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Determination of Acidic Ionic Liquid H, and the Effect of Salt Effect
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Abstract The catalytic activity of ionic liquids is closely related to their acidity , and the Hammett acidity function
(H,) is one of the most important parameters to represent acidity. In this paper, we synthesized a series of
pyrrolidinone-based and imidazolium-based ionic liquids that can be used in the synthesis process of 1,3, 5-trioxane,
and conducted systematic experimental and theoretical studies on their H; in aqueous solution. The influence of
anionic and cationic structures and solvent selection on acidity were compared. The effect of salt effect on the H,
determination of 1-propylsulfonic-3-methylimidazolium methanesulfonate ( [C,SMIM] [MSA] ) , methanesulfonic
acid, trifluoromethanesulfonic acid, and sulfuric acid was studied. The results indicate that anions have a more
significant impact on acidity. When the anions are the same, the longer the carbon chain of the cation substituent is,
the stronger the acidity will be; When the cations are the same, the lower the charge density of the anions is, the
stronger the acidity will be; For the same type of ionic liquid, ionic liquids functionalized with sulfonic acid have
stronger acidity than those that are not functionalized. Most salts have a salting out effect, which enhances acidity,
while a few salts weaken acidity, such as sodium p-toluenesulfonate and 1-propylsulfonic-3-methylimidazolium salt
(C,SMIM). The common characteristics of these salts are large ion size and low charge density.
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Table 1 Cations and anions of the ionic liquid used in this study

Cation Abbreviation Structure Anion Abbreviation Structure
i Hyd 1f: ﬁ
rogen suliate
2-Pyrrolidone cation [HNHP]* i Y [HSO, " HO—s—0"
4 anion I
o
N-Methylpyrrolidone Dihydrophosphate HO_ O
[HNMP]* ~CHs [H,PO, ]
cation N,\H anion a O/P\OH
I i
Methanesulfonate
N-Octylpyrrolidone cation [ HNOP]* N/CaH17 [MSA]™ H,C—S—0~
~y anion y)

cation ~, sulfonate anion

o (o]
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; ; [e]
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Fig.1 'HNMR(A) and “C NMR(B) spectra of [MIM][HSO,]
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Fig.2 UV-Vis absorption spectra of pyrrolidone ionic liquids(A), N-methylpyrrolidone ionic liquids(B),

N-cyclohexyl-2-pyrrolidone and N-octylpyrrolidone ionic liquids(C)

(A) a. Blank; b. [HNHP][H,PO,; c. [HNHP][MSA]; d. [HNHP|[TFOJ; e. [HNHP][HSO,]. (B) a. Blank; 5. [HNMP|[MSA];

c. [HNMPI[p-TSAl; d. [HNMP][p-CIBSA; e. [HNMP|[TFOJ; /. [HNMPJ[HSO,]. (C)a. Blank; b. [HNCYP][p-TSAl

c. [HNCYP|[TFO]; d. [HNOP|[H,PO,J; e. [HNOP|TFO]; /. [HNOP][HSO,|.
(i) 52 2 F it 383 ( RV PE Fi 7s SR RS [ AR BE 11k ) L B KOG AR i 22, Ul W A SR e o 11k
AR EE A, U H A, RRYEACR, AR (3) n LISHEAS B R H,, AR IR 2 R . HiR2
A [HNHP ] * 28 8§ 7 WA 19 82 B2 /NI 2y [HNHP ] [HSO,]>[HNHP] [TFO]>[HNHP] [MSA]>
[HNHP] [H,PO, ], [HNMP] "2 & 7 K i IR B2 K /NI e g [HNMP ] [MSA ] <[HNMP] [p-TSA] <
[HNMP ] [p-ClBSA]<[HNMP] [TFO J<[HNMP] [HSOJ.

