIB PcL-b-PnBABCP  § O
nC4Hg

(b) Synthesis of photoresist with pendant vinyl group (i.e., PMAV system):

=§= l (||| ) FRP
OH AIBN
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P(MMA-r—AA) prepolymers
(= P(MMA-AA))

|v) Esterification Q"
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(c) Synthesis of photoresist with pendant methacrylic group (i.e., PMMAnNMA system):

3—4\';
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SCHEME 1 | Synthetic routes for (a) PCL-b-PnBA BCP via a ROP-E-SARA ATRP approach, (b) PMAV PR system via MMA/AA FRP followed by
allyl bromide post-esterification, and (c) PMMAnMA PR system via MMA/MAn FRP followed by HEMA post-esterification.

(EG, 99%), diphenyl phosphate (DPP, 98%), 2-bromoisobutyryl
bromide (BiB, 98%), copper bromide (CuBr, 97%), copper
wire (Cu(0)), pentamethyl diethylenetriamine (PMDETA, 99%),
maleic anhydride (MAn, 97%), and 2,2-azobis(isobutyronitrile)
(AIBN, 99%) were purchased from Acros chemicals. Isopropylth-
ioxanthone (ITX, 99%), Irgacure 907 (98%), epoxy acrylate (EPA,
MW = 13,000; acid value (AV) = 97.3 eq/g), polyimide acrylate
(PIA, MW = 10,000; AV = 57.8 eq/g), and polyurethane acrylate
(PUA, MW = 19,500; AV = 104.3 eq/g), were supported from
Zhen Ding Technology Holding Limited. The synthesis of ethyl
2-hydroxyethyl-2-bromoisobutyrate (HEBiB) dual-functional ini-
tiator is referred to the previous literature [49].

2.2 | Synthesis Methods

2.2.1 | Synthesis of PCL-b-PnBA Additives via the
ROP-€-SARA ATRP Approach [42, 48]

As shown in Scheme 1a, the synthesized HEBIB initiator (see
Scheme S1) was subjected to ROP of ¢-CL to produce PCL-Br
macroinitiator (MI) for the next SARA ATRP. HEBIiB, ¢-CL, and
DPP were mixed with toluene (¢-CL/HEBiB/DPP = 160:1:1; [e-
CL], =4.5M)in a Schlenk bottle and placed in an oil bath at 40°C.
After the reaction was completed, the mixture was diluted with
THF and reprecipitated with methanol. The solid was collected
and dried; thus, a white powder of PCL;;-Br MI (M), yyr = 13,800;
D =1.08; yield = 80%) was obtained.

As shown in Scheme la, a combination (€) approach of
ROP-€-SARA ATRP was then conducted through the chain
extension of PCL-Br with nBA and catalyzed by CuBr, Cu(0),
and PMDETA. A mixture with a molar ratio of nBA/PCL-

Br/CuBr/Cu(0)/PMDETA = 500:1:0.07:0.14:0.2 was added to a
Schlenk flask with anisole as the solvent ([nBA], = 1.8 M). A
freeze-thaw pump circulation method was employed to remove
oxygen. The flask was then placed in an oil bath at 100°C. After
the reaction was complete, the Schlenk flask was cooled in an ice
bath and exposed to air to stop the polymerization. The resulting
product was diluted with THF and reprecipitated using ice-cold
methanol. The yellowish white powder was collected, and any
residual solvent was removed in a vacuum oven to afford the
additive of PCLy;g-b-PnBAys BCP (M, xwr = 26,080; D =1.28; @py,
= 0.49; yield = 40%).

