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Abstract: Study of chemical properties of water radical cations is of great significance for elucidating
related reactions process. In this paper, the reaction characteristics of (H,0), "~ prepared online with
several benzene derivatives were investigated. The results showed that, when (H,0), " reacted with

aromatic compounds without electron-withdrawing groups, such as benzene (C4H,, 78 u), anisole
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(C;HgO, 108 u) and 2,4-dimethylaniline (CgH; N, 121 u), the corresponding phenol product
((C(HsOH) **, m/z 94), (C;H,O—OH)"", m/z 124) and (CH,,)NOH+H)', m/z 138)) were observed,
accompanied with the production of electron transfer (ET) products (C¢Hg) *, (C,HsO) ™) or proton
transfer (PT) product ((CsH;;N+H)"). Isotope labeling experiments proved that OH in corresponding
phenol products was originated from (H,0),"". Interestingly, when (H,0),"" reacted with substituted
benzenes bearing strong electron-withdrawing group, such as benzonitrile (CqHsCN, 103 u) and
nitrobenzene (C¢H;NO,, 123 u), the main products were the radical substituted adducts (C,H;CN+
H,0)" (m/z 121) and (C{HsNO,+H,0)" (m/z 141), respectively, without phenol products or substituted
benzene radical cation were noticed. It was obvious that the reaction between (H,0),”" and the
substrate occurred through four competing processes: (a) electron transfer (ET) reaction, in which
aromatic compounds release an electron to (H,0), " to from an aromatic radical cation; (b) proton
transfer (PT) reaction in which aromatic compounds got a proton derived from the dissociation of
(H,0),""; (c) dissociative electron transfer (DET) reaction, accompanied with the electron transfer
process, C—H bond cleavage and C—OH bond formation; (d) radical substitution reaction in which
a radical cation adduct consisting of aromatic molecule and H,O generates. It was speculated that
the diverse reactivity of (H,0),”" was owe to its two interchange structures ((H,O)H— OH and
[H,0..OH,]™) generates. It was proposed that the electron withdrawing groups on the aromatic ring
would benefit for the existence of two-center and three-electron structure of (H,0), " and induced the
radical substitution reaction. In contrary, compounds without electron withdrawing groups or bearing
electron donating groups on the aromatic ring would contribute to the presence of proton transfer
structure of (H,0)," (containing H™ and "OH) and facilitate the C—OH bond formation. This study
will help to elucidate the chemical reaction processes involving benzene or substituted benzenes and
(H,0),".

Key words: water radical cations; benzene derivatives; proton transfer structure; two-center and

three-electron structure; mass spectrometry

KT K2 — B & 2 !, Ju 2
K G F A DG 1 /N L S B G, b K /N AR
(H,0),™" i Tk /NAT % (H,0), 1T DL
KA B /N (H,0), (n<<10) F 17,
(H,0), " kg 7K 5 e 4 565 1 7 W, 67K AR Ak 2
J2 N, LA R R R AR AR .
Hr, K R AR A B E T (H,0),” (n=2) " E
Sy PR L B 7K AK 2 Bl ) 2 1 Fe /NS T A7 3 E A
K

KT (H,0), Mo 24 h T HOBTE R
oSG R R S 20 R B B T BN S 5 B
T (H,0)," (778 2 Fpah g l> 221 1 025 & 1
THE LSRR O—O 45A 1 Wt = HLF (2¢3e)
SEFY, AR 553X 2 P2 A AH DG 1 2R A BE 5 D 4
o I (H0), 454 B, SR 5+ M 1R
AL 3 A sE gl B & AR a) & TR RS T
F(ET)JE R M1 2 437K (2H,0 5 (H,0),);

b) &3 T RS o B (PT) 77 48 o T4k B ¥ 43
T (M+H) 1 <OH; o) 2 i fif 5 L 7 % % i 2
(DET) /=4 m,"BE B F M m,, mTH la~lc, R
M, Y0 3 F 25 R B, A RR e iKY 5

_ET M*+2H,0 (or (H,0),) (a)

PT
L > (M+H)+H,0+0H (b)

(H,0),"+M

DET
———m,*+m;+2H,0 (or (H,0),) (¢)

