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W ZE HMMAVL (DOM) 2&ELHREN TP ZAENAEIIREGY, 257 RAEMKASE N
Z YR = AR AL 22T B . DOM. ()47 L i A8 3 25 - [l 4 % ( FT-ICR MS ) 3B 5 JE HLE
fof B F-0GE, EX LR A B TR I 5E 0 A B ARBIFSY 45 FT-ICR MS R, H2 38 F B i o B8 T T4
PR L E frf B8 0 BE i, I L T4 2SR A B DOM ) FT-ICR MS i [ b £ v frf B8 T 1Y fb 24 2
FEMES . S5 R R, AH LR S Z ESC R WA Jr vk, 1 B F g 5 —F 10 4 1) SUH Ao 5 7 L e 8
753 5 DOM (1) FT-ICR MS i ] A7 00 re fif B I A 1AL (475 44.90% ) . AR L SR far B -, WURRL A B
FHATLE O/C, DBE (H/NUHEME ) |« Al (BIEFFHFMEIRE) M1 NOSC (Wi AT ) A
VI RCEARH H/C fH, R4 WL 7 DOM J2& & R EEM AR A 43 . [FIRT, BUR A B F I B0 5 R i 2
BRI G, 1% DOM H iy XUHL 17 85 4 i T e HLUACR UG, & J8HE i P OSUH far B I B A L AT
VK DOM (540, 0.18%) . RIRIKIK DOM ( 3486, 0.81%) . 1% DOM ( 6334, 4.06% ) HIjEK K
DOM (41, 0.13% ) . iX & W 5 r faf 25 02 %% 28 PR 554 it DOM [ FT-ICR MS % [&] i) 2 22 5 e A%
55 DOM k2% SRR AR L T — BB A BE 43 B 7 vk, BIR R G MM E 7R T A [F 247 DOM Hr
LB FRMER, HUESE T XU ff 2 F X AN R 2E R DOM 19 55 43 ¥ i ( UHR-MS ) 038 2 #r 59 52 il
AR A B
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Elucidation of doubly charged ions in DOM by ultrahigh-resolution
mass spectrometry

YANG Lun WU Shixi FU Qinglong ™
(China University of Geoscience(Wuhan), School of Environment Studies, Wuhan, 430078, China)

Abstract Dissolved organic matter ( DOM ) is a heterogeneous organic mixture ubiquitous in
various environmental media, participating in many biogeochemistry and environmental chemical
processes in the supergene earth system. Despite the extensive occurrence of single-charged ion
peaks in the mass spectra of DOM by Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS), information regarding their double-charged ion peaks is very limited. In this study, a
doubly charged ions algorithm based on their singly charged precursors was developed to
characterize the chemodiversity of multiply charged ions in the FT-ICR MS spectra of DOM in

various environmental media. Results showed that compared with the traditional method only
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considering "*C isotopic peaks, the doubly charged ions method based on singly charged precursors
could effectively improve 44.90% number of doubly charged ion peaks in the FT-ICR MS spectra of
DOM. The doubly charged ions had higher values of O/C, minimum double-bond equivalence
(DBE), modified aromaticity index (Al,,,q), nominal oxidation state of carbon (NOSC) and lower
values of H/C than those for singly charged ions, indicating that most of the doubly charged DOM
were carboxyl-rich alicyclic molecules. Moreover, the number of doubly charged ions was dependent
on sample type. Soil DOM was most abundant in the doubly charged ions. The number and
percentage of doubly charged ions in various samples were in the order of: marine DOM (540,
0.18%), natural fresh water DOM (3486, 0.81%), soil DOM (6334, 4.06%) and waste water DOM
(41, 0.13%). These results suggested that the singly charged ion peaks were dominant in the FT-ICR
MS spectra of DOM for various environmental matrices. In addition to providing a novel data
analysis method for FT-ICR MS data analysis, for the first time, this study reveals the properties of
multiply charged ions in different types of DOM and confirms the neglectable effect of doubly
charged ions on ultrahigh-resolution mass spectrometry data analysis for different types of DOM.

