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PGMEA is widely used as a solvent and diluent for photoresists, yet developing an efficient resin that
simultaneously resists organic dissolution and removes trace metal ions presents a significant challenge. To
overcome this, a novel sulfonated hyper-cross-linked resin (2-CS-DVB-SOsH) was synthesized through a
multi-step process involving the preparation of a Cl-functionalized gel polymer, followed by sulfonation
and post-crosslinking. The effects of the monomers, crosslinking degree, sulfonation degree, dosage,
adsorption temperature, and resin stability on its purity performance were discussed. The resulting resin
demonstrated exceptional stability in organic media and effectively purified PGMEA under optimized
conditions (30% crosslinking, 4.69% S content, and 0.2 g mL™ resin dosage), with Ti, Co, Ni, and Cu metal
ion concentrations reduced below 10 ppb. This process elevated PGMEA purity from 98.90% to 99.48%.
Thermodynamic analysis revealed the adsorption to be non-spontaneous. The resin maintained chemical
stability in PGMEA within 18 h. FT-IR and XPS data identified ion exchange, electrostatic interactions and
lone electron pair coordination between sulfonic acid groups and metal ions as the binding mechanisms.
The hydrogen bonds formed between Cl” on the resin and hydroxyl groups in methanol (as organic
impurities) were considered the primary factor responsible for enhancing the purity of PGMEA. These
results collectively establish 2-CS-DVB-SOsH as a robust and reliable material for metal ion removal in
PGMEA purification, thereby improving the purity of photoresist solvents and potentially enhancing
photoresist performance.
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1 Introduction

Integrated circuit chips, as the cornerstone of the
semiconductor industry, are vital for modern electronics,
communication, Al, and advanced computing, determining
global competitiveness and innovation in the digital
economy.!  Photoresists, comprising resin  matrices,
photosensitizers, additives, and high-purity solvents, exhibit
synergistic interactions that govern critical performance
metrics in exposure accuracy, linewidth control, and defect
density.” These photochemical materials further constitute
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pivotal enablers in extreme ultraviolet (EUV) lithography
processes, where they fundamentally determine the
production yield and ultimate chip performance in advanced
semiconductor manufacturing nodes.”® Propylene glycol
monomethyl ether acetate (PGMEA), with its high solubility,
excellent thermal stability, low toxicity and minimal
corrosion, serves as a critical solvent in the semiconductor
manufacturing.®’ It is widely used in photoresist formulation,
thinners and anti-reflective coatings, with its high-purity
properties being essential for EUV lithography and the chip
yield.® The purity of PGMEA critically determines the spatial
uniformity of photochemical conversion efficiency and the
substrate wettability dynamics of photoresists, primarily
particles and metal ions.’ Particles formed due to aging, the
dilution process, or elevated storage temperatures can be
removed by filtration using membranes with pore sizes
smaller than the contaminant.'® Metal ions such as Fe, Cu,
Ni, Cr, Co, Pt, and Ir can dissolve into the Si matrix or form
silicide, resulting in p-n junction leakage.'’ Moreover, these
metal ions degrade gate oxide quality in integrated circuits,
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altering electrical characteristics.'> However, removing trace
metal ions remains a significant challenge, as
contaminants at parts per billion (ppb) levels can lead to
equipment failure.*®

Currently, organic solvent purification is achieved through
various techniques including adsorption processes, reactive

even

distillation,  liquid-liquid  extraction and membrane
separation.'*™” Chaniago et al. pioneered a heterogeneous
azeotropic  dividing-wall column that reduces capital