2.2.2 | Synthesis of Two Photoresist (PR) Systems

As shown in Scheme 1b,c, two PR systems were designed. Step
(iii) for FRP of MMA and AA using AIBN was first conducted to
synthesize the abbreviated PMAV system as shown in Scheme 1b
(MMA/AA/AIBN = 30:210:x in DMF (x = 5 or 10); [MMA],
= 1.9 M). After the reaction was completed, the mixture was
concentrated and reprecipitated with ethyl acetate to afford
P(MMA-r-AA) prepolymers (r: random; denoted as P(MMA-
AA)). Subsequently, the resulting prepolymers were modified
with allyl bromide (step (iv) in Scheme 1b) and K,CO; in
DMACc at room temperature to afford the P(IMMA-r-AA-r-V) PR
system (abbreviated as PMAV). The modified molar percentages
(i.e., q"/q X 100%) were approximately 50%. To synthesize the
abbreviated PMMANMA system shown in Scheme Ic, step (v)
for FRP of MMA and MAn using AIBN was thus conducted
(MMA/MAnN/AIBN = 30:210:x (x = 10 or 15) in THF at 65°C;
([IMMA], = 11 M). The obtained prepolymers (denoted as
P(MMA-MAn)) were subsequently modified with HEMA and
pyridine in PGMEA at 100°C (step (vi) in Scheme Ic). After
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the reaction was completed, the crude was concentrated and
reprecipitated with diethyl ether to afford the P(IMMA-r-MAn-
r-MA) PR system (abbreviated as PMMAnMA). The modified
molar percentages (i.e., y”/y X 100%) were approximately 70% and
20%.

2.3 | Characterization

The number average molecular weight (M,,) and dispersity index
(D) were measured by means of gel permeation chromatography
(GPC) using a Malvern OMNISEC system equipped with a RI
detector and polystyrene mixed gel columns at 40°C using THF
as an eluent and calibrated with PMMA standards. Infrared
(IR) spectra were recorded on JASCO FT/IR-6100 with an ATR
attachment. The proton nuclear magnetic resonance (*H NMR)
spectra of the samples were measured using a 400 MHz JEOL
ECS-400 in CDCl; and recorded in ppm (6). UV-vis absorption
spectra were measured using a Jasco V-560 spectrometer. The
sample morphologies were observed using a Field Emission
SEM (JEOL JSM 7401F, Japan). Small-angle X-ray scattering
(SAXS) measurements were conducted at the BL23A1 beamline of
the National Synchrotron Radiation Research Center (NSRRC),
Taiwan. The X-ray source operated at an energy of 15 kV, with
a sample-to-detector distance of 3 m. The d-spacing values were
determined from the primary scattering peak positions (q*) using
the equation d = 27r/q*.

2.4 | Testing Methods

For the development process study, various PR compositions were
composed and coated on copper foils. Then, a baking process
at 85°C for 2 h was conducted to prepare the PR dry films. The
samples were then exposed to 600 mJ/cm? based on reactivity
and developed in a 1 wt% K,COj5(,q, solution or methanol. Then,
the post-baking temperature was set at 150°C for 1 h. The dry
films with a thickness of 100 + 10 um were then tested for various
physical properties. The acid value (AV (eq/g)) of the prepolymers
and PRs was estimated by the titration method with a given
mass (W) of the sample and 0.1 N KOH,, using the equation,
acid value (AV) = V x N x 56.1/W, where V is the volume of
KOH, used in titration (mL), N is the molarity of KOH,q
solution (mol/L), 56.1 is the molecular weight of KOH (g/mol),
and W is the weight of the polymer sample (g) [56]. The adhesion
strength was examined by a typical cross-cut 100-grid/ASTM
D3359 test to conduct a fast screening process. Dead-fold testing
was performed by mechanically folding the prepared photoresist
material on the substrate for several cycles. For comparison, the
resolution and compatibility of the additive were further blended
into commercial photosensitive resins, including epoxy acrylate
(EPA), polyurethane acrylate (PUA), and polyimide acrylate
(PIA) PRs.