Keywords doubly charged ions, FT-ICR MS, natural organic matter, precursor ions.

s A4 A3 HL BT (Dissolved organic matter, DOM) /245 BB i T /K HLfigiE 1L 0.45 pm P8R AY 52 28 A 1L
REW, K ZAAE T ROKIE, HEEMRIELESRG S, X TR 2R E A B T HER
OB AT AR Ok, (B AR M B 7 [l iE 3 4R 5% ( Fourier transform ion cyclotron resonance mass
spectrometry, FT-ICR MS) X H: i /&1 1 43 2% (43 B35 KT 200000 ) F5T 500K 6 B (B AL iR 22/ T 10°°)
1) V2 B T 53 F K P DOM b2 ZFEERF 520> DOM 1Y FT-ICR MS 3% & i # & A8 T 1 2
IS E T, A5 A B 0 A 4y 2 U RN B OB £ R S A B 2 2 DOM A 5 43 % 3 (Ultrahigh-
resolution mass spectrometry, UHR-MS ) W& 41 43 A1 09 ¥ 5. £1 %5 DOM 432U UL A ¥ERE, HATA — &
)T BA] T4 72X A shVCE, 45384 (40 DataAnalysis Fil Composer) . H 3L F (Formularity!” |
UltraMassExplorer™ £l TMDS %5 ) LA X fHIAS (MFassignR!' | CIA! | SQU2 il TRFul™ 4§).

DOM i 135 e L fp IR 285 ) 1 2 (75 DOM 1 fmi 43 9 BT 33 W B 11 &2 2% . DOML 43 Hid o 5 A R it 1Y
TECE R, QR BRI R FED ), X 1% DOM 75 H B B vh By T i 22 Ay 251, DL s DA 1) FEL AR
W T — KL %7 DOM ) UHR-MS 81U B AR S A8 5E , FL7E 1995 4F Senko 5517 HEAR
I B[R o7 3R 0 (°C, ) FNPC [A) A R e (°C °Cpny W) B E T B35 v 9 9 AR B4 H 47 . Brown 5509
HRHE 2C,, WEFNC 2C,,y VR E T R far 25, & BT LSS 21 19 125 34 Sy B oy 8 1 R4 Hh eIk kR 2
HL T 25 1 MY FA7E. Leenheer 451" 75 BT 1% b W Z2 51 i 5065 58 02 25 F- BN RS2l 20 s AT, M98 H B S
Mk i3, 555 25 F Ui ( Electrospray ionization, ESI) 5t it DOM &5 1 H 47 — > H faf 21, Kujawinski
A2 BT N FE FLE 55 E ML AT AR X [EST(+) ] B3t rp HUAT A /0 5088 B ot 15 - 221 L AT, T 76 FL MBS 55 1
A5 E [ESIC) ] Baig v n] B4 1% 24> Z Ha faf B F. Stenson %52 YUK AR 43 F i A 2 4F ESIC) JiT %
IR S B M AT 81, M T & TR — . 7B 2 i 251 A IR L, K24
BN B v 0 B W R IA D B H ey B U 22 24290 IR 432 3 L PC, W T RC PC, -y 22 TR) Y S5
T 25 R I W 22 AT B A AR 20, 3K R OB ar B - AR AE 5 °C R ZRIEAFAE LR G &R, SR Y
AFEAEBCPC,poy VR, °C,, Wt A7 AT BB 2 LA fif 25 U i T AR AE. ILAh, AR 58 7 IR A % I8 N Y
XUHL AT B A TR 00 . AR 48 AN A BSTC-) BT B R AR BB 2 - e 19 28 90 A D) (D R SR AL o 1Y)
T AT 44 SCT i 28 44 U +0.3 B ) PV AT R AT AR DS N R fap 25 1 12C,, 25 H BRAE T
T 44 FTE+0.5 Da A7, 1 °C,2C,,y VN2 HIAE T3 K] b 44 U f+1 Da 0 & L&A
AR N A RHRL iy 25 - 2 ol XU fp 2 B S N A2 2 Ak, X 25 4% 52 °C R 3R 7 ik ok 18
PR

BT I, AL A FT-ICR MS $2K, $2 T — P I 5 Ha oy 55 7 1 44 ) 0L FR o7 B85 143 =X L il
Ik, i — 28T T %07 X7 DOM 1) UHR-MS 3% [ H XCHE, faf 525 - 058 Fi8 TR 1) 2550 51 L R AN [R) 28 Y
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DOM H 22 Hi faf B F B, IR T %5 DOM 1b 2 ZAEPE AT,
1 MBLE )7 (Materials and methods)

11 a0 SR S i

AHIFFE T A P 104 35 308 0 22 70 R PR VA L (IR FR EE R 5% ) ik i 24 b J, SR 5 A 4li 7K R 2 (LC-
MS 4fi) [ S g VP SEg AR IR (1) L7 K7 (1 3 % 22 RADWAG, AS 60/220.R2) #E#fi #RH 10.0 mg
SRNOM ik i (W [ [ B 8 58 53 2% 2%, 2R10IN) , B FLs R A 50 mL 8 4li7K il £ B 200 mg L™ A4 fif
W (2) B 5 mL SRNOM it £ 3, SR 0.45 um BT 4E 3 E 38 ; (3) 45 ik SRNOM fif %5 1 5 Y 5
W (LC-MS 4ii, 14 |9 Fisher Scientific 23 7)) K PR 4.