SR, (Mi,0) 41,0 (@
B1 XZREBHERBEFSERYST M ZEH
ENE)-dvsoR
Fig.1 Different reaction processes between water

dimer radical cation and substrate molecules M



484

(H,0), " LABEAS 3 /2 0 3, J& 6 &5 & A HoAth 28 Al
(9 S ok A, GO (SR, 1 1d) o

AR ORI 5T 0 S fl 1P, 4 A
TR AT B AR R R R FRIETE, DA IR AE
IR, BSR4 F S5 R [ (H,0),"
Ak 2 BN R o A B R — 2B F SR K 3k
FHES F I AH G AL 22 R v $E 52

1 EWEH
1.1 NEERE

LTQ-MS £ P £ + B J5t 315 4% : 55 [E] Thermo
Fisher Scientific 2\ &) ;= i, BC 4% Xcalibur £2 )7 ; XX
3 T PR VLA i B0 - £ R SR A LS (LA-
DAPCD) & F 5. 717 4 % Bl 2 5 3% 8
S E s A B A AR, R Al
R 28 /K (75 41i7K ): B Thermo Scientific 41 7K
(RIS 7144) % o
1.2 #R5iF

ORLORHIEE 2, 4- T WIS ORI L 3k
e b e R 2N | SRR K (D,0=
99.5%) . 4 K (H,"0=97%) . At H (=98%):

By T A B R
1.3 EW&EH

FHATHE 50 mL/min, HLE 2.2 kV, &L
I BE 150 °C, B SR R HEAE T[] 100 ms, f4 4
(Microscan) YK £ & 3, — 2 i 3% & & 41 3 71 [l
m/z 15~200, — 4 ik e £ 5 1 95 1.0 u, filf 13
RET 15%~60%, &5 1S40 0 18 0.25~0.4, fif
FE A 30~300 ms.

2 H#ER5itie
21 KEHEMBFSERELREHRIESH
Z BET IR ST vk, SR G I B U6 -
ST 1% W H 4 E TR 2 45 (H0), JF I Y
CoHg B SN, — G B R T 1 2a,. TEALALEY
LB SR, (H0)," 5 CHe [N 32 72 A mlz
78.94(m/z37. 55 435128 (H,0),H' . (H,0);H', &7E
2l £ (H0)," B 7= A2 1 ), o) F I 28,0 miz
36. 78. 94 MYEFE S 1K 7R T8l 2b, 7E 5.5 min
Ly, B CHg UM A, (H0)," (m/z 36) ({5 5
SR T R, m/z 78, 94 BYMF T R W] i 1Y R,
% W (H,0)," 5 CH, &M, H m/z 78, 94

b
a Fovimmermisn et "&
100} 36 ss ' Mo :
° - m/z 36 |
S S 1
3 s0f 3
g | § i b,
E 0 : T R E m/z 78
g 78 a g |
2 1001 2 ;
k= s b
< 55 o 3
S 36 94 >
®os0 ‘37 i = m/z 94

0 |I " by L. . . !

40 100 160 1 4 7 9
mlz Time/min
9% ¢
100 - §94 d

N CE25% 60 ~1CO] oo M
3 s0f (28 u)
R
< +-
S 0 L L coH H m/z 65
= T T OH
K =04 c _A> @
2 100F ¥ 66 ’ 5
2 Y66 CE25% — CE60%| CH, H g
= ir m/z 94 m/z 66
S LCE 60%
50 4o SICH] mlz 40

oLl 200 ] .

50 70 90
mlz

B2 (H,0),"5 CH, RMEH—FRRIEE (a) EZFE FRE (b)) m/z 94 BFHHEFSHEEE (o) REHKEZ)
Fig.2 Mass spectra (a) and ion current chromatographs (b) for the process of (H,0)," reacting with C;Hg, CID
spectra (c) and possible fragment pathways (d) of m/z 94



5% 43

WA 7K P B 5 8 S AT A 0 S IO 1) B i o 5

485

S B RN R, Hort, miz 78 SR (CeHg) ™, A& i
(H,0)," 5 CeHg &4 BT R =411

m/z 94 Bl 1 175 5 % 25 (CID) — 4 i K 7w
T 2c. Y hlf 18 BB & 25%, m/z 94 B T R
CO(28 W)= T B 1 miz 66, 78 T & 2¢,; gk — 4
fi# B A2 m/z 65 40 R BT, 8 T 2¢,, HUZ R
mlz 66 B F 435l F Kk He (1 uw) fl CH,(26 u) 15 F|
B R I s IR B T (CHSY) DL K RN B A il 3
PHES 7 (CH,™), it B i 4278 T8 2d. miz 94 B
T i T R BT 0 S SR PR T A R B R A
e R e — 3, Ik, $EI m/z 94 R (CH;OH)™, &
i (H,0),"" 5 CH, R I, 2853 DET, K3 |- C—H
% W T B C—OH i 7= A 9
22 KEHEMRBFSERNMEMERIE
SN,