Table 2 H, of pyrrolidone, N-methyl pyrrolidone, N-octylpyrrolidone and N-cyclohexyl-2-

pyrrolidone ionic liquids

lonic liquid A B fraction( %) BH* fraction( % ) H,
p-Nitroaniline 1.154 100.00 0 —
[HNHP][H,PO,] 1.095 94.89 5.11 2.26
[HNHP][MSA] 1.067 92.46 7.54 2.08
[HNHP][TFO ] 1.061 91.94 8.06 2.05
[HNHP][HSO,] 1.008 87.35 12.65 1.83
[HNMP][MSA ] 1.056 91.51 8.49 2.02
[HNMP][p-TSA] 1.053 91.25 8.75 2.01
[HNMP][p-CIBSA ] 1.039 90.03 9.97 1.95
[HNMP][TFO] 1.010 87.52 12.48 1.84
[HNMP][HSO, ] 0.983 85.18 14.82 1.75
[HNOP][H,PO, ] 0.834 7227 27.73 1.41
[HNOP][TFO] 0.801 69.41 30.59 1.35
[HNOP][HSO,] 0.725 62.82 37.18 1.22
[HNCYP][TFO] 1.071 92.81 7.19 2.10
[HNCYP][p-TSA] 1.106 95.84 4.16 2.35
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Wk, eS8 [HSO, | IR B i K, BB [H,PO, I B R FE fe/)N . 32 R R [HSO, ] i HE 5 # Bl HL
[H,PO, | I —Z L B ERAR 2, FrLALHSO, ] B4 Gy g i 2 H. BB i [HSO, | B 85 7 4
BIRR FE K TR B F A [ TFO  IHAY, t =2l F[HSO, ) REM A A S s i 2 H 1. BB F R [ MSA | i
BT WA /N E T8 [TRO B, HR2E R, SRR [TRO | H far 25 B2 HL [ MSA /N, Xf
F[HNMP 288 ik, [FIRESEBI BT [ HSO, I (KR B fee i, T 2 7 4 b 88 —F 3 A ) TR P88 I = 2
SEEBHEFRH AT A G R, HLfar s BN, R B R

X B 1R ) 1 5 YR A, BH S BP9 i e B, DU TR i R . (HL il F[HNHP " 5
[HNMP]* 25 HE THEL R 2 T — 4k, 2 A E . [HNOP] 28 & TR KM iR ¥ B B T
[HNHP ]*F1[ HNMP |28 & TR BR R, e 24 BH 2 7 R [TFO I B, Hy K/INIF 7 [HNHP ][ TFO |>
[HNMP][TFO J>[HNOP][TFO J. &3k, XF T [RIFE A BH e 31, BURCEE AR EE B , 2 ik
HAE Sy B et H, RIELAT B SR 1Y) Bronsted FR B . FUZ S BHES T L 0 2 30 O JERT, 1 AR TA]
[HNCYP]* 28 B 7 A 5 [HNHP | * 28 B 7 W {4 19 B8 B2 AH 22 R K, W [HNCYP] [TFO ] (H,=2. 10) FI
[HNHPJ[TFO](H=2.05). $iBH A S FH &+ L& EiEiken), & FliAA Ea g m et . [k,
[HNOP][TFO |FI[ HNCYPJ[TFO | IR 22 54 K, FERH THE 7 FBUREEM KNSR AR,
FRERIR, MR IR
23 BRMEETFREMH,

R IE B I A A i A B TR AR — , P iR S RE Ak A K s 25 B A mT LAAE A7) B
WINF = R A A 2 A 22030 DK R, M T 25 "CHEINAES TR 5 i3S 7 771
AN R B AR Ak, X 4 Ffr R SRR IR SIS T 4 b D SERE 1R ) B AL DRI 21 8 T AR R A T T R
FALATHREXS L, G55 an3R 3 . o, SRR BE YR 10 mmol/L, X 4 Fj BT SEBR IS 25 -1
A, SR RFE 7R ) R (R RS SR (pK,=2. 50) , ¥R H 8. 95X107° mol/L, XF 4 Fpy SLAH R T g fh pRmk
B, SR FHAS 7R AR SR, WP R 6. 25X107° mol/L.