expenditure by 20-30% and energy consumption by 30-40%
while achieving >98% recovery of PGME/PGMEA from waste
solvents."® Lee et al subsequently integrated reactive and
pressure-swing distillation (RD-PSD) for PGMEA production,
attaining 99.995% purity (<0.1 ppb metal ions) with 25-35%
energy savings and 40% enhanced operational flexibility."
Compared with other methods, adsorption has emerged as a
particularly promising approach due to its distinct advantages,
such as cost-effectiveness, high separation efficiency,
environment-friendliness and  operational  simplicity.*
However, PGMEA contains both an ether bond and a carbonyl
group, endowing it with exceptional solvation capability for
both polar and non-polar compounds, which can significantly
affect the structural stability of conventional adsorbents, such
as molecular sieves, polymeric resins, and metal-organic
frameworks, when deployed in PGMEA media. The resins
exhibit a spherical particle structure, demonstrating chemical
resistance to acids, bases and organic solvents. Combined with
their facile separation and modification potential, resins are an
ideal candidate for organic chemical purification in industrial-
scale applications.”"** In 1969, Davankov et al. first reported
the synthesis and properties of hyper-cross-linked polystyrenes,
which were synthesized by Friedel-Crafts alkylation of linear or
lightly cross-linked polystyrene precursors.”>** These resins
exhibited superior properties over conventional zones, such as
facile synthesis and tailored design enabled by versatile
precursor selection, high specific surface area with an
optimized pore architecture, and exceptional swelling behavior
in both compatible and poor solvents.”> Additionally, they
display tunable surface wettability alongside remarkable
thermal and chemical stability.”® The complex three-
dimensional network structure of hyper-cross-linked resins
contributes to their unique combination of physicochemical
properties, making them particularly attractive for applications
requiring robust polymeric matrices with tailored porosity and
solvent compatibility.>®

By introducing specific functional groups into the resin
skeleton through chemical modification, the hyper-cross-linked
resin can be endowed with new physical and chemical
properties. Sulfonic acid makes the resin have a large amount
of negative charge, have a strong electrostatic attraction to
metal ions, and able to efficiently adsorb a variety of metal
ions, and its exchange capacity is much higher than that of
carboxylic acid (~COOH) or phosphoric acid (-PO;H,) resins.*’
Hou et al reported that a dual-functional NSHAR resin
(sulfonic acid-thioether synergy) achieved a gold adsorption
capacity of 1440 mg g', significantly surpassing the
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<500 mg g™ limit of conventional resins, providing an efficient
pathway for low-grade precious metal recovery.”® Zhang et al.
employed a styrene-divinylbenzene sulfonic acid resin (1.6 g
L™) to directionally remove >99% Zn>" from BHET, resolving
the industry challenge of product discoloration caused by
catalyst residues in polyester synthesis.>® Tan et al. synthesized
a sulfonated microporous hyper-cross-linked resin, attaining
Cu*" adsorption of 51.45 mg g at 303 K. Its 3D network
structure (specific surface area >1000 m> g7') triples
adsorption kinetics, breaking the efficiency barrier for low-
temperature operation.® Tran et al confirmed the broad-
spectrum adsorption capability of sulfonated polystyrene resins
for zZn**/Cu*"/Cd** (4.09-4.58 mg g'), with uniform pore
structures effectively suppressing ion competition effects.**
Chang et al prepared strong-acid resin St-DVB-g-ACE-3,
elevating the Na*/K" adsorption capacity to 33.3 mg g * and the
trace metal removal to <1 ppb in industrial-grade NMP via
fixed-bed operation, meeting ultra-pure electronic chemical
standards (SEMI C63) for the first time.** These innovations in
hyper-cross-linked sulfonated resin synthesis—propelled by
functional group engineering (e.g., -SO;H/-SR synergy),
topological optimization (hierarchical pore design), and
process integration (high-flow-velocity fixed beds)—are
advancing high-purity chemical manufacturing into a new era.

To address the critical challenges of poor resistance to
organic solvents and low metal adsorption efficiency in
conventional ion-exchange resins caused by the strong
solvation properties of PGMEA, this study innovatively
proposed a ‘“post-crosslinking coupled with site-selective
sulfonation” strategy, developing a novel resin material that
integrates high solvent resistance with efficient ion-exchange
capacity. The influence of factors such as the monomer,
crosslinking degree, sulfonation degree, resin dosage,
adsorption temperature and time was systematically studied
to obtain the optimal experimental conditions. The
adsorption mechanism was explored by FTIR and XPS.
Compared to traditional methods, the synthesized resin
significantly enhanced the removal efficiency of trace metal
impurities in PGMEA and ensured solvent purity
requirements. This work proposed a practical approach for
semiconductor photoresist solvent purification, contributing
to the development of more reliable and self-sufficient
critical materials in advanced chip manufacturing.