i D,O 43 H,O 1E A # R7) B +, 7R
il 2 & K B FEBHE -, B8 TR EE T R
Ty R HE AR AS M, B 2 A 0 S TOK L H R PR
B 1L (H,0+D,0) (m/z 38) K ¥, 7% T & 3a,.
ACK A i PHE 7 (H,0°D,0) " 5 CgHy 52 ]
FEW R A miz 78, 94, 95 BB T, R T & 3a,.
M\ m/z 36, 38, 94, 95 I 1E £ B 1 ai B AT A, 7E
3.4 min £ 47, B % CeHe B A, m/z 36 F1 38 )

T B FRA, m/z 94 F1 95 (A5 B O, R
B (H,0+D,0)" 5 CHg & A= L i 7 = m/z 94 Fl
95 B, T 3b, HH, m/z 94 K (C,H;OH) ™,
m/z 95 A HEJ& DETI ) =) (CH;OD) "8 Jii F
109 2K By (CHOH,) o Xt m/z 95 B 7 it 47 CID
S, MR fE RO 35%IKT, HFE K CO(28 u) i
HF BT miz 67, s T K 3¢,o mlz 67 —FFER
C,H,(26 u) 724 m/z 41 (C;H,DY), /8 T8 3¢, HiA
B R T 8 3d. X% W, m/z 95}y (C,H;OD)",
&K H S 5 CH RN, 40t
DET, 43 |- C—H W%, C—OD $#IE i, %
A (CgH:0D) ™,

T — B R R 1 C—H ik 2 A
C—OH #HIE pliad # b O Bk IR, L H,"*0 A#) g%
A B0 K [ 3B E T (H,*0-H,0)"
(m/z 38), — % E R T &l 4a,. (H,*0+H,0)"
55 CyDg 1E £ KN 72 42 miz 84, 101, 78 T 4a,.
M m/z 36, 38, 84, 101 Ay £ & ¥ 3t &l vl J, 7¢
2.6 min 7247, Bl CDe FIINA, m/z 84, 101 f{H
OUR B U] ORI (H,'°0 <H,0) " (m/z 38) Fl
(H,0)," " (m/z 36) W) {5 5 58 B [ 1K, 7= T &l 4b,
m/z 84 55K ET RN H) (CeDg) "o XF m/z 101
BT CID 5246, HEK C0(30w) =k m/z 71,

38 a b
s 100 ! S prmmtiton ]
% % m/z36 |
2 sof 2 b,
% N T E miz38
N 78 S | 5
goop * 2 lmeos
T:i 5038 % % E b,
0 L ik : : :
40 100 160 1 3 5
mlz Time/min

ol 195 95, ¢ d o DoH
X b |
3 o |CE3% z[go] S, @ OrQ
g 67 r& 6p €O H D miz 66 miz 65
E 0 r r ©/ _A» (minor) (minor)
3 41 5 o CE35% — CE65% C,H,/C,HD -
2 100 1 |-[C,H,] 167 m/z 95 iz 67 . D gl
g 26 w67 Top eso e or
< 301 (40 66 “CE 65% miz 41 m/z 40
a 0 Ld J(/ 65 (major)(minor)

50 70 90
mlz

B3 &mekBEHEMRETFS CH, REH—HFREE(a) FIEFEEFRE (D), XES~WH CID FHEE (c)
RfpEgEd)

Fig. 3 Mass spectra (a) and ion current chromatographs (b) for the process of deuterated water radical cation

reacting with C4Hg, CID spectra (c) and possible fragment pathways (d) of m/z 95
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(17 W mz 12187, Kt —PmE £k
CO(28 w) =AM K B T m/lz 93, m/z 138 J& ¥ 3k
1614 2,4-— W L ZE R (M+OH), £ 2,4-— W L%
Jiie % BRI C—H ik Wi 24, C—OH # ¥ i, % &
DET [ 45 3] 1y, H A AR T 6d.
24 WMEFEAMNNKES H,0)," E& R M
B BRIG 4 47