Table 3 H, of imidazolium-based ionic liquids

Tonic liquid AL B fraction( % ) BH" fraction( % ) H,
m-Nitroaniline 1.519 100.00 0 —
[MIM][H,PO, ] 1.504 98.99 1.01 4.49
[MIM ][ MSA ] 1.488 97.96 2.04 4.24
[MIM][TFO] 1.489 98.00 2.00 4.19
[MIM][HSO, ] 1.447 95.23 4.77 3.86
p-Nitroaniline 1.061 100.00 0 —
[C,SMIM][MSA ] 0.981 92.46 7.54 2.08
[C,SMIM][TFO ] 0.974 91.80 8.20 2.04
[C,SMIM][p-TSA ] 0.915 86.24 13.76 1.79
[C,SMIM][HSO,] 0.914 86.15 13.85 1.78

F 23 A1, [MIM " F1[ C;SMIM J*2 58 F- IR A (4 2 B R/ I 4351 2 [ MIM ] [HSO, ]>[ MIM ][ TFO ]>
[MIM ] [MSA ]>[MIM ] [H,PO,] #1 [ C,SMIM ] [HSO,] > [ C.SMIM ] [p-TSA]>[C.SMIM ] [TFO] > [ C.SMIM |
[MSA]. MBI EA, [C,SMIM J'28 & IR AR A R B I S K TR D RE A % [ MIM |28 25 U 1A,
FEE R TR P S 7 B T — NN RS ], AT LIRS Sy e B HY Ak, BHES FaREERY
R AR BE Y IA —E R RZm . [ MIM 28 B IR R B 34/, SRR DR BRI 2R 14 2805 -k
PR, A7 G B Y. Y PH 8 o [ MIM ], AR 6] 4 B 8 71, 87 TR B4 1R i AR b
K, Her, BB HSO, ] AR EE ok, N[ H,PO, ] I/, (H5BAE R TFO |- FI[ MSA ] - iy
MHZEAK . FEIEH R [HSO,] BEAS T ES 1 25t HY, T [H,PO, | & — 55 R, MELLFEH 25 H
M [ C,SMIM J* 288 25 7 A B R B YR, XY T BH S AR, A AR BB 1, 2 TR A R B AR fE AN
K, FEBE TR B 450 X R B A2 i AR T D e Akt SR A sE M 22 /N
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24 AREEFIXEFRE H B0

FIFHEEHD-RT WA CRE T AE H I, XTI —E SR, DAORIERE A2 B, A6
PR B MERR DI 2 WO . BRSBTS i G 368 > () MR B2, 0 DR ol A BT S o 1Y
T NERREE T M, HOANBE SFEM AL SN, AR B ANRRAT A B . X T8 — B A, ARl 0] o
I3 1) HyS2 RASARTRNY , SCk b DL S e i) fm 2202 TR DA SR R 1, Rk 1, 2%
LU IR Hy W B 520, 25 R 4 Fir o . BTk R 0946 705 300 X5y WP B i, 8 1 TR Wk B2 3141 oy
10 mmol/L.

Table 4 H, of acidic ionic liquids in aqueous solution and dichloromethane solution

H, in aqueous H, in dichloromethane H, in aqueous H in dichloromethane
Tonic liquid lonic liquid
solution solution solution solution
[MIM][H,PO,] 4.49 2.55 [C,SMIM][HSO,] 1.78 0.34
[MIM][HSO,] 3.86 0.73 [HNMP ] [p-CIBSA | 1.95 0.71
[C3SMIMJ [TFO] 2.04 0.01 [HNMP | [HSOJ 1.75 0.52