2 Results and discussion
2.1 The effect of different monomers on resin performance

The stability and adsorption capacity of resins are critical
factors in determining their effectiveness for removing metal
ions from PGMEA. On the one hand, the selected resin must
exhibit high stability in PGMEA to avoid dissolution, which
could compromise solvent purity and introduce additional
impurities. On the other hand, excessive crosslinking can
lead to overly dense internal structures, hindering the
grafting ability of sulfonic acid groups and thereby reducing
adsorption performance. Thus, balancing stability and
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adsorption capacity is a key challenge in synthesizing resins
for PGMEA purification.

The stability evaluation of commercial resins in PGMEA
revealed significant material degradation, as demonstrated
by decreased solvent purity and substantial weight loss (Fig.
S1f). Among these, the Amberlite IR 120 H resin showed
relatively better stability than other commercial resins and
was selected as a representative comparator, though it still
exhibited marked purity degradation upon PGMEA
immersion (Table 1). In contrast, our post-crosslinking
technology constructed a rigid three-dimensional network
through delayed divinylbenzene crosslinking, substantially
enhancing the material's resistance to PGMEA degradation.
Meanwhile, the selection of sulfonation sites is a crucial
strategy for resin performance, particularly adsorption
capacity. Table 1 compares the commercial sulfonic acid
resin (Amberlite IR 120 H), the post-crosslinking sulfonated
resins (St-DVB-SO3H), and two post-crosslinking resins with
different positional sulfonation (4-CS-DVB-SO;H and 2-CS-
DVB-SO;H). As an electrophilic aromatic substitution
reaction, sulfonation reactivity is significantly influenced by
both the electronic effects and steric hindrance of
substituents on the benzene ring.>> A comparative study of
two chlorinated resins—para-chloro-substituted 4-CS-DVB-
SO;H and ortho-chloro-substituted 2-CS-DVB-SO;H—revealed
that the chlorine atom (-Cl), as a strong electron-
withdrawing group, reduced the electron density of the
benzene ring and diminished sulfonation reactivity. More
critically, the spatial accessibility of sulfonation sites is
heavily affected by the chlorine position: the
para-chlorophenyl group (4-CS) exhibits significantly greater
steric hindrance than the ortho-chlorophenyl group (2-CS).
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successful grafting of sulfonic acid groups (-SO;H) onto the
benzene ring. The combined electronic and steric effects
resulted in a substantially lower degree of sulfonation in
the para-chloro-substituted resin (4-CS-DVB-SO3;H) compared
to its ortho-chloro counterpart (2-CS-DVB-SOz;H). Specifically,
the sulfur content (S%) plunged from 5.07% in 2-CS-DVB-
SO;H to 2.45% in 4-CS-DVB-SO;H. Since the sulfur content
directly reflected the quantity of key adsorption sites
(sulfonic acid groups), suboptimal sulfonation site selection
(e.g., wusing para-chloro-substituted monomers) severely
compromised the resin's metal ion adsorption capacity.
Thus, optimizing the spatial environment of sulfonation
sites—such as favouring ortho-substituents with lower steric
hindrance—is essential for enhancing resin adsorption
performance.

The adsorption capacity (dependent on the sulfur content)
of the resins for Ti, Fe, Co, Ni, Cu, and Zn metal ions and the
purity of PGMEA were used as the main indices to determine
the appropriate adsorbent (Fig. 1). The original purity of
PGMEA was 98.9%, which was detected using an Agilent 8890
gas chromatograph equipped with an autosampler. The
specific detection methods are documented in the ESLj The
PGMEA after purification of the commercial resin decreased
to 89.62%, which was considered to be caused by the poor
solvent resistance of the resin dissolved in PGMEA. The resin
synthesized in this work exhibited greatly improved solubility
resistance to PGMEA. Notably, the chlorine-containing resins
exhibited better solvent resistance than their chlorine-free
counterparts. This was because the introduction of additional
-Cl on the benzene can improve the resistance to thermal
desulphurization of the sulfonic acid functional group.**?*
2-CS-DVB-SO;H has the strongest adsorption capacity for