BEAb, ARBFFEIRIRECT 127 ARSI, B0 R IR T SCRkPY. 9% 127 RS R S AN TR 78 A R U5
YR, 430 A 17K DOMAL 7 16 AN VE K AT 23 Al 2 45 7K FE )« F SR IR K DOM(E & 24 MR
K154 H R K, 5 AR E K . 14 SRNOM A1 2 4~ SRFA #£4f) . 13 DOM(20 S FE &) L R K
DOM(6 M) LCH B 28R DOM(ELE 1N ARBTZR AN 1 M R BRI ).

1.2 K&

AHFFEF ] FT-ICR MS X (%54 Solarix 2XR 7T, {%[# Bruker Daltonik 23 ] ), 2% T 3h B 4% L
17 28, LR ESIC-), BEREREE A 120 pL-h', B FURMEET B R B 5.0 KV, BEA R 008 7 9
TEFIH A, 0 5 (mass-to-charge ratio, m/z) #3152 100—1100, 251 22 0.025 s, $3HK 5L
1000 IR, Fidli 75 5 0 4 megaword. 7ERE S R AE T, S H 100 mg L™ =5 L RS HERK (50% H B
IO XS miz HIHATHMREHE. T FT-ICR MS 35 B LURK KR A L HY CHO [F RIE G40 0 bR
J5t, >k FH Data Analysis #X{F ( Bruker Daltonik, version 5.0) X 1% &l 4745 i),

1.3 ULy ik

WG R TRFu UG 2 384743 F2CPLEC. TRFu ARS8 17 i A 1 DL &L 1, o S oA b (m/z) | 53
J& (Intensity ) 115 1 L ( Signal-to-noise ratio, S/N) #ii A £]| MATLAB 1 (@201 & m/z. Intensity 1 S/N 1
7 —H0) . TR ZEAFAR 8N SIN KR F55F 6 i, I i iR 25 /N F 45T 0.75%10°% {5 1 C. H.
O. N, P fi1 S % 6 ML, R MNE LG E W F: C(4—50), N(0—5) ., S(0—3) ., P(0—1); &Afk b
(H/C) L Fl: 0.3<H/C<2.25, %&Hk It (O/C) 7 Fil: 0<0/C<1.15. X4 4 (Double-bond equivalence, DBE) &
TAET 0, BB -1 -2, #F— 20k H R A0 045 2] 1) 43— 2 A7 3 0« 18 7 B £ar i 1) DUEE Y
15 il %% ( DBE-O) {5 [l °& - 10<DBE-O<10; BUH a7 25 - 1Y) DBE-O i [l i#f — 264" K }y-12<DBE-O<12 H.
[F] IR JE N+S+P 5B B i/ VAT N REI.

T DOM 43 F H AL A 4% i F 5 BAKEY, [/ — m/z (5 F Al REEAE R 240 2K, il ad fe 47 a8
87 S L B v 7 7 W v L 070 s B 1 3 20 R 11 N v OO L R A= v
WAL AL AR (DN+S+P JEF 402 it/ (2) SH+P JEFANEZ Fld /N (3) /MR R iR 22, 759
AU BE AL AR 2] Y [M-2H] AL 2 2R 7 2 AT IR e, BRI AR s (a) X [M-2H] B 53 F A2 HE
[M,-H] 245> i, WG58 3% m/z 15 (m/z 1 9 [M,-2HP 550 F 59 B fef e, 8 F) BrE e 5943 725 (b) 24
[M,-2H] 8 3 7 R A AE [M-H] 8 0 H& G 35 A% I 1, DN BR 3% m/z {8 BT DE 2 09 23+ =X
() [M-2H 53 F XN AFE 6 [M-H] B 5 7 R S8 2% IR 7 i, 00 340 BB 32 m/z {B 2 5 DE B T
[My-H] 43730 (M« My SRR 43 F20) . I 554440 R : OAn SRR VT EC S [My-H] B 505X, W
% miz {8 BT VE R 4 23 13285 @40 SR DU AD 2 B4 [My-H] B4 7 1F, WDEF % m/z {EVE BN [M,-H] #1431
3 QUIRICFE R LA [M,-H] AL53FiF, WK A VO AT S 1) [M,-H] #9574k 243 B8 DL R 151 70 1 -
(D N+S+P JFEFA 2 Fdse sy (i) SHP JEF Nz flde /s Gii) /N iR 225 Ba b B iR R ITHE Y
U | A DA R VR A Y B AR A B IS R AT RC RIS BRI . BRI AN R s (1) FEAE B[R0 2R 04 (12C, 1)
(2)FEAERC R R (BC,C,. %), H.°C,"*C,, W 52C, 1 Z B A m/z (HAH 22 1.0031 Da & 1.0035 Da;
(3) 75 /£ 1°C,, I i) AH X 32 & (Relative abundance, RA) K T4 T 5% 1k °C,"*C,_, MR RA {H/NT°C, 1§ H.
2C, WK RA {H/N T 5%.
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F—AFT-ICR MSi# [