3 | Results and Discussion

3.1 | Synthesis and Characterization of the
PCL-b-PnBA Additives and Two PR Systems

As shown in Scheme 1a, the additive was synthesized via an
efficient and eco-friendly method of ROP-€E-SARA ATRP com-
bination using a dual-functional initiator, HEBiB (the synthetic

route is shown in Scheme S1). As shown in Figure S1A, structural
assignments can be clearly revealed by 'H NMR, indicating
the successful synthesis of high-purity HEBiB. Initiating from
the hydroxyl group of HEBiB for ROP of ¢-CL, the kinetic
trace was shown in Figure S2a (see the SI: e-CL/HEBiB/DPP
= 160:1:1; [e-CL], = 4.5 M in toluene at 40°C). The apparent
reaction rate constant (K,,..cr,) was calculated to be 4.28 x 107>
s71, as determined by linear regression analysis of the natural
logarithmic plots of reactant concentration changes versus time
(i.e., Ln(M,/M)vs. t) that showed a first-order reaction. As shown
in Figure S2b, the GPC trace of the resultant demonstrated a
monodisperse with low D value (M, gpc = 16,000; D = 1.08).
These results indicate a typical controlled/living polymerization
(CLP) fashion. The resultant was also analyzed by 'H NMR, as
shown in Figure 1A. Major signals of peaks a-d from the PCL
backbone were observed. Notably, the isobutyryl bromoester end
can also be observed (i.e., peak ), which can be further estimated
the molecular weight (M, xyr = 13,780). For the subsequent
SARA ATRP chain extension of PCL-Br with nBA (nBA/PCL-
Br/CuBr/Cu(0)/PMDETA = 500:1:0.07:0.14:0.2 at 100°C; [nBA],
= 1.8 M), an induction period (ca. 1.5 h) was acquired (shown
in Figure S2c). This is plausibly due to the establishment of a
dynamic equilibrium concentration between Cu! and Cu'® species
[57, 58]. After the induction period, a linear regression curve
corresponding to a first-order reaction can be obtained with a
Kappupa) value of 3.39 x 107 s™'. As shown in Figure S2d, the GPC
trace of the various resultants demonstrated a gradual molecular
weight evolution in monomodal and low . Final product with
M, gpc =24,330 and D = 1.28 was obtained. As shown in Figure 1B,
the '"H NMR spectrum displays the original signals from the
PCL block (i.e., peaks a’-d”) and new signals from the PnBA
block (i.e., peaks f-k). Thus, we demonstrated that two eco-
friendly polymerization techniques (i.e., ROP-€-SARA ATRP)
can be efficiently combined to synthesize well-defined PCL-b-
PnBA BCPs. The synthetic conditions and characterization of
PCL-Br and PCL-b-PnBA are summarized in Table S1.

As illustrated in Scheme 1b, the synthetic step (iii) involved the
FRP of MMA and AA in the presence of AIBN as the radical
initiator. Polymerization was performed in DMF solvent using
a molar feed ratio of MMA/AA/AIBN = 30:210:x (x = 5 or
10; [MMA], = 1.9 M). This polymerization step resulted in the
formation of an acrylic acid-rich prepolymer, which we desig-
nated as P(MMA-AA). The degree of acid functionality in these
prepolymers was quantitatively assessed via titration, yielding
AVs of approximately 320 and 350 eq/g, depending on the AIBN
content. As depicted in step (iv) of Scheme 1b, the P(MMA-AA)
was then subjected to post-esterification with allyl bromide (AB),
affording the alkene-functionalized polymer system abbreviated
as PMAV PR. This structural modification enabled the intro-
duction of pendant vinyl groups, which facilitated subsequent
photochemical crosslinking reactions. As shown in Figure 2Ai,Aii
for an exemplified comparison, the corresponding IR spectra of
P(MMA-AA)I and PMAV1 showed similar signals with a main
carbonyl peak (ca. 1730 cm™). As shown in Figure 2Bi,Bii for 'H
NMR spectra, obvious broad signals of peaks a’-c’ (ca. 4.5-6 ppm)
from the pendant double bond group were observed, indicating
an efficient post-esterification reaction.