This heightened steric obstruction severely impeded the  metal ions, which was the most suitable adsorbent
Table 1 The influence of different monomers on the properties of resins
Resin Monomer Crosslinking density (%) S content (%)
Amberlite IR 120 H Styrene 8 12.54
St-DVB-SO;H Styrene 20 5.07
4-CS-DVB-SO;H 4-Chlorostyrene 20 2.45
2-CS-DVB-SO;H 2-Chlorostyrene 20 4.31
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(a) The concentration of metal ions in PGMEA after adsorption with different resins; (b) the purity of PGMEA after adsorption with different resins.
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considering the purity of PGMEA and the concentration of
metal ions after adsorption. Therefore, 2-CS-DVB-SO;H was
used in the subsequent experiments.

The scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS) coupling technique was employed to
analyze changes in the surface morphology of the synthesized
2-CS-DVB-SO;H resins and elemental composition. Fig. 2a-d
show the SEM images of the gel polymers before and after
sulfonation. The surface morphology of the gel polymers
remained largely unchanged, demonstrating that the
sulfonation process did not induce particle breakage or
structural collapse, confirming the high stability of the resin
framework. The EDS mapping images of a sulfonated gel
polymer shown in Fig. 2e-g revealed uniform distribution of
O, C and S throughout the sample, indicating homogeneous
incorporation of sulfonic acid groups within the polymer
matrix. It was proved that the synthesized sulfonated gel
polymer had a uniform distribution of sulfonic acid groups
and uniform particles.

2.2 The effect of the crosslinking degree on resin performance

The degree of crosslinking (p) is a core parameter
determining resin properties, referring to the density of the
three-dimensional network structure formed by chemical
bonds between polymer chains. A higher crosslinking degree
typically enhances the rigidity, heat resistance, chemical

10.0kV 11.9mm x100 SE(M)

10.0kV 12.4mm x100 SE(M)

Fig. 2
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stability and mechanical strength of resins.**** In this work,
DVB played a cross-linking role, and the amount of DVB used
in the synthesis process was regarded as the theoretical
degree of cross-linking. As shown in Fig. 3a, the thermal
decomposition temperature of the synthesized gel polymers
increased from 658 K to 675 K with higher crosslinking
density. As shown in Fig. 3b, when the crosslinking degree of
2-CS-DVB-SO;H was 5%, the purity of PGMEA dropped to
98.12% due to the poor organic dissolution resistance of the
low crosslinking resin. As the crosslinking degree was 20%,
the purity of PGMEA increased to 99.27%. This was because
the highly crosslinked network restricted the movement of
molecular chains and the penetration of solvents, which
reduced the degree of swelling and solubility.***° The
improvement of the crosslinking degree was conducive to the
structural stability of the resin. Fig. 3c demonstrates that the
2-CS-DVB-SOzH resin with 30% crosslinking degree achieves
optimal performance, exhibiting the lowest residual
concentrations of Ti, Fe, Co, and Cu metal ions while
maintaining high PGMEA purity (99.34%). This balance
stemmed from its moderately crosslinked structure, which
provided sufficient porosity for metal ion diffusion while
preserving accessible sulfonic acid groups for effective
adsorption. In contrast, increasing the crosslinking degree to
40% enhances resin stability and PGMEA purity (99.54%) but
significantly reduced the sulfonic acid group loading (3.99%,
Fig. S47) and metal ion adsorption capacity. This decline

10.0kV 12.4mm x400 SE(M)

| e |

50um

10.0kV 12.4mm x300 SE(M)

(a) SEM image of gel polymers with a resolution of 500 um; (b) SEM image of a gel polymer with a resolution of 100 um; (c) SEM image of

sulfonated gel polymers with a resolution of 500 um; (d) SEM image of a sulfonated gel polymer with a resolution of 100 um; (e) EDS mapping

images of the sulfonated gel polymer.
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Fig. 3 (a) Thermogravimetric curves of gel polymers at different crosslinking degree; (b) the purity of PGMEA after adsorption with resins at

different crosslinking degree; (c) the concentration of metal ions in PGMEA after adsorption with resins at different crosslinking degree.

resulted from excessive network rigidity, which restricted both
sulfonic acid grafting (due to steric hindrance) and ion
transport (due to limited swelling). Thus, the 30% crosslinked
resin represents an optimal compromise, maximizing
adsorption efficiency without sacrificing structural integrity,
making it the preferred choice for PGMEA purification.