=ll i NFT ICR-MS%{#(m/z, Intensity, S/N)

WHE &M
FREIREZE<075X 107, 03<H/C<225, HKO/C=1.15; 4<C<50; N<4; S<3; P<1;
HLRE=—1(-2); H/FDBE=0; H/NS/N=6; aquatic DOM=1; aligned mode=2

'

43 IS ELALI
()i £ O/C<1&P<1; (2)H: B DBE-O|<10, 3 EL{|DBE-O[<12;
GO RN ()il R/ iR %=

VR R Xy ARICHLE] 53 K bgm/z

A 4
CHON,SP,

D e —
!

I AL
&= = = = SENS
B e T e T N o D e PRV
2 2 12

T

v H
[ [M-2H]P B & a3 A M-H] }—Io[ R B [M-2H) " B A 8 1 } >

A
N+S+P& /N

(=)
< S+P%/J\
[ [M-2H /2 5 DAL e T } & . s |

[M-2H]* R 7547 /ENSP
& l FRIRERN

&
BERRHEN T -
- AL/
=
L B —
|

] 55 £y DU 1) B S FL 8 TR DL /2

BCRILF PEREALI )
(WTFAEC M (2)12C, i 5 5C, 2C,,_ IR R 25 1.0029—1.0039; (3)C IEMRAE KF1C 1 C,_ 1%

HERIM-2HT>

HIA IR

A

[ smesaorgmsn |

1 TRFu Uizt iR
Fig.1 Flowchart of the TRFu algorithm

1.4 S FSHaTEMGET
AR A~ B 70 BT IR Ak 27 2, SR AR 5 #2433l 1H5% DBE. 8 1E /Y 5 F #3540 (Modified
aromaticity index, Al,.q) Flfik 24 X 48 fb 45 (Nominal oxidation state of carbon, NOSC). H:H' DBE J& 457+
HOBUEFI G PR S8 ALyoq BHIRHA E DOM HP 2 A7 1 05 7 2548 (Alyog>0.5) B4R G 07 B 451 (Al s>
0.67) P'2%; NOSC 8 £ 5 A AL 5 1 59 A2 W M BR A 2 Sz A 00 A 0 0 T JRE A7 5G9, D) BB 22 R 1 46 4
Dy & LA FT-ICR MS 45 1155 4y 5 25 pR 40 (Rao (19 - UCHE ) B4, Dy mT B i Sk A4~ 43 7 2[R AF X F Jr i
DOM 431 B i T 22 S+ 4H. 43 7= C,H,O.N,,S,P, ()4 X S %1 (4245 DBE. Al,,0q. NOSC 1 D) 155

AR (1) —=(4) frn:
DBE

1+0.5Q2x—y+w+1) (1

1+x-0.5z-r-0.5y
Alq = 2
¢ x=05z—r—-w-—t
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4x+y—-3w—-2z-2r+5t¢
X

D)=y S peprlacf (4)
AR QM) Xy 20w r B SR AP R RK . &L AL AL AR Tk
Fit e A () i n RS VEEC Y 512 EEL py B p; 430251 A B RAH, ¢; Fl ¢ 43 312
4373 Al AR S8 (U O/C, H/C, DBE, Al F1 NOSC 45).
BAANBC [ 2R A PC 2C,y W A I 5 B i 25 138 = R (R (5) #n=ki(6) ) :
.. PCUEE IR B {E -1 CUg I SR PR IR {1
13 & 1% —
Clptesiifis = VR

NOSC =4 - (3

(5

BC IR IR H="2C &I 5R N £ {H x 0.010816 X n¢ (6)