MR EARWAE FREANETIES
(H,0), " J Wi B, 724 m/z 121, 75 T8 7a, 34 W
RN KWPE A 3 (n/z 103) 80
ZKHE H AR EHE T (m/z 119). M m/z 36, 103,
119, 121 M FR B T3 AT A0, 76 5 min Z2 45, Bl
HAREPIERIA, m/z 121 BA5 508 B 210,
miz 36 ({5 5 58 J3 1 2 R B, m/z 103 #1119 1915
SIRA BFER, )8 TR 7o, m/z 121 433 CID
FEE R HO18 w) ik i m/z 103, 75 T 7c, H
L MR T B 7de R m/z 121 B 12K H

5-H,0 A B FEAY.

il 328 5 (H,0), &L 7= A4 m/z 141 B T,

T Bl 8a, WA W58 B AN BE K H i BH B

(m/z 123) KR F AW EE R A R & E T
(mlz139) M m/z 36, 123, 139, 141 By 2R 1
R R, 78 2.5 min 2247, BfE R LRI,
mlz 36 (W15 5 50 B W 35 T B, m/z 141 ({5 550
JE R 23R, ET SO0 ™9 (m/z 123) 3 DET J2
P (miz 139) WA 5 K B B 35 58, 7R T K] 8b.
m/z 141 4 CID £ F K H,0(18 u), 15 F| i F oK
H B T (m/z 123), ] DL E R 3L [ i %
(\NO,, 46 w) A= & m/z 95 BT, T m/z 141 JE: A
FOR-H,0 H S FE &Y, HE i Em
fifp 15 B AR Ay R TR 8 B 8. H A B RN
FEOR 0 BN S5 S v, YRR T A I T SR A
i, (H,0)," 5 2% W i 3 28 40 1 E 2% 2 SR,
I KR53 ET F1 DET (R 7280

ZE O, YRR RS L RN A [
i, BURIE S (H,0), SO B R4S 5 o 4 EUE
B IR A e 3 P (B TC SR I L TSR D) B, BROPRR
5 (H,0), 7] & 4 DET. ET & PT JZ i ; 24 Bt
BE R TR f T R, O OR 5 (H,0), 0] &R
SR JZ b o B H 5 (H0), [ I 19 Z ke 5



488

(i1 O AR

a b,

S 100t 12 s mese
8 3 b, ;
g g '
E 2 !
Z 2| miz122
2 50F o
k Z|b, 5

| l m/z 138 |

0 — T T T T T
40 100 160 7
mlz Time/min
100 | 121 38 d H NH,
. CE 15% (E[
2 50+
g o ‘ B CE 15%
"g wol > % %Sf NH, miz 121
2 sof 121 2 miz 138 CE 20%
o | | CE20% N o
= 0
< C - 0,
S 1o0p 8 l};? @ CE 28% N
50 % m/z 65
0 | °CE 28% C,H, m/z 93
40 100 160
mlz

B6 (H,0),"52,4-—

FEXBEENA—RRER () FIERESFRE(b), XERMN=H CID B (c)
EEBREW

Fig. 6 Mass spectrum (a) and ion current chromatographs (b) for the process of (H,0),” reacting with

2,4-dimethylaniline, CID spectra (c) and possible fragment pathways (d) of m/z 138

a
f;wwwmtf&%
X S |
< 100 F BN ‘
g 121 2 [, ;
g S| m/z 103
3 S | )
: - ‘
kel o |
° s |® { m/z 119
2 50 F 2 m/z
E E ‘W““J:Mm_l.l ™
2 36 & b, " omlz 121
04—k ey . . —1 .
40 100 160 2 4 6 8
mlz Time/min
100 ¢ 103 d
=
3 H,0
=] 121 CN ) +
< 121 X + CN
£ ) | .
2 5 P & —A’
< - Z
© CE 18% 5 CE 18%
b H
é —[H,0] m/z 121 m/z 103
< | (18 u)
0 T T T
40 100 160
mlz

B7 (H,0),"5FREERMN—REIEE () FEESFRE(b), REF=# CID El(c) REEEZ(d)