As shown in Scheme 1c, step (v) for FRP of MMA and MAn
using AIBN was also conducted (MMA/MAn/AIBN = 30:210:x
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FIGURE 1 | !HNMR (400 MHz, CDCL;) of (A) PCL-Br MI and (B) PCL-b-PnBA BCP.
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FIGURE 2 | (A)FTIR spectra and (B) '"H NMR (400 MHz) of (i) POMMA-AA)1 prepolymer, (ii) PMAV1 PR, (iii) POMMA-MAn)1 prepolymer, and
(iv) PMMANMALI PR.
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TABLE 1 | Reaction compositions and characterization of the two PR systems.

Fraction of

Esterification post-

Sample name Feeding ratio M, (P)¢ AVY [eq/g] agent esterification
P(MMA-AA)L MMA/AA/AIBN? = 90/210/5 (by mol.) 17,520 (1.89) 320 — —
PMAV1 P(MMA-AA)1/AB® = 3/1 (by wt.) 20,610 (2.23) 302 AB 0.5
P(MMA-AA)2 MMA/AA/AIBN = 90/210/10 (by mol.) 11,900 (1.98) 350 — —
PMAV2 P(MMA-AA)2/AB = 3/1 (by wt.) 14,050 (2.40) 342 AB 0.2
P(MMA-MAn)l  MMA/MAn/AIBN?® = 90/210/10 (by mol.) 40,770 (1.90) 360 — —
PMMANMAL P(MMA-MAn)I/HEMA® =3/1 (by wt.) 47,730 (2.32) 250 HEMA 0.5
P(MMA-MAn)2  MMA/MAn/AIBN = 90/210/15 (by mol.) 7,240 (2.05) 380 — —
PMMANMA?2 P(MMA-MAn)2/HEMA = 3/1 (by wt.) 8,290 (2.35) 210 HEMA 0.5
P(MMA-MAnN)3 MMA/MAn/AIBN = 90/210/15 (by mol.) 9,750 (2.08) 375

PMMARMA3 P(MMA-MAn)3/HEMA = 3/1 (by wt.) 15,690 (2.55) 180 HEMA 0.7

“MMA: methyl methacrylate; AA: acrylic acid; MAn: maleic anhydride;
b AB: allyl bromide; HEMA: hydroxyethyl methacrylate;

¢M,,: number average molecular weight estimated by GPC (eluent: THF; standards: PMMA); and

dAV = acid value (eq/g).

(x = 10 or 15) in PGMEA; [MMA], = 1.1 M) to attain the
prepolymer, denoted as P(MMA-MAn). The acid values (AVs)
of the resulting P(MMA-MAnN) were approximately 360 and 380
eq/g. Then, we modified the P(IMMA-MAn) prepolymers with
HEMA (i.e., step svi in Scheme 1c) to produce the abbreviated
PMMAnNMA PR system. As shown in Figure 2Aiii,Aiv, the IR
spectra of each P(MMA-MAn)l and PMMAnMAL also feature
a dominant carbonyl stretching band centered at approximately
1730 cm™, indicative of the ester functionality within the polymer
structure. Furthermore, distinct C=C double bond stretching
vibrations around 1630 cm™ were obvious in the PMMANMAL.
As shown in Figure 2Biii,Biv, the corresponding 'H NMR spectra
reveal well-defined and broadened resonance peaks labeled a™
and b”. These peaks are attributed to the methylene link-
age (approximately 4.2 ppm) and the pendant vinyl groups
(approximately 5.4-5.8 ppm) originating from the incorporated
HEMA moieties. Collectively, these spectral features validate
the successful occurrence of the post-esterification reaction and
confirm the presence of vinyl functionalities, thereby supporting
the structural integrity and chemical transformation achieved
through this synthetic strategy. Table 1 summarizes the reaction
conditions and characterization of prepolymers and PRs.

