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Complexation Mechanism of Manganese Impurities in
Hydrofluoric Acid System: DFT-based Ligand
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Abstract Aiming to address the unclear reaction mechanisms of trace impurities in electron-grade hydrofluoric
acid, this study focuses on fluoromanganate-like metal complexes. The reaction pathways of trace impurity manganese
(Mn) and other metal impurity ions (sodium [Na*], calcium [Ca® ], and aluminum [AI**], representing typical
mono-, di-, and tri-valent impurity ions) within the hydrofluoric acid system were investigated through density func-
tional theory (DFT) calculations. By DFT combined with analyses of electrostatic charge distributions, differential
charge density and binding energy calculations, the stability of the reaction products (AIMnF,, CaMnF,, NaMnF,)
and their potential for separation from hydrofluoric acid (HF) were revealed. The results show that AIMnF;, generated
by the reaction of AI** with Mn, has the lowest total system energy (—30.878 eV) and the most stable structure; the
binding energy analysis further confirms that the absolute value of the binding energy of AIMnF with HF (0.488 eV )
is lower than that of NaMnF(0.758 eV ) and CaMnF,(0.798 eV ), which suggests that it can be more easily detached
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from HF solution by physical separation. This study provides a theoretical basis for the efficient removal of trace

manganese complexes in electronic grade HF.
Keywords Electronic grade hydrofluoric acid; Density functional theory calculation; Fluoromanganate; Trace

impurity removal
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1.1 REERIET

T AR R T Mn SAFM A48 B+ (X=Na*, Ca®, AP) RS RNHLE . FEW R
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X + Mn* + 3F, —> XMnF, (1)
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% FH Materials Studio H % DmolP 5523 HF DFT 58 i34 . % FH PBE (Perdew-Burke-Ernzerhof)
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N, e A A X 3 (Min ] L) 9 El 3G A DX e (F 7 ) fi 3, SRS B A1 2 e B IR A
HELEI2(B") ). ik M RhLE e & B, SE TR MoF, FEERERS S5, HLrb M3, B S il S i sk
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Fig. 1 Formation of MnF (A) and MnF(B)
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Fig. 2 Structures(A—C) and electrostatic potentials(A’—C’) of the basic complexes of planar
MnF,(A, A"), tetrahedral MnF,(B, B') and MnF(C, C’)
Note: in electrostatic potential maps, red regions indicate positive charge enrichment and high electrostatic potential ; blue regions

indicate negative charge enrichment, high electron density, and low electrostatic potential.
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Fig. 3 Coordination pathways of Na* with MnF ,(A) and MnF(B)
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Fig. 4 Chemical structure(A) and electrostatic potential(B) of NaMnF
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Fig. 5 Coordination pathways of Ca** with MnF,(A) and MnF,(B), further reaction of the product(C)
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CF
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Fig. 6 Chemical structures(A, B) and electrostatic potentials(C, D) of CaMnF (A, C) and CaMnFyB, D)
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Fig.7 Reaction pathways of AI’* with MnF,(A) and MnF (B), further reaction of the products(C)
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D) ()]

AlMnF(a) ) AlMnF(f)
Fig. 8 Structures(A—C) and electrostatic potentials(D—F) of AIMnF (a)(A, D),
AIMnF (8)(B, E) and AIMnF(C, F)
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eV; AlMnFy: -30.878 eV), I i fe i i 45 A B2 e 4 5 T Na—Mn 14 5% (9 A 4T 58 2 52 55 (NaMnF:
-21.622 eV ), HEMTERZE . 458 AGHHTE R AT WL, 7E2 7 ) NaMnF,, CaMnF,Fl AIMnF 7,
AIMnF AU B U (AGHRR) | T HEA SRR ) 2880 T (RO e B e ).

Chem. J. Chinese Universities, 2025, 46(12), 20250189 20250189(102/105)



-
CuU

L3 4 Hhaw® %R

CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

&) Na 0 | B) Na
0 Ca 20021 Ca
— Al _ [ Y 3 . —
200 —253.52 ———
-~ =200 F —253.52 =
I_C; ! ) I_C; 400 - A l,’ﬁ300.65
2 AR 32711 ] e R b/
) W\ 2379.67 .- 30065 S Ny Do
é —400 + ‘\‘ N —446.13 /// I/ é =600 |- )
S V48500 o S \
N -800 -
—600 - —625.07 i \‘7940‘09'/ //’
76538 “loor 1119.27
800 ' ~1200
MnF, XMnF, XMnFs XMnFs MnF, MnFs XMnFs XMnFs
Fig. 9 Free energy changes of products in three reaction stages of the tetrahedral MnF ,(A)
and MnF (B) structures
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Fig. 10 Relative energy differences of reaction stage products of the tetrahedral MnF ,(A) and MnF (B)
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HRER AT 3 P i A48 G W1 5 HEF Z B AR BAE R, DL 7R FEAE HEF A0 J5t o ml B8 9 S5 oy 1 14 R 125

Th.
231 ELWEEE SN RS H M E A F 5T NaMoF,, CaMnF, #ll AIMnF, 5 HF #9AH 5.4 A

FEAE . 2550 F oy 2 3 AT UL LA 28 AH B A TR F A v 1280 B R 000, 0 1 988 7 D ) ) ol e s
KBRS AR

FE NaMnF-HF R Z [ 11(A) ], B FREBIMERES T HF 20F . Nali+ S ILE F JEF (NaMnF,
iRy ) R 3 A XK. HE 2 Fri e F W HIR PR 2 F IR, #F— 227 Na i1 5 HF 4P F s
FLE R P JZRJE B F & L X, Nali+ A ST A8 0B, 3280 o A SC e
TE MnF, 3843 7, BE 88 H el i F 1[0 F (D) &) e e 7p 258 5 b 06 0, 28002 ol H A
FEL A1 Mn—F (11) 8 i HL P55 R i . 32 21 HF 43T AR L AD Na—F (1) H 7 & 2 X AL [ 52, Mn
JRFHE R A T —EBRENBE TR . U E RN, B R FEAEPE R A FAD BT
[E11(D) ], UtBIHTIE B AH A 32 2 & A AE Na—F (D L H—F (1D Z [

AT Nafk R, Calk R EAE R B BB FEHHZE 11(B) ], Cali T FFH %
JEARE 3, HAE Ca il F 5 ABE A FJEF (MnF Hoo ) Z [ R, AR Y Ca—F A EAE
F . TR, 7o/ B A, 78 Ca, H K BCA: FMoF, BaocHr, 28 FOID) ] 22 [ SR04, 52 %t
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Na - Ca © Mn
F(I)‘,5g .. » F:I.’ Mn ©Na
. » eC
) M A8 Fan) i A

Fig. 11 Differential charge densities(A—C) and two-dimensional differential densities(D—F) of
HF-NaMnF(A, D), HF-CaMnF (B, E) and HF-AIMnF,(C, F)
Note: in the differential charge density, the blue regions indicate increased charge density, while the yellow regions indicate

decreased charge density. In the two-dimensional image, charge density increases from blue to red.
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