2.3 The influence of sulfonation reagent dosage on adsorption
performance

The degree of sulfonation significantly affects the adsorption
properties of the resin by altering its chemical and physical
structure. The introduction of sulfonic acid groups (-SO;H)
increases the acid site on the surface, enhancing its
electrostatic adsorption and ion exchange capacity for metal
ions.”"*> Additionally, the high charge density of the
sulfonation resin can enhance the selective adsorption of
cations. When synthesizing sulfonated polymers, the
amounts of sulfuric acid were 1 mL, 1.5 mL, 2 mL, 2.5 mL
and 3 mL with 5 g gel polymers, and the corresponding resin
was named 2-CS-DVB-SO;H-1, 2-CS-DVB-SO;H-2, 2-CS-DVB-
SO;H-3, 2-CS-DVB-SO3;H-4 and 2-CS-DVB-SO;H-5, respectively.
The S content of the resins increased from 3.84% to 5.21%,
and the purity of PGMEA increased from 99.00% to 99.14%
after adsorption (Fig. 4a and b). It can be seen from the data
in Fig. 4c that the adsorption capacity of Fe, Co, Ni, and Cu

metal ions peaked at a sulfuric acid amount of 2.5 mL (S% =
4.69%). When the dosage of sulfuric acid was increased to 3
mL, the adsorption capacity of the resin decreased instead.
This is because excessively high sulfuric acid concentrations
led to the formation of sulfone bridges between benzene
rings. These bridges acted as cross-linking agents, reducing
the pore size and the swelling capacity of the resin, lowering
the effective sulfonation degree, and thus diminishing the
adsorption ability of the resin.”® Since the degree of
sulfonation has a nonlinear relationship with adsorption
properties, optimizing the number of active sites and
structural stability of the resin is critical.

2.4 The effect of the resin dosage on adsorption performance

The resin dosage is an important factor that influences the
adsorption ability, which is critical for practical feasibility
and potential applications. The influences of different resin
(30% crosslinking degree, 4.69% S content) dosages were
investigated to obtain the optimal experimental conditions.
As illustrated in Fig. 5, PGMEA was purified with different
doses of resin (0.04-0.4 g mL™), and the adsorption
capacity of the resin increased and then decreased. At a
resin dosage of 0.2 g mL ™", the highest removal efficiencies
(R) were achieved for Ti, Fe, Co, Ni, Cu, and Zn metal ions
(87.96%, 66.00%, 81.59%, 51.43%, 79.99%, and 74.87%),
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(@) The S content of resins with different amounts of sulfuric acid; (b) the purity of PGMEA after adsorption of resins with different amounts

of sulfuric acid; (c) the concentrations of metal ions in PGMEA after adsorption of resins with different amounts of sulfuric acid.
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Fig. 5 The concentration and R of metal ions in PGMEA which were adsorbed with different amounts of resins.

respectively. The concentrations of Ti, Co, Ni, and Cu metal
ions were reduced to below 10 ppb. As shown in Fig. 6a,
the purity of PGMEA increased to 99.48%. However, further
increasing the resin dosage did not continue to reduce the
metal ion concentration or improve the PGMEA purity. This
limitation occurs because the resin inherently introduces
impurities the solvent due to
environmental exposure and synthesis processes. While

trace  metal into
negligible when using small resin quantities with large
solvent volumes, these resin-derived impurities significantly
impact the overall removal efficiency at higher dosages.
Consequently, experimental observations revealed increased
impurity concentrations and decreased
efficiency at elevated resin loadings, which is consistent
with reported research.®

Time has an important influence on the stability of the resin

metal removal

in organic solvents. Based on the above results, the stability
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experiment of the 2-CS-DVB-SO;H-4 resin with a dose of 0.2 g
mL™ in PGMEA was optimized. The influence of adsorption
time on the purity of PGMEA was investigated across various
time intervals (0.05-18 h) in Fig. 6b. In the first hour of the
experiment, the adsorption of organic impurities by the resin
increased, and the purity of PGMEA continuously improved.
When the experiment time was 1-18 h, the resin adsorption
reached equilibrium, and the purity of PGMEA was maintained
between 99.47% and 99.49%. It has been proved that the 2-CS-
DVB-SO3;H-4 resin has long-term stability in organic solvents.