T Ay | — LB IR AN e 2 PO A R ) H. E A e, ANRIBH S
T2 B IR AR A R B 25 AR, VR St R T e Ak 1) YR AR 1 R B 3 R AR T e A iy i FIRUAA
X GTERKEER I DAL . ZEARRIE R, A e i A r e B 22 AR K, 16 B8 IR FE — 51
G I 2 Sy v B 0 Y EASE EA, —SB URACHE 2 Bl 0] v A 1R B PP 2 AN — 30y, 4
[C,SMIM |[TFO |#1[ C,SMIM ] [HSO, ], ixX SR R BA OC, Wi B 1 b 2 MR MEAE AR i iR
JE RN ZBHE ] — A Rl v . = SRR SO AR RIS A 7, R, AR SC 3 2l KPR
TN R 5 VRAAR (A R B
2.5 XA H, RN

Tl Gal =R P s PR R A A, (R 2R, Bt 2s, R IH R S it . 1
RIHIAIE ST b 2 B, HOBERR R . — 60 FF e R S5 A MLIR LA 22 [ C,SMIM | [ MSA 145 R B8 I A A Bl —
R LA AR MEARCR , PR & R R4, [RIBBRARRI =P e E . 5540, TEfEfbik
AP EL . IR A R A LR, PR . P MR EFE A VLR, LUK
[ C,SMIM ][ MSA 1 1-7A KEA 2-3- FF L BR s oy 35 (C,SMIM ) 45 5 i A o] LLRE KA S AT, ik — A il
PEAROR , B AR S R 3800 R, AR X IR AR R H, 5 R — 2R
(A A i —2 i Fe S .

251 FREAENIEA[CSMIM][MSA] H #7225 CRIE 1T JUMOARAgEXT C,SMIM J[MSA |
49 Ho (95200, [#5E [C,SMIM ] [MSA JHR A 0. 1 mol/kg, B8 Eh RN RN B2 A % 4L ER RN 52 , 87K
IR XA HEARNE . Ph-AH X W E (e JAERT, Hh-AH=(H,) ;= (H,) o R ANE 3 S

HIE 3 AT UL, Bl R B A N, IR R0 HOA R RIFREE 284k, SR B T B S AR 2500 . AN ]
R ER RN W AIRAH R, (R H, SRR I A PR R, HERPRA S . H, Sfba
(LiCl) A5 fb 86 (MgCL,) & BU 3 T R M sk niz , BP

1.0
16T H M, 32785 T MRIE(, MeCL X R B (42 75 1Y ol
FRBE AR T LICL, 3 3252 15 T b 10 55 - i 1 5 BE AT S
5, Mgl 2 AN IE LT, HUF A B I R T Li, b4 g X
SN RTRRBERRE T . 4 A AEA S i
2, C.SMIM 5 2 B ER ER BN AR IRAR I , HohmA Bl
JE AR T [ C,SMIM ] [MSA i RREE , B T 1 i L5t .O‘C7H£°3NZ.4 o

A ERVE ROV . CSMIMUJE— AN MPERL , 707 RO R
R, WL A] AR ) o A (E KR ER I, R A 2 BE AT
1o o G 2 B R T AW B BRI L k) B T TR
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(C;H,80,Na)5 C,SMIM —#, tLaRBLH T W i i A0y, RIOREEAR 18 TR IR , i FLRAARR A s
JEHE CSMIM A 2, X2 R o0 F R IR A B — 07 RO BRI B 7, B A 2808, B 3L
L0 VAR T o) i1
252 AREAEMHFIRERMZ AT SHERH, PR 025 CFHE T UM R X
PR IR I — U GERE R H, (52, [ FRMREE A 0. 1 mol/kg, BAUEEANIR] SR 28 E RN (520, Ehk
FER 0. 15 mol/kg, F5 78 ARSI, (KRR H N 5 Fs .

