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Abstract  Sulfur trioxide (SO;) and formic acid (FA) rapidly react to form formic sulfuric anhydride (FSA).
Compared with sulfuric acid (SA) , a well-established nucleation precursor, FSA exhibits lower saturation vapor
pressure and a greater number of intermolecular interaction sites, suggesting its potential contribution to atmospheric
new particle formation (NPF). However, its nucleation capability remains unclear. This study employs density
functional theory to evaluate the nucleation potential of FSA with 62 common atmospheric species, and compares it
with that of its parent compound formic acid and the typical nucleation precursor sulfuric acid, thereby
comprehensively assessing FSA 5 potential role in NPF and its atmospheric implications. The results indicate that FSA
can spontaneously form dimers with common atmospheric monomers, and proton transfer occurs within dimer clusters
formed with 18 amine-containing compounds. Among these, the FSA-monoethanolamine (MEA) dimer exhibits the
most negative AG value, indicating that MEA possesses the strongest ability to promote initial nucleation of FSA.
Furthermore, based on the most stable clusters (FSA-MEA, FA-MEA, and SA-MEA) , the hydration behavior and
hygroscopicity of these dimers were investigated. It was found that cluster stability increases with the number of water
molecules (n=0—6). Under varying humidity conditions, the sensitivity of dimer hydrates to humidity follows the
order: SA-MEA>FSA-MEA>FA-MEA. As cluster size increases, both the isotropic mean polarizability and Rayleigh
scattering intensity increase linearly, in the order: FSA-MEA> SA-MEA>FA-MEA. This suggests that FSA-MEA has
a stronger capacity to enhance the light extinction properties of atmospheric aerosols than FA-MEA and SA-MEA,
thereby exerting a more adverse impact on atmospheric visibility.
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Table 1 Calculated binding energy (AE), enthalpy(AH), and Gibbs free energy(AG) for the global minima at the
M06-2X/6-311++G(3df, 3pd) level of theory FA-MEA, SA-MEA, FSA-MEA at 298.15 K and 1x10° Pa

Reaction AE/(kJ-mol™) AH/(kJ-mol™) AG/(kJ-mol™)
1FSA+IMEA——>1FSA-IMEA -132.09 -134.07 -80.83
1FA+IMEA—>1FA-IMEA -70.84 -73.10 -24.08
1SA+IMEA——>1SA-1MEA -119.65 -121.05 -68.99
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Fig. 1 Geometrical configurations of global minima in FSA-MEA-nW, FA-MEA-nW, SA-MEA-nW
(n=1—=6) optimized at the M06-2X/6-311++G(3df, 3pd) level
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Fig. 2 Gibbs free energy of formation of FSA-MEA-nW(A—C), FA-MEA-nW(D—F) and SA-MEA-nW
(G—I)(r=1—6) with different atmospheric temperature(A, D, G), atmospheric pressure(B, E, H)
and atmospheric height(C, F, I)
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AR IR . 43 A 298 K #5217 K B, FSA-MEA-W IS (143 4 1 [ r AE (14 BRI 134 26. 01
kJ/mol , 33 55 Z Hixed — i IR RIFTE — 2. 181 2(B) /R T FSA-MEA-nW (n=1~6 ) £ 135 413 1y A
RERH R SRS 25 . 2R S 0. 19x10° Pa T 5 1x10° Palif, FSA-MEA-W 1% 5 43 i 5 1 GE Y [
fEErllaar“jjs 23 kJ/mol FHUILE BT FE R E M . X F FSA-MEA-nW K1, 76 K 7716 22 (1x10°
Pa) I, 1 1k SO it AT 380 B0 35 A B 1l B (RO 728 T MRt 32 LU AR 1R il R (298, 15 KO Ik 8 T g 22 B Y
i B2 K IEEHH/mJ“XTI A AT A RE RS2 T R RS . kT, BIFSE T R A ) AL

