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Abstract 

The fundamental principle of photolithography is that the crosslinking or degradation 

reaction of the photoresist causes a significant change in solubility. Traditional positive 

photoresists currently rely on the photoinduced decomposition of diazonaphthoquinone 

sulfonate (DNQ) or the deprotection of tert-butoxycarbonyl (Boc) groups to release car-

boxyl groups. However, there are several issues associated with these approaches: 1. DNQ 

is used in large quantities (25%) and is not heat-resistant; 2. Acid diffusion leads to in-

creased line-edge roughness. To address these issues, we have developed a photoinduced 

alkyne domino 1,1-dicarboxylation reaction and applied this method to the working 

mechanism of positive photosensitive polyimide photoresists. This method can directly 

prepare water-soluble carboxyl-functionalized molecules and polymers from hydropho-

bic alkyne precursors. In this work, we synthesized five different types of photosensitive 

polyimides, all of which exhibited significant changes in solubility before and after expo-

sure. Notably, this photochemical reaction is carried out under alkaline conditions, which 

can avoid acid corrosion that may affect the quality of the lithographic patterns. Moreover, 

under thermal treatment conditions, the residual alkyne groups can undergo crosslinking 

reactions, making the photoresist film more stable and providing better mechanical prop-

erties. This demonstrates the potential application value of our method in semiconductor 

manufacturing lithography technology. 
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1. Introduction 

Carboxylic acids and dicarboxylic acids are important chemicals and synthons with 

a wide range of applications in the pharmaceutical, agricultural, food, and polymer in-

dustries. The hydrocarboxylation of alkenes and alkynes is a straightforward route to syn-

thesize high-value-added carboxylic acid derivatives (Figure 1a). Among them, visible-

light-induced radical hydrocarboxylation [1–5] using inexpensive formate salts or carbon 

dioxide gas is becoming a greener alternative to the well-established transition-metal-cat-

alyzed methods using carbon dioxide [6–8], carbon monoxide [9–11], or formic acid [12–

14]. However, most of the established photoinduced radical hydrocarboxylation reactions 
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utilize active alkene substrates, while the relatively less reactive alkynes are rarely stud-

ied.The introduction should briefly place the study in a broad context and define the pur-

pose of the work and its significance. 

Additionally, the direct radical 1,1-dicarboxylation of alkynes has not yet been 

achieved. The significant difference in solubility between alkynes and carboxylic acids 

makes hydrocarboxylation and dicarboxylation photoreactions promising for application 

in positive-tone photolithography (Figure 1b). As designed, after a polymer containing 

alkynes is spin-coated onto a substrate (e.g., a silicon wafer), the coated film is exposed to 

ultraviolet light through a mask. The exposed areas will undergo carboxylation reactions 

and are washed away during the development process, thereby transferring the pattern 

information to the film. Unfortunately, there are currently no reports on the photoinduced 

carboxylation reactions of alkynes-containing polymers for positive-tone photolithogra-

phy. 

Herein, we report a novel finding on the divergent reaction outcomes of alkynes 

achieved via photoredox catalysis (Figure 1c). An aqueous solution of cesium formate 

(80% w/w) affords 1,1- or 1,2-dicarboxylic acid products with high selectivity, whereas ce-

sium formate monohydrate (HCO2Cs·H2O) gives hydrocarboxylation products. This 

photoinduced reaction has been successfully employed to enhance the water solubility of 

five alkyne-containing polyimides and one alkyne-containing polystyrene, demonstrating 

its promising potential for application in photolithographic processing. 

 

Figure 1. Development of hydrocarboxylation and dicarboxylation reactions, and potential applica-

tion in positive-type photoresist. 
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2. Results and Discussion 

We first explored a model photoreaction of 4-methyl-phenylacetylene 1a using 1% of 

4DPAIPN as a photocatalyst,3% of methyl thiosalicylate as a hydrogen atom transfer cat-

alyst (HAT), and 2.4 equivalents of HCO2Cs (80% w/win water) as carbonyl source (Table 

1). Irradiating by 30 W blue LED light (465 nm) in DMSO for 12 h, the reaction produced 

an aryl propionic acid 5a in 34% yield (Table 1, entry 1). We noticed that there was a small 

amount of precipitate in the reaction vial. After filtration and recrys-tallization, the white 

solid was determined by X-ray analysis to be a 1,1-dicaboxylated product 3a. Subse-

quently, we conducted a more in-depth exploration, optimized the conditions for the two 

products separately, and obtained the optimal yields for each. 