3.2 | Compatibility of Photosensitive Resins and
BCP Blends

As shown in Table 2, we then composed the first series of PR/BCP
blends, containing PMAV1 (having a higher post-esterification
fraction), Irgacure 907, and ITX with various PCL-b-PnBA weight
percentages (i.e., 1%, 5%, 10%, and 30%) in DMAc. The mix-
tures were coated on glass plates, dried, and peeled to obtain
free-standing bulk films with a thickness around 100 um and UV-
curing reactions were conducted. As shown in Figure 3A, the
optical images of all films displayed good transparency, indicating
no macrophase separation or agglomeration among the various
PMAVI1/BCP blends. Subsequently, UV-vis traces in transmit-

tance (%) with a range of 400-700 nm were recorded. As shown
in Figure 3B, these bulk films showed similar transmittance in
the 60%-70% range. The PMAV1/BCP30wt% sample exhibited
a bit lower transmittance than the PMAV1/BCP1% sample. In
particular, for the PMAV1/BCP5% sample, a high transmittance
with ca. 75% after 550 nm was acquired (i.e., curve b). The small-
angle X-ray scattering (SAXS) patterns were further collected to
analyze the microstructure information of the UV-cured blend
films. As shown in Figure 3C, the SAXS profiles illustrate the cor-
responding structural evolution of various PMAV1/BCP blends.
As the BCP content increases, the scattering peak rises across
the measured g-range, indicating a higher degree of nanoscale
structural organization or domain formation. The curves exhibit
characteristic broad peaks corresponding to nanostructural peri-
odicities, with d-spacings (d;) of approximately 33.5 nm for
PMAV1/BCP10% and 34.7 nm for PMAV1/BCP30%. As illustrated
in Figure S3a, we proposed plausible microphase separation
mechanisms via the photo-curing reactions. Referring to Figure
S3b and previous reports [59-61], similar solubility parameters
(8) between the PMMA and PCL segments and strong hydrogen
bonding between the PAA and PCL segments both positively
contributed. It illustrated that the PCL segment acts as a miscible
part, whereas the PnBA segment is an excluded part within the PR
matrix. With a fast photo-curing reaction, it is rational that a pre-
ordered microstructure was initially self-assembled mechanism
before crosslinking (i.e., SA mechanism in Figure 3al). In brief,
the SAXS analysis confirms that increasing the BCP concen-
tration enhances nanostructure formation in PMAVI, offering
valuable insights for the design of high blending compatibility on
ananoscale with phototunable morphologies. To further examine
the development process, the PMAV1 and PMAV1/BCP10% coated
copper foil were subjected to UV-irradiation at 600 mJ/cm? for
10 min. As shown in Figure S4a,b, the pristine PMAV1 PR showed
low development ability when using 1 wt% Na,CO;, developer
and moderate ability when using MeOH developer. Regarding the
case of the PMAV1/BCP10% blend, as shown in Figure S4c, the
obtained development was much less smooth, and the unexposed
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TABLE 2 | Recipes of the blends of PMAV1, additive, and initiators in weight.
Sample?® PMAV1 [g] PCL-b-PnBA [g] Irgacure 907 [g] ITX [g] DMAc [g]
PMAV1/BCP1%° 0.478 0.005 0.012 0.0048 2.82
PMAV1/BCP5% 0.458 0.025 0.0115 0.0046 2.82
PMAV1/BCP10% 0.434 0.05 0.0109 0.0043 2.82
PMAV1/BCP30% 0.338 0.15 0.0085 0.0034 2.82

APMAV1: M,, = 20,610; BCP: PCLyjo-b-PnBAgs (M, yur = 26,080; P = 1.28; ®pep. = 0.49); and
YThe mixing weight percentage in PMAV1/BCPx% is defined as xBCP/(PMAV1 + xBCP) x 100%.

N

/ \
/ \
’ O /
i \ 4
\
\
1
1
0

(A1) PMAV‘]/BCP']% (A2) PMAV1/BCP5% (A3) PMAV1/BCP10% (A4) PMAV‘]/BCPSO%

Y
!
1 1 \
1 i !
1 d !
! I
" fr

o 2754 l'i'f'!'L #% M2LTEAS " ’-'f.:’.-*'?

