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1 Synthesis reaction scheme for Zn(TFMA) 

Oxo[hexa(trifluoroacetato)] tetrazinc trifluoracetic acid adduct (Zn(TFA); 500 mg, 0.52 mmol, 

1 eq.) and 2-(trifluoromethyl)acrylic acid (TFMAA; 870 mg, 6.2 mmol, 12 eq.) were dissolved in the 

acetonitrile (solvent) and left for stirring for 5 hours at 45C. The remaining solvent was then evaporated 

using rotary evaporator and an oily residue was obtained. The oily residue was then precipitated by 

adding toluene to the residue and evaporating it on a rotary evaporator. The process was repeated for 

about 4-5 times to remove access of the reaming acid and obtain a white solid product. The white solid 

product was dried in the vacuum oven at 40C and stored under nitrogen conditions.   

 
Figure S1: Schematic representing the synthesis of Zn(TFMA)5.9(TFA)0.1 oxocluster. Labelled as Zn(TFMA) for 

clarity in the text. 
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Characterization of synthesized Zn(TFMA) oxocluster: 

i) NMR: 
1H NMR (300 MHz, DMSO-d6) δ: 6.52 (1H, =CH2) and 6.30 (1H, =CH2) 

 

 

 19F NMR (300 MHz, DMSO-d6) δ: -73.69 (-CF3, TFA) and -63.92 ((-CF3, TFMA) 

 
Figure S2: (a) 1H NMR and (b) 19F NMR of synthesized Zn(TFMA)5.9(TFA)0.1 oxocluster. 
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ii) FTIR: 

 

Figure S3: FTIR of synthesized Zn(TFMA)5.9(TFA)0.1 oxocluster: thin film and powder. 

 

iii) Mass spectra:  

 

Figure S4: Mass spectra of Zn(TFMA) 5.9(TFA) 0.1 in acetonitrile using electrospray ionization (ESI). 

Simulated mass spectrum using ChemCal is shown in black. 



 S5 

2 Synthesis of Zn(TFMA)(MA)(TFA) and its thin film deposition 

Zn(TFA) (500 mg, 0.52 mmol, 1 eq.), 2-(trifluoromethyl)acrylic acid (TFMAA; 270 mg, 3.1 mmol, 6 eq.) and 

methacrylic acid (MAA; 440 mg, 3.1 mmol, 6 eq.) were used as precursors for the reaction and same 

synthesis procedure was used as described above for Zn(TFMA) synthesis using acetonitrile as solvent. 

1H NMR (300 MHz, DMSO-d6) δ: 6.52 (1H, =CH2, TFMA), 6.30 (1H, =CH2, TFMA), 5.85 (1H, =CH2, MA), 5.36 

(1H, =CH2, MA) and 1.85 (-CH3, MA)  

 

 

19F NMR (300 MHz, DMSO-d6) δ: -73.58 (-CF3, TFA) and -63.85 (-CF3, TFMA) 

 

Figure S5: (a) 1H NMR and (b) 19F NMR of synthesized (TFMA)2.4(MA)2.9(TFA)0.8 oxocluster. 
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The deposition of the thin films of Zn(TFMA)(MA)(TFA) oxocluster was done using spin coating. For 

Zn(TFMA)(MA)(TFA) oxocluster only CHCl3: PGMEA (7: 3, v/v) was used as a casting solvent for 2w/v % of 

resist solution. All thin films were spin-coated at 2100 rpm speed and acceleration of 3000 rpm/s for 30 s 

followed by immediate post-application bake (PAB) at 90 C/ 30 s.  

 

3 Scanning transmission X-ray microscope  

 

 

Figure S6: Schematic representation of STXM setup. 

 
 

 

 
 

Figure S7: (a) Substrates attached to the sample holder; left sample holder represents the substrate used 

for reference samples and the right sample holder represents the sample exposed (EUV) and developed 

(propionic acid (0.1% in CHCl3), and (b) optical image under AFM microscope of the resist exposed to EUV 

doses: 50 and 250 mJ/cm2. The logo of ARCNL is used with permission.
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4 Stability study of the thin films of Zn(TFMA): UV-vis spectroscopy 

 

 

Figure S8: Monitoring changes in the absorption band to the ambient atmosphere of the double bond of 

TFMA ligand using UV-vis spectroscopy studies. 
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5 Silanization of the Si substrates 

 

 

Figure S9: AFM images of the thin films of Zn(TFMA) spin coated on functionalized Si/SiO2 surfaces. 