Table 5 H, of aqueous solution systems of CH,SO,H/CF,SO;H+salt

System A B fraction( %) BH* fraction( %) H,
p-Nitroaniline 0.776 100.00 0 —
CH,SOH 0.330 42.57 57.43 0.860
CH,SO;H+NaCl 0.319 41.12 58.88 0.834
CH,SO,H+MgCl, 0.299 38.58 61.42 0.788
CH,SO,H+C,;SMIM 0.414 53.39 46.61 1.049
CH,SO,H+CF,SO;Na 0.311 40.12 59.88 0.816
CH,S0,H+CH,S0,Na 0.322 41.45 58.55 0.840
CH,S0,H+C,SMIM+CH,S0,Na 0.361 46.49 53.51 0.929
CH,S0,H+CSMIM+CF,SO,Na 0.335 43.14 56.86 0.870
CF,SO;H 0.325 41.90 58.10 0.848
CF,SO,H+C,SMIM 0.354 45.64 54.36 0.914
CF,S0,H+CF,S0,Na 0.306 39.40 60.60 0.803
CF,S0,H+CF S0 Na+C,SMIM 0.332 274 57.26 0.863

H S, X T e BRI R, AR AR5 B, ¥4 KRR REE A9 A5 1k . NaCl, MgCl,,
CH,SO;Na Fll CF,SO;Na 55 [ /il AT R B A7 545 AEFH , MgCl, A CF,SO,Na 13E SR AE R W i, 5 S A HL
Taf 2 BE AT G . C,SMIM S HH e st % 11 12 3 A B S ol 55 VE T, 5 C,SMIM A R IR C,.SMIM S5k
) CH;S0;Na 5, CF,SO,Na, 1A R R XA Fir b, (B R EEA—#F . o, CF,SO,Na A4 38 /R T
W1, KA CF,SO,Na (18 H fof 25 B2 08K, SRS S Wi, X 5 PRk i A s i A — 3. — 360 P Joe ik 7R
TR Z A L R e R AR AR R A
2.5.3 R ARG e H oo A 40 (BER+ER) AL R R A 2R 4h-mT DL IO TE D, H:
o, BRI N 0. 4 mol/L, ERWRERI A 1 mol/L, $5/557) M AR FA R (pK,=—0. 29) , I K 25 C.

40T LA B, BT R RIIAE 413 nm KA RRAEIRIS , (RS EE AR TR, A5 28 mEh & & (1 MgCl, |
ZnCL%5) (W S W AR T 4R AR , FRPERA ARG . S iy S, — 283k (41 Na,HPO,, NaH,PO,%5)
BN A A% R RO K TAURRAR , RIERYEISS . TR R B H (AN 6 FIR .

2 6 nl %, HiFRAY H,}y 0.213, fill A Na,HPO,, NaH,PO, fil Na,SO, J&i , & F A H, X978 K, ¥ N
H,S0, + Na,HPO, > H,S0, + NaH,PO, > H,S0, + Na,S0,>H,S0, , 1B {4 22 (1R BE P REAR . 58 PR 2 i e b (4 B
BT SRR, 255 5 WA TE SR, 0
TWEAE 70K R HORREE . HEof, NaHPOMRREE O 35 - =
FEEER A, WA Na,HPO,JF IR R M H, 210 HS0, 30K — o s

— H,50,+NaHSO,
H,80,+KCl

{9 8 %, A1 NaHLPO, S5 IR 2 0 H, 415 1,850,894 & 23\ i

f% . A5 HPO L HPO, 2 T 1 AN HY, ik, HPO z ?2 i — B,

HZ T T W RE )R HLPO, T 2 7%, B Na,HPO, X = 10|

1R J32 ) i 55 A E 2 NaHL PO, AT 24 . 051 "
AR AL R MBI R e 5

M , FR/NIUT A H,80,+MgCL>H,S0,+ A/nm

NaHSO,>H,S0, +ZnCl,>H,S0, + LiCl >H,S0,+ NaCl> Fig.4 UV-Vis absorption spectra of aqueous solution