K (6) 1, 0.010816 Ky °C 5"C [FIALFR Y A IR FBE s ne 5 °C, W o1 2 1B 5150 U PEACEL
P 3 27 Kolmogorov-Smirnov 1E 45 1 K 45 B, fiff F 52 Kl 3 J7 2 43 #7 ( One-way analysis of variance,
ANOVA)TE 0.05 Y i & V7K FAG 50 LB 2H 22 1) 14 5 35 22 55 5 D0 >R HIHE 24 Kruskal-Wallis S
EWE =S

2 25 59718 (Results and discussion)

2.1 BC [FM FE B uE S fif DOM 431

S o — 3L FR B 410 A4~ 0L faf 2C,, U6 (R 410 A4S XA faf 1°C, 2C,, W, FEFR A A 2K ) Rl 116 4>
BAL LR g [] m/z (E A 2C,, 0 (XF R 116 4 B rL faf °C, 2C,,y IR 116 A4S XUBA HAL fuf °C, 2C,, I, SRR A
B 2K§) . R EE X H fif DOM 43 ([M-2H]* 43, [M-H]* &1 F 4 B faf DOM 43F ) i HERR PE, A
S DA DT £ 158 2 R0 B I 25 P A BE EA T °C R 2R B IE.

TR 22 W F R, A 28°C, 185 °C,°C,,; W) m/z 22H 4 (0.501670420.00007) Da, iX 5 H:
PRI 0.5016775 =5 B #2301, Ui B BUHE fif DOM [ 2C,, W AN 1°C, 2C,,y W4 T 234 DT e IE 7. s A 28
2, IEFIC, 2C,,, W BT UL B9 43 F OB R BHE B, 45 A A JEUERY m/z (B8 s I TR i BOR R, T A
2C, W (PCPC,y W) DEHC 1 43 20k 28 (A1) B0 N iar () B0 NS CL it — 28, 7E0I 6 75
FAR V&M F (A0 fe /Nl R 22 0.75%10°, 0.3< H/C <2.25, 0< O/C <1.15, -12< DBE-O <12), A 2%
12C,, W FNPC,2C ey WY m/z (853 W VEBC Y 2144 F1 1955 A4S BUH 17 23 72X, Herp12C,, 16 DT R 3] % X3 FR,
TR FEAFE X, PCIN, . Ny, BCiN;. Ny FIPC N B3 73 (X R A5 °C F1 N JCE B CHO 244>
T2, Hfth oo R ARG ) ; °C,2C,,y W VT L 2 A4 XA fof 43 F R PC, L Ny PC N, Ny, BC N, il
Ny #5350, °C, WEFIPC C,,-y W45 A VERELHY 5 287020 o i 22 G 8] 2a FTAL 26 i, 45 R R
2C, W i VLI Y 432U X 5 HE 4 2800 12U A 35 AH DG (P<0.05) ; °C,°C, WPV L 1Y 53
T, BLE Ny PC Ny N3 FIPC N, B3 XAATE 1 1 25 57 (P<0.05), 5 Ny B0 i F k25 5% LA
B R KRB, PC, W PC,PC, oy U i VT IE Y 43 - 20t CHO 28 19 T = 3% 22 J K, 20 5 oy (0.087+
0.084) x107° F1(0.142+0.114) x10°%. #F— 2 NIE S A2 F (1 A B F, 1T DOM IR 2% i+ & i 8
fIGE0, 2C,, IEFN1C 2C,- W B 43 F NPT LA CHO JE 14 HER 14 3

M58l 220K, A 2RI BC,12C, I B RA {5 BEiE RA L (FR A0 (6) 15 ) i A n
Kl 3a iR, BC,2C, WM RIS RA {H 5 & RA {HAY LLAE R 0.9440.17, 35 BIAH X R EL(RY) Ry 0.744,
R A ZRRC, RN A FEE °C, 2C, ) 185 JZPR1C 2C, ) EFEARTT G £30% B 2= B (H >k B Y,
TEAE 347 N (Zy 5 A SR T B8 106 B KUY 84.63% ) A 2812C, Wi 1 13C [l 25 M 22 B0 3IE . T 7E£30% i
25 BEZ A, 3 BC [ 3 25 B BB 77 A T BRI D 25 (AN 181 3b H 6<S/N<20 B IX IR . 41 m/z {8
228.064009 1] 2C,, & [CooHp40,,17, H: RA {E A1 S/NAE 43 51 R 1.15 F1 7.2; VA K m/z (5N 228.565737 i
BC,C,-y I [PCCoHpO0]", H RAH FI SINH 1y 530 R 1.04 F1 6.3, 3 5 A X (5) iH 5% & 77 A=
3.18 M ZE . 7= Az kAN 25 S R R A & T S DT BC A 52, PRk BT A 43 R AR 6 J 7™ 446 1% DG i %
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X AT R T [CooHpgO o IR S/N B AR (AR 7.2) AT 25 AR R I 25 IR L, &R 93 A 2RI
BC A F A BRI VA 45 Ry SIN B (6<S/N<20) M T 5 Z0R: M 21 Y RA {E w K.
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(B3C-isotopic)/(1 X 107%)
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Absolute mass error of 2C,,
(monoisotopic) peak/(1X 107)
=3 =
L] 5] (=
—=——-=-q L
1 1
i
1 1
—E
I
HE—
| i |
!
Absolute mass error of *C,'2C,_,
o
(=] N