Fig.7 Mass spectrum (a) and ion current chromatographs (b) for the process of (H,0)," reacting with

benzonitrile, CID spectrum (c) and possible fragment pathways (d) of m/z 121



a4 . KA IR E TS 2R AT A Y RN B R T AT 489
a 141 T mlz 36

S S
g 100F S |b, 1
g = A miz 123
o o
=] g
2 2 % ;
§ 50| § 3 ‘I m/z 139
= 3
= 36 L h &b

Ol lLML . I

40 100 160 2 4 6 8
mlz Time/min
100 | ¢ 123 HO ol
X NO,
S <141 J’ ©/
- ! N ANO, ¢+ L :
2 CE 18% O/ m/z 123
s Or -[H,0] CEI8%| WO,
i NG (187 1O H 2 @
= (46 ) A
& 95 141 mlz 141 o
HH |
e
0 bl b : m/z 95
50 100 150 200
mlz

B8 (H,0),"SHEXRKMH—REIEE (a) FIEFEEFRE(b), REF=# CID El(c) REEEZ(d)

Fig. 8 Mass spectrum (a) and ion current chromatographs (b) for the process of (H,0)," reacting with

nitrobenzene, CID spectrum (c) and possible fragment pathways (d) of m/z 141

(H,0)," 45 14 A7 AE oL 7 5 & A o =i
T (2c3e)2 Pl EARZERA 5 o FRIN LI L 12
A AT REA AT (H0), " M bl = i T 45 77
TE T A2 Az A B R, T 38 A7 8 fL 5 5 AT I, 2
W EEETERRAFT (H,0)," BB AR
AFAE, BT HE R 440 O R3] DL S5
WERHEA . 35N, BT R R L T Tl LS
ARTR L 132 R A5 A8 SR, 45 31 J5T 1 e A% S 1
a7/

3 &g

ARSCHI I H R B3RS R AR T (H,0),”
52K R W 2, 4- T F IR S VRGN 3
T A ACE WA L SON B REPE . BR ET. PT
& DET J N Ak, i & 8L s HAr A 9 5 (H,0),”
Z I A SR J I o (H,0), " [ N (1) £ R ME 5 H 4%
4 v A7 7E 5T 5% B A L = L (2¢3e) X 2
P EARZERIA 56 o SR K At 3B T 50K
J L R 250 K A H 3k R B 5 AR OR B ]
S FEbRic L R B, BRI =Y i OH kIR
TAKAMERE . KW, H0), 1A ]
il 38 2ok 0T A B 25 A TP i cOHSE B . AR 5T
A BhF A K [ S P A DG A R e

2% k-

[1] MENGY, ZARE R N, GNANAMANI E. One-step, cata-
lyst-free formation of phenol from benzoic acid using
water microdroplets[J]. Journal of the American Chemi-
cal Society, 2023, 145(35): 19 202-19 206.

[2] WANG T, LI Z, GAO H, HU J, CHENH Y, XU J J.
Ultrafast C-C and C-N bond formation reactions in water
microdroplets facilitated by the spontaneous generation
of carbocations[J]. Chemical Science, 2023, 14(41):
11 515-11 520.

[3] XING D, MENG Y, YUAN X, JIN S, SONG X, ZARE
R N, ZHANG X. Capture of hydroxyl radicals by hydro-
nium cations in water microdroplets[J]. Angewandte
Chemie (International Ed in English), 2022, 61(33):
€202207587.

[4] XUE L, ZHENG B, SUN J, LIU J, CHENG H. Water
microdroplet chemistry for accelerating green thiocyana-
tion and discovering water-controlled divergence[J].
ACS Sustainable Chemistry & Engineering, 2023,
11(34): 12 780-12 789.

[5] ZHANG D, YUAN X, GONG C, ZHANG X. High elec-
tric field on water microdroplets catalyzes spontaneous
and ultrafast oxidative C-H/N-H cross-coupling[J]. Jour-
nal of the American Chemical Society, 2022, 144(35):
16 184-16 190.


https://doi.org/10.1002/anie.202207587
https://doi.org/10.1002/anie.202207587

490

B e R A

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

MENG Y, GNANAMANI E, ZARE R N. Direct C(sp’)-
N bond formation between toluene and amine in water
microdroplets[J]. Journal of the American Chemical
Society, 2022, 144(43): 19 709-19 713.

GAO X F, CHENG J C, YE C L, XIAO S, QIU Z M,
ZHANG X. Water promoted 9-fluorenylmethyloxycar-
bonyl detachment from amino acids in charged micro-
droplets[J]. Organic & Biomolecular Chemistry, 2022,
20(35): 7 001-7 005.