H,S0,+KCI>H,S0,, 5 [ 2 3% £k £h (1) Hi, fif 3% B R systems of sulfuric acid+salt

Chem. J. Chinese Universities, 2025, 46(7), 20240535 20240535(87/89)



d P4 s Hkhaws g

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?ﬂiﬁ:\.i

Table 6 H, of aqueous solution system of sulfuric acid+salt

System A B fraction( % ) BH* fraction( %) H,
o-Nitroaniline 2.828 100.00 0 —
H,50,+Na,HPO, 2797 98.90 1.10 1.665
H,50,+NaH,PO, 2,646 93.56 6.44 0.873
H,50,+Na,S0, 2.384 84.30 15.70 0.440
H,S0, 2.152 76.10 23.90 0.213
H,S0,+KCl 1.902 67.26 32.74 0.023
H,SO,+NaCl 1.799 63.61 36.39 -0.047
H,S0,+LiCl 1.763 62.34 37.66 -0.071
H,50,+ZnCl, 1.682 59.48 40.52 -0.123
H,50,+NaHSO0, 1.484 52.48 4752 0247
H,50,+MgCL 1.346 47.60 52.40 -0.332

[l BTl A RO, FL T B O s AT RO RTINS, B AR )N, R i 4 B . R 2 R
R, SR EE AR o R bR

HEAh, Xof BRI+ B T WA MR 1 H 2B A5 T I0E . R, BRYREE N 0. 1 mol/kg, BT IRARERIRE
0. 15 mol/kg, TEZRFIRIAIFEARNE , AR I HEZRANFR TR .

Table 7 H, of aqueous solution systems of sulfuric acid+ionic liquids

System A B fraction( % ) BH* fraction( % ) H,
p-Nitroaniline 0.776 100.00 0 —
H,S0, 0.250 32.22 67.78 0.667
H,S0,+[MIM ][ MSA | 0.279 35.94 64.06 0.739
H,S0,+[MIM][TFO] 0.254 32.72 67.28 0.677
H,80,+[MIM][ HSO,] 0.238 30.68 69.32 0.636
H,50,+[ MIM ][ H,PO, ] 0.436 56.19 4381 1.098

M TR, TERR BRI AN 4 FHKIESE BT, SO I LMIM I [HSO, I, A X R A7 1
SR, DO HSO, T ARG HL S 1 5 B s R AR X R R ks /] R LR Ry ks B 5 1~ .
AR HL T, FIXS AL I — A L R S R R TR P A 1, ST ol R E AT — 5 AR5

3 &

T AE T DK MRS I I e B2 B I () Hammett B2 3 BRBCH, , 2585 T VR FIGT HIN 2 95200 , 358
TEHAOXT[C,SMIM | [MSA ], HIBERERR . — 55 BeEfi iR AR 1 H, B52 I . SEIR 25 R, & Pl
F14) B 5 XoF TR B8 1 S M SN 5, M B AR RIS, P B 3 1 BB o R e b, U 28 9
AR P B 5 11T 224 P 25 AR R, 25 AR R S B IR AR KGR, %, B IH
o 585 BB/, U] - R P T R R, 5 X [ — 2R AU ) B R, TR D BB AL I S TR E AR T Re Ak
(S TR I PR P 5 . ARSI AR, [ —Fi s TR IR FE 22 AR, TR, HeAse 2 AN A A7) i)
PR 5 R/ NS ] — Rl e . i R TEHLER A1 MLER 48 LiCl, NaCl, MgCl,, CH,SO,Na fil CF,SO,Na
IMAZWEAAAR R G, SR BIERHTRON, RIS T AR AR 5 (X ORER R B AN C.SMIM i A $
AR R EH R REEER, BRI TIRR R . sboh, KRN BRI 53 R 2 W i 4t
KA.
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