>I< ‘3é1N1 NI2 ‘3é1N3 NI4 13C;N5 O 13CIIN2 ng 13IC1N4 NI5
Molecular species Molecular species
B2 AZEXEMmRC, 16 (a) F11C,2C,, W () AY m/z {E I RAE /Y 5 F =X
*FR P<0.05 KV BEM S
Fig.2 Molecular formula assigned by the m/z value of the class A doubly charged *C, peak(a)and "°C,"*C,_, peak(b)
the significant differences at P < 0.05 are indicated by the star symbol( *)

120

90
5 30% deviation threshold value
60

3C-isotopic(*C,12C,,_,) peak deviation/%
Iy
f=]

A o
s l A &

30 B30 X i

Theoretical *C-isotopic('*C,2C,_;) RA value

0 lI 2I 3I I 0 10 15 20 25 30 35 40 45 50 55 60 65 70 95
Meassured *C-isotopic(**C,'2C,,_,) peak S/N of monoisotopic('?C,) peak
RA value
B3 AZXUEMECPC, W ERIE RA i 50 RA HZ BRI HUSE (a), A 2872C, WY SIN {5 °C, °C,,) W11
548 32 i 22 1) L7 TET (b)

n F7R% SIN (B8 A °C,, B, BUBE R 22 AR AR IE R 22 (£SD)
Fig.3 Scatter plot between theoretical RA value and measured RA value of doubly charged *C,'2C,_, peak in class A (a),
histogram of peak intensity deviation between S/N value of 2C, peak and *C,'*C,,_; peak in class A (b)

n is the sample number of each method. The values and error bars represent average and =SD, respectively

Jo i T AR /2 Ak B4 W55 B0 B 2 PR 224 3 1 45 5 B i e, 3 26 B8 1 1T BBk F 20 R[]
0 F fmf 285 DRI, X6 B 2K 2C,, 6 A 0 3 i 2 B0 IE, 33X LR FH B UUHRL faf 3C 1°C,y IR RA (B 1) 580
TE2C,, W . & 4a— 8] 4c FF7w, 16 m/z fH K 377.051388 B & AEEBAHL AT [C7H 30 40] I ALH 17 55 1
[C34Ha60001%, [T 20 FIFE L M+ 1 Fl M + 0.5 19 m/z 25 (5 ALK 2] °C [F] {37 F 1 [PC,C6H 30,0]
[C1C33H6000]> . B, XLHLfif °C,, W (3838 RA B 1] £ °C,C,,-; WY RA HZ 3 A (6) 43 51 = ) #f K
25500 36.76% 1 6.91%. R, m/z {54 377.051388 [ BEIE RA {EH R 43.67%, W58 i f 25 0
~3.67%. v W iF WA 5 3 i 2 BF 128 R B F o (BSOBLER T ) °C 12C,-p 1Y RA AL, SEBKG &5 7 A R 1 22
W& 4d iR, SR RUHL A PC 2C,,y AR S A 1 98 F 7 305 R o e far (sl R 767 ) °C 1°C,,- 1
(R AIE 7 X 2 (R AF7E B PR 25 57 (P<0.05), SR A BRL . BUHL 117 °C, 2C,- WEAHZS A TS 201 7 F UL
ARG R 56 B O 22 1. (5.37%++5.254% ).
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W0 A5 T e 43 3R i B AR 1 Ve i M A LB R £ B8 - 5 4065
0 @ 508 ®
1207 m/z=377.051388 451
401 L 1CCLOWHI [ Theoretical peak |
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Fig.5 Determination of doubly charged ions by singly charged precursor ions at the nominal m/z 325 and 651 mass
windows(a), examples of determining singly(doubly ) charged ions with *C isotopes and containing N doubly charged
ions(b), determination of doubly charged ions by *C isotopes at the nominal m/z 324 mass window(c)and [*C;C,4H,;0,0]*