P-.-vl\-.mﬂu"u L Nt e g Faog Jnoes st

Nalwng  w¢ J’IM Lrve ady

Pymtaenal Cra g Meang Lonsw sty

(B) 8o+
NOPPPFEEEETEEERREE
S © i
@ (d)
&)
c
T
I=
&
,‘_3 (dy = PMAV1/BCP30%

(b)- - - - PMAV1/BCP5%
(a)—— PMAV1/BCP1%

(c) - PMAV1/BCP10%

0+

(C) (d)- = PMAV1/BCP30%
L d.=34.7nm |(C) PMAV1/BCP10%
< _ 41 |(b)y---PMAV1/BCP5%
d.=33.5nm La) PMAV1/BCP1%

'~

-u,‘_~~~(d)

LR

)

Log(Intensity (a.u.))

b

\Ng.).

400 450 500 550 600 650
Wavelength (nm)

FIGURE 3 |

0.1 1
Log(q (nm-"))

UV-cured bulk films (thickness = ca. 100 um) comprising PMAV1 with various BCP additive weight percentages for compatibility tests

of (A) optical images, (B) UV-vis transmittance, and (C) SAXS profiles (dy = d-spacing).

area was still covered by the blending film. We speculated that
such unsmooth development might take two factors into account:
an imbalance in hydrophobic and hydrophilic ratios, and poor
solubility with relatively high molecular weight. Accordingly, we
then utilized the second PR system of PMMAnNMA to fine-tune
the PR characteristics.

3.3 | Development and Mechanical Reliability
Tests of Photosensitive Materials

To maintain the integrity of the membrane surface during pre-
testing and ensure that the solvent evaporates, the solvent was
replaced with high-boiling solvents such as DMAc, and the pre-
baking condition was set to 85°C until the membrane surface was
dry enough. As shown in Figure S5a, using a relevant high molec-

ular weight (i.e., M,, = ca. 50,000) of PMMANMAI, the exposure
time was 20 min, and the development ability still showed low
efficiency. As shown in Figure S5b, using a low molecular weight
(i.e., M, = ca. 8,000) of PMMANMA?2, the exposure time was
shortened to 1.5 min, and the development performance was
significantly improved. This result indicates that the molecular
weight affects the developing ability. The photosensitive mixture
with moderate molecular weight can be successfully developed
within a very short time (1.5 min). After confirming the expo-
sure and development ability of the main resin, it was mixed
with additives. The mass-produced PMMANMA3 was then used
for further tests. The morphological stability of PMMANMA3-
based films with and without 30 wt% BCP incorporation was
evaluated. Both films remained transparent after development
(Figure 4al,bl), but the BCP-containing film exhibited a smoother
and more homogeneous surface, suggesting improved resistance
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(A) PMMANMA3 (B) PMMANMA3/BCP30%

Ml (a1) After developed | (b1) After developed

FIGURE 4 | Development test appearances of (1) after development
and (2) after post-baking for the samples of UV-cured (A) PMMAnMA3
and (B) PMMANnMA3/BCP30% films (Irgacure 907 (2.5 phr) and ITX (1
phr) mixed in DMACc solvent are used in all samples).

to developer attack and enhanced film uniformity. Upon post-
bake treatment (Figure 4a2,b2), the differences became more
pronounced. The pristine PMMANMAS3 film exhibited extensive
cracking, reflecting high internal stress and poor thermal tol-
erance. In contrast, the PMMANMA3/BCP30% film preserved
its continuity with negligible defects, indicating that the BCP
domains effectively dissipated the stress and reinforced thermal
robustness. These results demonstrate that the introduction of 30
wt% BCP significantly improves film uniformity, durability, and
adhesion.