Table 1. Condition optimizations. 

 
Entry Change from Initial Conditions Yield of 3a Yield of 5a 

1 none 20 34 

2 6.4 equiv HCO2Cs (80% w/w in water) 71 24 

3 
8 equiv HCO2Cs (80% w/w in water) 

(Optional standard conditions A) 
82 13 

4 3 equiv HCO2Cs.H2O, 7 equiv H2O 24 64 

5 3 equiv HCO2Cs.H2O, 10 equiv H2O 14 30 

6 
3 equiv HCO2Cs.H2O, 7 equiv H2O, and 10% ArSH 

(Optional standard conditions B) 
12 82 

The significant changes in solubility via cross-linking or degradation reaction of pho-

toresist is the basic principle of the photolithography process. Most positive-type photo-

resists rely on the photo-induced decomposition of diazonaphtoquinone-sulfonic esters 

(DNQ) or deprotection of tert-butoxycarbonyl (Boc) group to release the carboxylic group 

which can be washed out by alkaline solutions so as to form pattern images. Their draw-

back is that the H+ generated in the exposed area will diffuse toward the unexposed area, 

thereby affecting the quality of the photolithography pattern. Our developed photoreac-

tion occurred in basic conditions which can avoid acid corrosion. In addition, underheat 

treatment, residual alkynes can undergo cross-linking. 

The two carboxylation products were characterized and confirmed by nuclear mag-

netic resonance (NMR) analysis: 

The product of 3a: 1H NMR (400 MHz, MeOD) δ 7.11–7.05 (m, 4H), 3.59 (t, J = 7.8 Hz, 

1H), 3.10 (d, J = 7.8 Hz, 2H), 2.27 (s, 3H). 13C NMR (101 MHz, MeOD) δ 172.35, 136.98, 

136.38, 129.84, 129.50, 54.97, 35.27, 20.85. 

The product of 5a: 1H NMR (400 MHz, CDCl3) δ 11.32 (brs, 1H), 7.15 (s, 4H), 2.97 (t, J 

= 7.8 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.75, 

137.18, 135.97, 129.35, 128.25, 35.91, 30.25, 21.12. 

To verify this hypothesis, we prepared five polyimides containing terminal and in-

ternal alkynes (for 365 nm photolithography) and one polystyrene (for 248 nm photoli-

thography) (1q-1m, Figure 2a), and subjected them to the standard carboxylation condi-

tions. After the photoreaction in DMSO, the mixture was diluted with ethyl acetate, and 

then the carboxylate salts of the polymers precipitated out, with the solid dissolving easily 

in water again (Figure 2b). To investigate whether the photoreaction can proceed under 

industrial light (i-line), we placed the reaction of polyimide 1ar on a plate with strip-
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shaped grooves and successfully mimicked the photolithography process (Figure 2c). Un-

der UV irradiation at 365 nm, the visible-light-driven tandem reaction proceeded 

smoothly, with the exposed areas being readily washed away by an alkaline solution 

while the unexposed areas remained undissolved. This may offer a new photoreaction for 

positive-type photoresists and a promising new working mode for photolithography tech-

nology. 

 

Figure 2. Post modification of photosensitive polyimide and mimic the photolithographic pattern-

ing processes. 

3. Conclusions 

In summary, we have discovered for the first time a novel photocatalyzed 1,1-dicar-

boxylation of alkynes. This photocatalyzed reaction has been creatively applied to the car-

boxylation of alkynes-containing polyimides and polystyrene, causing a significant 

change in their water solubility. It may provide a completely new working mode for pos-

itive-working photoresists for photolithographic processing. 
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