without precursor singly charged ions at the nominal m/z 320 and 641 mass windows(d)
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Fig.6 The van Krevelen diagrams of singly and doubly charged DOM molecules(a)and significance analysis of molecular
parameters of singly and doubly charged DOM(b—f)
The significant differences at P < 0.05 are indicated by the star symbol(*)
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Fig.7 Significance of the number of singly(a) ., doubly(b)charged DOM molecules in different types of samples,

significance of different functional diversity indices(Dy) (¢)and distribution box diagram of comprehensive function diversity
index(d)

The values and error bars represent average and +SD, respectively. The significant differences at P < 0.05 are indicated by the star symbol(*)

R4 7128 O/C Fl H/C {H, 7 DOM 43F A4 van Krevelen %153 7 2519, 4 Z58E i A9 XUH fif
DOM 43 1 van Krevelen 73 245 B an3% 1 s, Al LLE B, AR B UL E B AR R N &, Hi 7
HHE ARIRIK TR K B XU fif DOM H 73531 5 EE 76.71%. 79.00%., 88.15% Al 85.36%. AN}
TAE PUSERE S Pl A A S, 80N 4.91%, 11.04% 1 3.33% F1 7.32%. 1X % B 5 K £ 5 DOM H%k
PEAR L, SRS B () X faf DOM 43T 1 gk [ AE P IR

R 1 AFEIZEAEEN S XU T DOM 43 F 1 van Krevelen 432845

Table 1 Results of van Krevelen classification of double-charged DOM molecules in different types of samples

HuFn AR A
PR A A .
BEAE AEE e OO e e oy ARSI e
.. . Condensed . Carbo-
Sample types  Lignin Tannins . Saturated Aminosugars Unsaturated Percentage Total
aromatic hydrates
compounds hydrocarbons
+4 76.71% 4.91% 16.06% 2.00% 0.25% 0.01% 0.05% 4.06% 155947
HAABIK  79.00% 11.04% 9.75% 0.14% 0.06% 0 0 0.81% 430608
MK 88.15% 3.33% 2.30% 2.40% 0.74% 0 0 0.18% 304919
K 85.36% 7.32% 0 7.32% 0 0 0 0.13% 32080

TE: DA AT 5 15 51~ BB CRR U Ay 8 18 F RO 7y B 10 FLE D) B9 o 1 2) AU T~ B
Note: 1) represents the ratio of doubly charged ions to the total number of ions (the summed number of singly and doubly charged ions);
2) represents the total number of ions.

i — 20 45 G 2R SR [l BT 2 50 D fE R B (I 7¢), DR(O/C) . De(H/C) . Di( Alyeg) H
D (NOSC) fH 75 DU L 5 34 00 B 22 5. 148 HARIR/K AN K DOM H 8L faf () D( DBE) {5
J% 7K DOM f77E 2. 2 1 2 57 (P<0.05) , & /K XU, faf DOM (1) DBE {8 8%, 3 1] A& 5 1% 7K Jg T Mk [ it 1)
KB A WA X NG EISER, PUZERES 0 DR(O/C) A 22 A K, X 5 &l 6a BT ik 19 XL i DOM 431
()7 O/C {H — 2. MK XU faf DOM A % ¥ 15 1) D(DBE) #1 D(NOSC) {f, iX 1% 11 i /K DOM 7 £ )
HUER Ak 24 52 0 oA i (TG CT. A DR(H/C) A Dp( Alyoq) BT %0, AH HC IR K B fif DOM 31+, +3%. A
SRIRZK FNEE K B fof DOM 9 H/C il Al TELXE &7, BT AT A A4 ] A B o & 10 HoA 3 B = 1Y
FEBRE. 260 A RS IR AR F (K] 7d), XU fif DOM 43 F 2R G DI Re 2
PEFE B, LU [ ARIROK L W KR K SLE faf DOM 43 F. [ 2R IR K A 7K BLHA faf DOM 43 F-
256 DIRe 2 FEMEFE E0 A S 4 v, i HEARE /K AU faf DOM 43F WU BE 438, 3 1] g 5 A W) b X 7Y
13 DOM 43 J3 A 22 5 R LA AN TR R VR (1) R /KA 5. LA 1 235 S 3 B R [R) 2R AU AR 1) 0L fsf DOM
T ZREPETR B2 BIRE 2R R 2, SR faf DOM 3 HA 5 5 1Y 5 5 2 B RS T
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233 UUH iy X O 0BT 14 5