DONG F, HEINBUCH S, ROCCA J J, BERNSTEIN E
R. Dynamics and fragmentation of van der Waals clus-
ters: (H,0),, (CH;0H),, and (NH;), upon ionization by a
26.5 eV soft X-ray laser[J]. The Journal of Chemical
Physics, 2006, 124(22): 224 319.

BELAU L, WILSON K R, LEONE S R, AHMED M.
Vacuum ultraviolet (VUV) photoionization of small
water clusters[J]. The Journal of Physical Chemistry A,
2007, 111(40): 10 075-10 083.

HINCAPIE G, ACELAS N, CASTANO M, DAVID J,
RESTREPO A. Structural
hexamer[J]. The Journal of Physical Chemistry A, 2010,
114(29): 7 809-7 814.

GOOD A, DURDEN D A, KEBARLE P. Ion-molecule

studies of the water

reactions in pure nitrogen and nitrogen containing traces
of water at total pressures 0.5-4 torr kinetics of cluster-
ing reactions forming H'(H,0),[J]. The Journal of Chem-
ical Physics, 1970, 52(1): 212-221.

GOOD A, DURDEN D A, KEBARLE P. Mechanism
and rate constants of ion-molecule reactions leading to
formation of H'(H,0), in moist oxygen and air[J]. The
Journal of Chemical Physics, 1970, 52(1): 222-229.
NOVAKOVSKAYA Y V, STEPANOV N F. Small
charged water clusters: cations[J]. The Journal of Physi-
cal Chemistry A, 1999, 103(17): 3 285-3 288.

LUDWIG R. Water: from clusters to the bulk[J]. Ange-
wandte Chemie (International Ed in English), 2001,
40(10): 1 808-1 827.

TACHIKAWA H. Ionization dynamics of the small-sized
water clusters: a direct ab initio trajectory study[J]. The
Journal of Physical Chemistry A, 2004, 108(39): 7 853-
7 862.

TANG M, HU CE, LV Z L, CHEN X R, CAI L C. 4b
initio study of ionized water radical cation (H,0);" in
combination with the particle swarm optimization
method[J]. The Journal of Physical Chemistry A, 2016,
120(47): 9 489-9 499.

SHIL T, TANG M, CHEN X R, HU CE, CHENG Y. 4b

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

initio study of cationic water cluster (H,0)," via particle
swarm optimization algorithm[J]. Comput Theor Chem,
2017, 1 120: 102-111.

WANG F, SCHMIDHAMMER U, deLa LANDE A,
MOSTAFAVI M. Ultra-fast charge migration competes
with proton transfer in the early chemistry of H,O '[J].
Physical Chemistry Chemical Physics, 2017, 19(4): 2 894-
2899.

AMBROSIO F, PASQUARELLO A. Reactivity and
energy level of a localized hole in liquid water[J]. Physi-
cal Chemistry Chemical Physics, 2018, 20(48): 30 281-
30 289.

CHENG Q, EVANGELISTA F A, SIMMONETT A C,
YAMAGUCHI 'Y, SCHAEFER H F. Water dimer radi-
cal cation: structures, vibrational frequencies, and ener-
getics[J]. The Journal of Physical Chemistry A, 2009,
113(49): 13 779-13 789.

MIZUSE K, KUO J L, FUJII A. Structural trends of ion-
ized water networks: infrared spectroscopy of waterclus-
ter radical cations (H,0),” (n=3-11)[J]. Chemical Sci-
ence, 2011, 2(5): 868-876.

PANPR,LINY S, TSAIM K, KUO J L, CHAI J D.
Assessment of density functional approximations for the
hemibonded structure of the water dimer radical
cation[J]. Physical Chemistry Chemical Physics, 2012,
14(30): 10 705-10 712.

BARNETT R N, LANDMAN U. Structure and energet-
ics of ionized water clusters: (H,0),", n=2-5[J]. The Jour-
nal of Physical Chemistry A, 1997, 101(2): 164-169.
GARDENIER G H, JOHNSON M A, McCOY A B.
Spectroscopic ion-radical H-bond in
H,O0%[J]. The Journal of Physical Chemistry A, 2009,
113(16): 4 772-4 779.