2.5 The effect of adsorption temperature

Adsorption thermodynamics provides valuable insight into
the exothermic behaviour of metal ions on resins. Adsorption
experiments for Ti and Fe metal ions on the resin were
carried out at temperatures in the range from 298 K to 328 K.
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As can be seen from Fig. 7a, the R of both Ti and Fe metal
ions decreased with an increase in temperature. This showed
that the elevated temperature adversely affected metal ion
adsorption. Correspondingly, the purity of PGMEA was
reduced from 99.48% to 98.34%. Fig. 7b demonstrates that
the kinetic energy of the resin and solvent will increase as
the temperature rises, promoting the diffusion and
dissolution of resin chain segments in organic solvents.
Therefore, considering both energy efficiency and product
preservation, maintaining the adsorption process at room
temperature represented the optimal approach.

The R of Ti and Fe metal ions was calculated by formula
(1). The thermodynamic parameters of this process, for
instance the enthalpy change (AH), Gibbs free energy change
(AG) and entropy change (AS), can reveal the integrated
thermodynamic behavior at the reaction interface. The
thermodynamic parameters were calculated by the following
formulas (2)—(5).

R="C%100% (1)
Co
.
Qe = (Co‘Ce)E (2)
Q.
Kq ==&
a=c. 3)
AS AH
InKq = —-=2 4
= " Rr )
AG = -RTIn Ky (5)

where R is the removal efficiency of metal ions in PGMEA
with resin. The initial and equilibrium metal ion
concentrations in PGMEA are C, and C. (mg L"), the
equilibrium metal ion capacity on the resin is Q. (mg g '),
the volume of the feeding solution is V (L), and the resin
dosage is m (g). T (K) is the absolute temperature, R is the
universal gas constant (8.314 ] mol™ K), and K, is the
distribution coefficient of the resin. The thermodynamic
results of the adsorption process are listed in Table 2. All the
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results of AG revealing the metal ions on the resin were non-
spontaneous and thermodynamically disadvantageous. The
endothermic nature of the adsorption process was confirmed
by the negative AH. Furthermore, the negative value of AS
showing the extraction process was accompanied by a
decrease in the random nature.

3 PGMEA purification mechanism

FT-IR spectroscopy was employed to investigate the
adsorption mechanism. As shown in Fig. 8a, the
characteristic absorption peaks observed at 1473-1438 cm ™",
2921 ecm™" and 682 cm™" can be assigned to C-H bending
vibration in benzene rings, C-H stretching vibration and C-
Cl stretching vibration, respectively.***® New peaks appeared
at 3355 cm ', 1120 cm ! and 1312 ¢cm™* for the 2-CS-DVB-
SO;H resin, which belong to O-H, S-O and S=—O stretching
vibration, respectively. The stronger vibrational intensity of
the single bond (S-O) compared to the double bond (S=O0)
agreed with theoretical predictions, confirming the successful
introduction of ~SO;H groups.”™*” The FT-IR spectrum of the
resin after adsorption exhibited distinct changes compared to
the free resin. Notably, the reduction in the -OH peak intensity
at 3355 cm " suggested that sulfonic acid groups (-SO;H) likely
participated in ion exchange with metal ions in PGMEA.
Concurrently, the attenuation of S-O (1120 ¢cm™') and S=O
(1312 cm™) vibrational peaks and a certain degree of redshift
indicated that the deprotonated -SO;~ groups coordinated with
metal jons through coordination.”® These spectral
modifications collectively demonstrated that metal ion
adsorption occurred via two mechanisms: (1) ion exchange
involving proton displacement from -SO;H groups and (2)
coordination between metal cations and the anionic —-SO;" sites
on the resin.