The water contact angles of the functionalized Si/SiO2 substrate surface before spin coating are 

reported as c as insets in the AFM images. 
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6 Contrast curves for Zn(TFMA) and Zn(TFMA)(MA)(TFA) oxoclusters 

 

Figure S10: (a) Contrast curves for Zn(TFMA) thin films using acetonitrile as casting solvent and 2-heptanone or 

diluted propionic acid (0.1%) in 2-heptanone as developer, and (b) Contrast curves for Zn oxocluster, 

Zn(TFMA)(MA)(TFA) for thin films spin coated using casting solvent CHCl3: PGMEA and developed using different 

solvents as mentioned in the labels. Development times are mentioned in the labels. The contrast values  are the 

slopes of the curves between D0 and ~D90 / ~D100. 
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7 Spin coated thin films of Zn(TFMA) and Zn(TFMA)(MA)(TFA) oxoclusters 

 
Figure S11: Thin film of Zn(TFMA) and Zn(TFMA)(MA)(TFA) spin coated on Si/SiO2 substrate without any surface 

treatment. 



 S11 

8 SEM and AFM image of L/S patterns: 

 

Figure S12: SEM top-down images of L/S patterns of different half pitch printed on Zn(TFMA)(MA)(TFA) 

oxocluster using 2-heptanone (10 s) as developer. 

 

 

Figure S13: AFM images of L/S patterns of different half pitch printed on Zn(TFMA)(MA)(TFA) oxocluster 

using 2-heptanone (10 s) as developer. 
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Figure S14: SEM images of L/S patterns of different half pitch printed on Zn(TFMA)(MA)(TFA) oxocluster 

using diluted propionic acid (0.05%) in CHCl3 (8 s) as developer. 

 

 

 

 
Figure S15: SEM images of L/S patterns printed on Zn(TFMA) oxocluster using 2-heptanone (25 s) as 

developer. 
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Figure S16: L/S features of half pitch 22 nm printed using EUV-IL on Zn(TFMA) photoresist thin film: (a) 

without PEB, and (b) applied PEB at 120 °C/30 s. Developed using diluted propionic acid (0.1%) in 2-

heptanone (10 s). 

 

9 STXM-XAS on Zn(TFMA) oxocluster thin films: 

 
Figure S17: AFM images of the edge of EUV exposed area of Zn(TFMA) resist at different doses on SiNx 

membrane. The average height difference between the exposed areas and the cleared background are 

reported in the figures. 
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Figure S18: STXM-XAS C K-edge spectra of EUV exposed Zn(TFMA) thin film at different doses.  
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Figure S19: F K-edge XAS of Zn(TFMA) oxocluster exposed to different EUV doses. 

 

 

Calculations of the lowest X-ray absorption transitions from the C (1s) orbitals were done using 

the Transition Potential (TP) method using AMS2021.1,2 Trifluoromethacrylic acid and pivalic acid 

were used as model systems for the unexposed and polymerized materials. Structures were 

optimized with PBE-D4(EEQ)/TZP, without relativity corrections. For TP calculations we used the 

LDA functional and the QZ4P basis set. The low-energy regions of the predicted spectra and the 

lowest unoccupied MOs are shown in Figure S20. The calculations were also performed for the s-

trans conformer of TFMA, which has a slightly higher energy than s-cis, but the results are very 

similar and are not shown here. 

The two peaks at the lowest energy originate from transitions from C1s of C1 and C2 (see figure 

S20) to the delocalized LUMO. Experimentally, the energy difference between these two peaks is 

a bit smaller (284.2 eV and 284.7 eV). The third peak arises from transitions C1s (C1) to LUMO+1 

(calculated at 272.9 eV) and C1s (C3) to LUMO (273.0 eV). The transition C1s (C2) to LUMO+1 is 

calculated at 273.7 eV. The latter three transitions are probably responsible for the experimental 

peaks at 286.8 eV (shoulder) and 287.9 eV. In the model for the reaction product, the main peak 

arises from the transition from the C=O C1s to the LUMO, which is now the localized * orbital of 

the C=O group. 
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Figure S20: (a) Computed X-ray absorption spectra of TFMA and trifluoropivalic acid; (b) * orbitals of 

TFMA and trifluoropivalic acid. 

 

 

10 UV-vis spectroscopy 

 
Figure S21: UV-vis spectroscopy on Zn(TFMA) sample (a) as a function of EUV dose with applied PEB at 

120°C/ 30 s and no development, and (b) A/A0 at ~190 nm as a function of dose, where A represents the 

absorbance maxima here.
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11 FTIR spectroscopy 

 
Figure S22: FTIR spectra of Zn(TFMA) (a) as a function of EUV dose with applied PEB at 120°C/ 30 s and no 

development, and (b) A/A0 as a function of dose of samples with applied PEB at 120°C/ 30 s, where A 

represents the area under the peak. 

 

 

12 XPS measurement 

 

Figure S23: O (1s) XPS spectra of unexposed Zn(TFMA) thin film, and (b) A/A0 as a function of EUV dose, 

where A represents the area under the peak. 
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