After confirming the photosensitivity, we examine the phys-
ical properties of the samples that are relevant to the prac-
tical process. The adhesion and mechanical durability of
the PMMAnMAS3-based films were evaluated using cross-cut
(100-grid/ASTM D3359 test) and dead-fold tests. In the 100-
grid adhesion test (Figure 5al,bl), both the PMMANMA3 and
PMMANMA3/BCP30% films retained their integrity with minor
defects (i.e., 5B level in the 100-grid/ASTM D3359 test), indicating
good interfacial adhesion. The dead-fold test method is shown
in Figure 5c to further examine the mechanical flexibility. As
shown in Figure 5c, for the dead-fold test, the films were subjected
to one fore-fold (i.e., 180° for a half cycle) followed by a back-
fold (i.e., 360° for one cycle). As shown in Figure 5a2,a3,b2-b4,
the pristine PMMANnMAS3 film exhibited visible cracks even
before deformation, and severe damage appeared after only
half a folding cycle, indicating its brittleness under mechanical
stress. The PMMANnMA3/BCP30% film remained intact after
curing and withstood three folding cycles with only limited
deformation. This superior resistance to cracking indicates that
BCP domains effectively dissipate localized stress, improving
both toughness and flexibility. The film morphology with circular
pattern after exposure and development was assessed by optical
microscopy (OM) and scanning electron microscopy (SEM).
Pristine PMMANMAS3 films, analyzed by OM and SEM (Figure
6Sal,a2), showed poor uniformity and structural robustness due
to a rough surface, irregularities, and fractured domains. In
contrast, the PMMANnMA3/BCP30% film (Figure 6Sb1,b2) was

4 .i‘;‘A.

e Bk
(b2) 1St gycle test

0.5 cycle -1! 1 cycle
| (~180°) ! (~360°)

B (a2 Pristine cured

B (a3) 0.5" cycle test

FIGURE 5 | Mechanical reliability evaluations via (1) 100-grid test
(ASTM D3359) and (c, 2-4) dead-fold cycle tests of PMMANnMA3 and
PMMANMA3/BCP30% films (all recipes have Irgacure 907 (2.5 phr) and
ITX (1 phr) and mixed in DMAc solvent; red-dashed areas indicate the
bending areas).

smoother and more homogeneous in a resolution scale of about
200 um, displaying regular, circular domains with fewer cracks,
indicating improved stability and toughness. These results con-
firm that while neat PMMANMAS3 lacks mechanical reliability,
incorporation of 30 wt% BCP significantly enhances adhesion,
fold endurance, and morphological quality, underscoring its
potential in robust photoresist and coating applications. Figure S7
shows the SAXS profiles of PMMANMA3 blended with different
BCP contents. The PMMAnMA/BCP5% film (i.e., Figure S7a)
showed only weak, broad scattering in a sphere morphology
(SPH) without a clear secondary scattering peak, reflecting less-
ordered phase separation at low BCP concentration with a
characteristic d; of ca. 41 nm. The PMMAnMA3/BCP30% sample
(Figure S7b) exhibited distinct scattering peaks with a clear
secondary scattering peak, corresponding to a characteristic dj
of ca. 31 nm in a highly ordered lamellae morphology (LAM).
TEM analysis of the PMMANMA3/BCP blends containing 5% and
30% BCP showed distinct differences in morphology. At 30% BCP,
a well-defined lamellar structure was observed. In contrast, the
5% BCP sample exhibited no discernible microphase-separated
morphology, which is likely due to the insufficient concentration
of BCP (Figure S9).
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(1) Pristine

(2) +BCP5%

(3) +BCP30%

(b) PIA

FIGURE 6 | OM images for the development of various formulations of commercial PRs: (a) epoxy acrylate (EPA), (b) polyimide acrylate (PIA),
and (c) polyurethane acrylate (PUA)—containing PCL-b-PnBA BCP additives at different weight loadings: (1) pristine, (2) +5%, and (3) +30% (bar = 200

um).