To further investigate the metal ion
mechanism, the local chemical environments of metal
ions adsorbed with resin were analyzed using XPS. Fig. 8b
presents the XPS wide scan spectra of 2-CS-DVB-SO;H
before and after metal ion adsorption from PGMEA.
Following adsorption, decreased binding energies of O 1s
and S 2p orbitals were observed. As shown in Fig. 8c, the
high-resolution C 1s spectrum before adsorption could be
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(a) Effect of temperature on metal ion removal efficiency and purity of PGMEA after resin adsorption; (b) the curve of the thermodynamic
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Table 2 The thermodynamic parameters of metal ion adsorption onto
resin

T(K) AG(kJmol™") AH (kj mol™) AS(kJjmol™ K") R?
Ti 298  6.09 -23.77 -0.099 0.901
308  6.45
318  7.53
328  9.04
Fe 298  6.21 -19.82 -0.087 0.940
308 6.72
318  7.61
328  8.83

deconvoluted into three characteristic peaks corresponding
to C-C/C=C (284.80 eV), C-S (286.12 eV), and C-Cl
(287.37 eV), respectively. After adsorption, significant
changes occurred where the C-Cl peak decreased to
288.89 eV, probably due to the formation of hydrogen
bonds between Cl and the methanol in PGMEA.*>*°
Fig. 8d displays the high-resolution O 1s spectrum before
adsorption, which could be deconvoluted into two peaks
at 532.43 and 533.69 eV, corresponding to -OH and S=—O
from the sulfonic acid group in the resin, respectively.
After adsorption, the binding energy of S—O/S-O shifted
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from 533.69 to 532.83 eV, suggesting lone electron pair
donation from oxygen to metal ions. The binding energy of
-OH shifted from 532.43 to 532.06 eV, which confirmed ion
exchange during the adsorption process.”® The S 2p high
resolution spectrum (Fig. 8e) revealed the characteristic spin
orbit doublets of -SOz;H, with S 2p,,, decreasing from 170.29
to 169.65 eV and S 2p;), shifting from 169.14 to 168.85 eV
after adsorption.>® The analysis results of FT-IR and XPS data
consistently prove that there is a synergistic effect of ion
exchange and coordination between metal ions and -SO;H.>

4 Conclusion

The synthesized 2-CS-DVB-SO;H resin demonstrated excellent
PGMEA purification capability through efficient metal ion
removal, with optimal performance achieved at 30%
crosslinking degree, 4.69% S content, and 0.2 ¢ mL ™" resin
dosage, showing removal efficiencies of 87.96% (Ti), 66.00%
(Fe), 81.59% (Co), 51.43% (Ni), 79.99% (Cu), and 74.87% (Zn)
while reducing Ti, Co, Ni and Cu metal ions to <10 ppb, and
the purity of PGMEA increased from 99.89% to 99.48%.
Characterization studies revealed that the chlorine-
containing resin exhibited superior stability and adsorption
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(d) O 1s and (e) S 2p before and after adsorption.

638 | /nd. Chem. Mater., 2025, 3, 631-642

Binding Energy/eV
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capacity compared to other synthetic monomers, with
thermodynamic analysis confirming non-spontaneous
adsorption that was negatively impacted by temperature
increases. The 2-CS-DVB-SO;H resin can still maintain
chemical stability after 18 h. FT-IR and XPS analysis provided
mechanistic insights, showing decreased hydroxyl and S—=O/
S-O peak intensities indicative of ion exchange and
electrostatic interactions between sulfonic acid groups and
metal ions, along with XPS evidence of electron sharing
between S=O oxygen lone pairs and metal ions. Besides, the
hydrogen bonds formed between CI° on the resin and
hydroxyl groups in methanol (as organic impurities) are
considered the primary factor responsible for enhancing the
purity of PGMEA. Jointly establishing 2-CS-DVB-SO;H was an
effective and stable adsorbent for improving PGMEA purity.
It provides a promising method for the purification and
separation of wet electronic chemicals.

5 Experimental section
5.1 Materials

2-Chlorostyrene  (98%), aluminum  chloride  (99%),
1,2-dichloroethane (99.5%), and 2,2'-azobis(2-
methylpropionitrile) (98%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Propylene glycol monomethyl
ether acetate, divinylbenzene (80%), 4-chlorostyrene (97.5%),
styrene (99%) and poly(vinyl alcohol) (alcoholysis degree
87.0-89.0%) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. Ethanol (AR) and methanol
(AR) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Sodium hydroxide was obtained from Xilong Scientific
Co., Ltd. Sulfuric acid was obtained from Guangzhou

1. Polymerization
—

2.Sulfonation

YO

SO;H

Scheme 1 The complete synthesis route of 2-CS-DVB-SOzH.
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Chemical Reagent Factory. The Amberlite IR 120 H ion
exchange resin was received from Sigma-Aldrich Co., Ltd.