KAMARCHIK E, KOSTKO O, BOWMAN J M,
AHMED M, KRYLOV A I. Spectroscopic signatures of

study of the

proton transfer dynamics in the water dimer cation[J].
The Journal of Chemical Physics, 2010, 132(19):
194 311.

MIZUSE K, FUJII A. Characterization of a solvent-sepa-
rated ion-radical pair in cationized water networks:
infrared photodissociation and Ar-attachment experi-
ments for water cluster radical cations (H,0), (n=3-8)[J].
The Journal of Physical Chemistry A, 2013, 117(5): 929-
938.

JANIK I, TRIPATHI G N R. The nature of the CO, (-)
radical anion in water[J]. The Journal of Chemical

Physics, 2016, 144(15): 154 307.


https://doi.org/10.1063/1.1672667
https://doi.org/10.1063/1.1672667
https://doi.org/10.1063/1.1672667
https://doi.org/10.1063/1.1672668
https://doi.org/10.1063/1.1672668
https://doi.org/10.1039/C6CP07013B
https://doi.org/10.1039/C0SC00604A
https://doi.org/10.1039/C0SC00604A
https://doi.org/10.1039/C0SC00604A
https://doi.org/10.1021/jp962761n
https://doi.org/10.1021/jp962761n
https://doi.org/10.1021/jp962761n
https://doi.org/10.1021/jp311909h

5% 43

WA 7K P B 5 8 S AT A 0 S IO 1) B i o 5

491

[28]

[29]

[30]

[31]

R BR A, ki, B, BRASC. RAUEFAE T il 7K
P 3 PH 2 7 A% 09 %% & f [, CN203448088U[P).
2014-02-26.

TS, fATING, WM ST, R K E R 5 X (2-
¥ L) i EEE 09 BUE AT S ] L2244, 2018,
76(10): 802-806.

GAO Xiaofei, HE Peng, CHEN Huanwen. Study on the
interaction between water radical cations and bis(2-
hydroxyethyl) disulfide at ambient temperature and pres-
sure using mass spectrometry[J]. Acta Chimica Sinica,
2018, 76(10): 802-806(in Chinese).

ZHANG X, REN X, CHINGIN K, XU J, YAN X, CHEN
H. Mass spectrometry distinguishing C= C location and
cis/trans isomers: a strategy initiated by water radical
cations[J]. Analytica Chimica Acta, 2020, 1 139: 146-
154.

WANG M, GAO X F, SUR, HE P, CHENG Y Y, LI K,
MI D, ZHANG X, ZHANG X, CHEN H, COOKS R G.

Abundant production of reactive water radical cations

[32]

[33]

under ambient conditions[J]. CCS Chemistry, 2021, 4(4):
1 224-1 231.
R, R, H AL R H AR FE ST
LG =R BOERTIE ], B, 2022, 43(4):
438-445.
GAO Xiaofei, CHENG lJincai, XIAO Shan. Mass spec-
trometric study of two-center three-electron bond in
disulfide-water radical cation complexes[J]. Journal of
Chinese Mass Spectrometry Society, 2022, 43(4): 438-445
(in Chinese).
ZEN], W A, KZRAA, S K, Bl 3C. SRR R IR
B E 2 B S T 45 Y B BT S [0]. B A 4, 2021,
42(6): 1 139-1 144.
LI Ke, FAN Lijing, MI Dongbo, GAO Xiaofei, CHEN
Huanwen. Study on the gas-phase structure of water
dimer radical cation using mass spectrometry[J]. Journal
of Chinese Mass Spectrometry Society, 2021, 42(6):
1 139-1 144(in Chinese).

Ol H 491: 2023-12-26; & 71 H 31 2024-02-16)


https://doi.org/10.6023/A18070297
https://doi.org/10.6023/A18070297
https://doi.org/10.7538/zpxb.2021.0214
https://doi.org/10.7538/zpxb.2021.0214
https://doi.org/10.7538/zpxb.2021.0214

	1 实验部分
	1.1 仪器与装置
	1.2 材料与试剂
	1.3 实验条件

	2 结果与讨论
	2.1 水自由基阳离子与苯在线反应的质谱分析
	2.2 水自由基阳离子与苯反应的同位素标记实验
	2.3 供电子基团的取代苯与(H2O)2+•在线反应的质谱分析
	2.4 吸电子基团的取代苯与(H2O)2+•在线反应的质谱分析

	3 结论
	参考文献