IO, BV o PAT A A JRSE I 52 . 181 2(C) SR T FSA-MEA-nW (n=1~6) 1% 1) 35 A1 307 FI Hi fiE
KA BB ARAE . RN 0 km 15 2 12 km I8, FSA-MEA-W 35 115 87 A 1 B B9 B AR 22 2 20. 02
kJ/mol, UiWIBEHE R T, IR A R PESE R, BIRE S5, o ml DUHET, A0 BE RS N s
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BB, 8298, 15 K& T, BF5E T AR A XHEE (RH=20%, 50% F180%) T A #% i) 43 A 5 1L
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80. 0%, {H— K-EW A —IKE W05 1 D 20% W8 E T 19 2. 8%, 0. 8% 43 FIHEGINE]9. 2%, 10%, FHXE
JEE f 38 AT DA A A B L, B 5 FSA-MEA-nW (n=1~6) F 5% 4 35 35 5088 M .l 1R 3 (C) AT AL,
SA-MEA-nW (n=1~6) BRI FZAAAETE N —IK G =K &Y, —IKEW S P4 X i #, 4 RH=
20%, 50% F180% B, = K-EWH 5 H A 5E 15 68%, 91%, 94% , ik & T FA-MEA HI FSA-MEA f) =
KGR . R, 7EXEEK-EHH, SA-MEA K-SR B e . B 24K & % T K 21K
T340, 75 RH=20%, 50%, 80% 5, [ T SA-MEA (VUK S 20 A5 43500 0. 4%, 1. 7%, 2. 8% A,
e BRI A1 B3 /N F 0. 1%, X5 ZATHIE 1) Ala-SA-nW (92 BR-HilZ-7K ) , NA-MFA-nW (fi§ iz -
L H e R -7KO) ARABL o | IXRT RESE RN TE BIRRSE R, IK o FHE 2 s XA SE R BB VE T, A
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Fig.3 Hydrate distributions of FA-MEA-nW(A), FSA-MEA -nW(B), SA-MEA -nW(n=1—6)(C) clusters
under different RH levels(20%, 50% and 80%)

225 MEFMEF I I A SR PR AR S AR AR LB AR R . ER AT
FRUEE - 19 T 8 2 it A B A X B 8 JBO R AR DL B () s i 43 b B LA AR M e
JE AL FE A 1] [ E A A R A R DGO SR, ST
a %(a” +ta,+ au) (1)
R, = 45(a) + 13(Aa)’ (2)
K aFIR, 73 IR 45 1) R PR AL 2 RS R HU R s o FRORAS 10 St b
7E M062X/6-311+G (2d,, p) /K F- F 345 T FSA-MEA-nW, FA-MEA-nW , SA-MEA-nW (n=1~6) 55 11
) R AR o, 25 10 SR AL R A, TR AITEEUGT R R, AR AR e o, W& 4 s
ME 4(A)TTLLE H, FSA-MEA-nW, FA-MEA-nW, SA-MEA-nW (n=1~6) 4[] [5] 4 E 39 AL % 5
TR/ INEEVIAHG . AR Ak 238 DA K p s A 1 B R RO 5 2 7 R R Y I 25 A G . DRI, 38R
R R R E AR AT . 2 n A 1ELB] 6 15, FSA-MEA-nW, FA-MEA-nW, SA-MEA-nW [ a 43+
FIBEINT 43.02, 43. 61 f1 43. 67 a. u. . BEFH AR STHR K, 45w R0 AR E 2R PE in, X
55 Ni ZEVHFFE I NA-FA-n W (SR -H R -7K ) 175 , NA-MFA-nW (fil§ 2 -N- B 35 B - 7K ) AT 7 1 43 SR —
. B ADCHU SR R, bl A % R T B 38 A S LR R N, R AR AT A R T 3R A AR Ak 2R 3% T 1
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Fig. 4 Isotropic mean polarizability(A), anisotropic polarizability(B), Rayleigh light scattering
intensity(C) and depolarization ratio(D) as a function of water molecule for FSA-MEA-rW,
FA-MEA-nW, SA-MEA-nW(n=1—®6) clusters

K, R, = 45(a) + 13(A) i (o ) T ER IR T I ER R B o 32 S . PR 4(C) Af
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