5.2 Synthesis of resins

5.2.1 Removal of inhibitor TBC. 2-Chlorostyrene,
4-chlorostyrene, styrene and divinylbenzene contain the
inhibitor TBC. To remove it, the monomer was reacted with
5% NaOH solution three times and then washed with
deionized water until neutral. Finally, the monomers were
dried overnight with anhydrous sodium sulfate at 333 K.

5.2.2 Synthesis of gel polymers. 0.02 mol 2-chlorostyrene
(2-CS) or 4-chlorostyrene (4-CS) was mixed with 0.02 mol styrene
(St) and 0.08 mol divinylbenzene (DVB), respectively. 0.5% (w/w)
initiator 2,2'-azobis(2-methylpropionitrile) (AIBN) was added. In
the stirring state, 1 g polyvinyl alcohol (PVA) was uniformly
added to 100 mL of ultrapure water and heated at a constant
speed to 368 K. The dispersed phase was obtained after cooling
to room temperature. The organic phase was added to a
disperser at a speed of 150 rpm. The reaction was initiated by
heating to 333 K for 4 h, followed by further heating to 368 K
for 2 h. After the reaction, the product was washed sequentially
with methanol, ethanol and ultra-pure water, and dried
overnight at 333 K in a blast drying oven.

5.2.3 Sulfonation reaction. 5 g of the gel polymer was
immersed in 50 mL 1,2-dichloroethane (EDC) for 2 h. Then,
0.3 g aluminum chloride (AICl;) and 2 mL sulfuric acid
(H,SO,) were added. The reaction proceeded at a stirring
speed of 200 rpm and a temperature of 383 K for 4 h. After
the reaction, the product was washed sequentially with
methanol, ethanol and ultrapure water, and then dried
overnight at 333 K in a blast drying oven.

Hyper-cross-linked resin
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5.2.4 Post-crosslinking reaction. The sulfonated polymers
were immersed in 50 mL of EDC for 2 h, followed by the
addition of 0.5 g of AICl;. The reaction was carried out at a
stirring speed of 200 rpm and kept at 358 K for 2 h. After
that, the product was washed sequentially with methanol,
ethanol and ultrapure water, and then dried overnight at 333
K in a blast drying oven. The resin synthesized from 2-CS was
designated as 2-CS-DVB-SO;H, whereas the one derived from
4-CS was labelled 4-CS-DVB-SOz;H. For comparison, St-DVB-
SO;H was prepared using an analogous procedure, with
styrene replacing chlorostyrene as the monomer. The
complete synthesis route of the 2-CS-DVB-SO;H resin is
shown in Scheme 1.

5.3 Characterization

The FT-IR spectra of polymers in the wavelength range from
4000 cm™ to 400 cm™* were obtained using a Thermo
Scientific 1S50 FT-IR spectrometer in attenuated total
reflection mode. To investigate the microscopic morphology
and element distribution, scanning electron microscopy and
energy dispersive X-ray spectroscopy elemental mapping
imaging were performed utilizing a Hitachi S-4800 at an
accelerating voltage of 20 kV. The polymer surface was
irradiated using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with an energy range of 0-1250
eV. A Mettler Toledo thermogravimetric analyzer tested the
thermal stability of polymers under the following conditions:
heating from 303 K to 1073 K under nitrogen at a rate of 283
K min™". Using Elementar Vario EL elemental analysis, the
sulfur content in the samples was ascertained in the CHNS
mode at 1423 K. The purity of PGMEA was assessed using the
FID of an Agilent 8890 gas chromatograph (the
chromatographic ~ column is  HP-PLOT/Q+PT).  The
concentration of metal ions was determined using an Agilent
8900 triple quadrupole inductively coupled plasma mass
spectrometer.
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