3.4 | Development and Mechanical Reliability
Tests of Photosensitive Materials

We then formulated commercial PRs, including epoxy acry-
late (EPA), polyimide acrylate (PIA), and polyurethane acrylate
(PUA), that inherently possess good film-forming properties
as shown in Figure S8al-cl. After the incorporation of the
BCP additive (Figure S8a2-c3, the films retained their inherent
film-forming capability and achieved enhanced miscibility and
improved morphological uniformity. This indicates that BCP acts
as a compatibilizer and stabilizer rather than merely providing
continuity to the film. Therefore, the observed improvements
represent a synergistic effect between the intrinsic film-forming
nature of commercial PRs and the microphase-stabilizing role
of BCP. The imaging performance of the three commercial PR
systems (EPA, PIA, and PUA) showed notable differences after
further exposure and development. Figure 6al-a3,c1-c3 show that
both EPA and PUA formulations maintained good pattern fidelity
with clear square features and sharp edges (scale bar = 200 pum),
even after blending with different amounts of BCP. These results
indicate that the inherent film-forming ability of EPA and PUA,
combined with the compatibilizing role of BCP, ensures stable
morphology and reliable imaging quality. In contrast, the PIA-
based formulation (Figure 6b2,b3) exhibited poor image quality,
with patterns becoming indistinct and severely degraded upon
development. The loss of feature integrity illustrates that PIA

suffers from insufficient resistance to developer treatment and
weak structural stability, which cannot be compensated for by
BCP addition.

Compatibility and nanoscale organization studies were examined
on the UV-cured bulk films prepared using commercial EPA and
PUA PRs with 5 and 30 wt% additives. As shown in Figure 7al,b2,
all samples displayed transparent and uniform films without
visible phase separation or macroscopic defects, indicating the
occurrences of the SA mechanism within the EPA and PUA
matrix. The SAXS profiles revealed well-defined scattering peaks
corresponding to spacings of ca. 52 nm for the EPA blends (i.e.,
curves Figure 7cl,c2) and ca. 33 nm for the PUA blends (i.e.,
curves Figure 7d1,d2). The inserted cartoon figures illustrate
our proposed relevant microstructures. Notably, the presence of
significant scattering features at a higher BCP loading in the
case of EPA/BCP30% film reveals enhanced long-range ordering
compared with lower concentrations. The dead-fold cycle test
results of commercial PRs blended with additives on copper
foil are summarized in Table S2. The data clearly indicate 2—
3-fold increases in durability in the dead-fold tests upon the
incorporation of the BCP additive. In brief, the results of optical
homogeneity, nanoscale SAXS profiles, and enhanced dead-fold
durability strongly support the conclusion that the BCP can also
be applied to EPA and PUA PRs with excellent compatibility and
contained microphase separation inside.
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FIGURE 7 | UV-cured bulk films (thickness = ca. 100 um) of (a, b) optical images and (c, d) SAXS profiles: (1) EPA/BCP5%, (2) EPA/BCP30%, (3)
PUA/BCP5%, and (4) PUA/BCP30% (ds = d-spacing; HEX = hexagonal cylinder; SPH = sphere).

4 | Conclusions

This study demonstrated the successful synthesis of PCL-b-PnBA
BCPs through an efficient combination of ROP-E-SARA ATRP
approach, using the dual-functional initiator HEBiB. Character-
ization by '"H NMR and GPC confirmed the high purity and
well-defined structure of the obtained BCPs, showing moderate
molecular weight (M, xyr = 26 080) and narrow dispersity
values (P < 1.3), indicative of controlled/living polymerization
behavior.

The synthesized PCL-b-PnBA BCP was incorporated into two
photoresist (PR) systems. Initial compatibility tests with PMAV1
revealed high transparency and nanoscale structural organi-
zation driven by the SA mechanism. Further optimization
using the PMMANMA3 system showed that adding 30 wt%
of BCP significantly improved film properties. The resulting
PMMANMA3/BCP30% films exhibited excellent adhesion, flex-
ibility, and toughness, withstanding multiple dead-fold cycles
due to effective stress dissipation via well-ordered lamellar BCP
domains.

In addition, the BCP additive proved effective in commercial
PRs, including EPA and PUA. The UV-cured films remained
transparent and uniform, confirming successful microphase for-
mation. SAXS analysis revealed distinct scattering peaks with
characteristic domain spacings of approximately 52 nm (EPA) and
33 nm (PUA). Dead-fold tests further showed a 2-3-fold enhance-
ment in durability, while maintaining the film-forming quality

and compatibility of the base resins. These results highlight the
strong potential of PCL-b-PnBA as a versatile additive to improve
mechanical reliability and performance in advanced photoresist
systems.
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