FR 51,3745 A4 5 328 L 00 1T 2600 [M-H] 843 A1 [M-2H]? AL 43 d5e 2 DT fic 19 43 F 202 A TR Y
B F 432U UC BE T 75, A7 7E 1R 5 H fsf DOM 43 F- (1) 8L faf DOM 43 F ) UHR-MS %548 7] LA %
&, I B ASFEAE T AR 20 B i DOM 431 (9 XUHL 77f DOM 431+ Fl 5l 45 /0 (24 1 B U, 7 B85 1 BB
15.98%). ILAb, Hi 5 28R AL P8 L DAL 757 DOM 43 F RO JG R ALR b nl A, 40 2 s, 25 9 R, e
fif DOM 7> T & 19 8 AL AW b LA & 19 CHO 261k-& ) 8 F(51.98%) , Hik & CHON K 1L &%)
(18.72%) Fl CHOS 254b-& 11 (12.25%) . T AL fif DOM 43 AL & 4 25444, Horb CHO 2518 Wi
J & (1.07%) , Hk iy CHON 264k & #) (0.06%) . CHOS 251k & 97 (0.02%) Fil CHOP 21k & ¥
(0.01%). LA - Z5 5 KB AH LL B faf DOM 43, HLHL faf DOM 43 F 7EJC R 4 AL & 280 L&
Z, fEBE B £ 7E FT-ICR MS 3 & a1 1 J7 4~ i, B e o 125 70602 R 2000 38 70, T 7
LFR, fif 15 HR AN A7 76 B R A B AR 119 20 22 S/, X 3% ] v B T b 7 A U T 5 OAS ARAE . DRI,
P53 F QUG B R v, A ] DABRIA R S %5 1 PR e iy B 7 1717 220 W% RCFEL A 57, RCRRL At B %o I 1 A5 4
Sy MR RE R 1437 BR.

F 2 NREIZBRES T . SUE AT BS T TE 2 4L & T

Table 2 Element composition and proportion of singly and doubly charged ions in different types of samples

ApEnl

[N Type of compound B
Ton types CHO CHON CHOS CHOP  CHONS CHONP CHOSP CHONsp  ro@l
FELff 15 T
(singfli ch:r:d ons) SL98% 1872%  12.25% 3.03% 6.56% 2.83% 1.57% 1.88% 890383
L HAL o] 5
(double Ch';rr; dions)  1:07% 0.06% 0.02% 0.01% 0 0 0 0 10497

e A T (N e S R IPV R i SRSV DR

Note: * represents the number of ions (the summed number of singly and doubly charged ions).

3 %58 (Conclusion)

ABIF ST B R B T A iy B T AR DA SUH o7 B8 9 1k, IO IR L AR SR P C Rl R T TR e e
AR FE = DOM ) FT-ICR MS i ] 05U RS i B85 06 (¥ iU, SUH iy 25 BL 4 15 44.90%. [R] % 7 vk
BB AN AE PC, 2C,,oy WY 2C,, G2 A5 S XUH far 15 05 LA B 75 NOBURE iy B8 . DABEL | BUREL T 25 1114 )
Ok A, AH LGB H i B, RCHR far 25 38 B T A9 O/C. DBE. Al Al NOSC {H Pk Je 54K 1)
H/C {H, 2B R4 WU if DOM J2& & R LR BE 2140, EA A & B i i 05 B L AN A Fn fb 2.
MRE S 2SR A £ BE SR, AS RIS B A P XUER ff DOM 43F 50 2 35 AN ], 38 DOM KR 5 v (9 XU
W THEEER. 2, AR MR EORE, LN A 7 DOM 43 T LR & Z A48 Bk
1R, U BH LA O 0 ) O A R B RN AR A, 33X 5 R 1 2R R D R R R AT K

IEAR, % TR 22 BOB L iy B8 A7 7E S L Aoy 5 AR A B BT i J6l v ol b O A B iy 2 0, 2R
[ 25 DOM #4943 2 VC e ik A8 b, A543 T LUBRTA by B0 Fi ey 25 1717 220 W6 XSCFEL i 25, 0L AR, o7 25— % JoT
TR 43 AT 00 5 e AR XA BR . 32 kSR A T T T AN I B R i B R AL TR R, WA L UHR-
MS Edi o At T — A~ 2B A
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