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e FTICR-MS ang aHanusa CNoXHbIX cCMeceun:
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e [lnarpammsbl dedekta Macc KeHapuka
e [lInarpammbl BaH KpeBeneHa
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MOHHASA OINTUKA FTICR MACC CINEKTPOMETPA




YCTAHOBKA SYEMKN MOHHOIO
LINKJI




FTICR MS
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MACC CINEKTP WLUP IN® HEDTIA

C/H,—

13c2[ CZHZ—D

European Crude Oil
(+) ESI FT-ICR MS
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O/CH,—
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N/1BCH— |’- 8.2 mDa

MWJLAMLM UL

700.40 700.45 700.50 700.66 700.60 700.66 700.70

LOMONOSOV MOSCOW STATE UNIVERSITY



MACC CINEKTP WLUP IN® HEDTIA

Anal Chem 2001, 73 4676-4681

Kendrick Mass Defect Spectrum: A Compact
Visual Analysis for Ultrahigh-Resolution Broadband
Mass Spectra

Christine A. Hughey, Christopher L. Hendrickson, Ryan P. Rodgers, and Alan G. Marshall™*

lon Cyclofron Resonance Frogram, National High Magnetic Field Laboratory, Florida State University,
1800 East Paul Dirac Dive, Tallahassee, Florida 32310

Kuangnan Qian
ExxonlMobil Research and Engineering, 1545 Route 22 East, Annandale, New Jersey 08801

225 300 375 450 525 600 675 750 825 900
m/z

Figure 1. Broadband electrospray ionization FTICR mass spectrum
of a heavy crude oil. The average resolving power across the
spectrum is m/Amsps, = 390 000 and the signal-to-noise ratio of the
base peak is 1480:1.

2.0157 Da

Crude Qil

450 452 454 456 458 460
14.0157 Da *
* * *

*
%

340 360 380 400 420 !440 460 480 500 520
m/z

Figure 2. Mass scale-expanded seaments of the full range
petroleum mass spectrum of Figure 1. Species are present at every
nominal mass, with obvious periodicities at every 2 (top) or 14
(bottom) nominal mass units.
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MACC CINEKTP WLUP IN® HEDTIA

Anal Chem 2001, 73 4676-4681

Kendrick Mass Defect Spectrum: A Compact
Visual Analysis for Ultrahigh-Resolution Broadband

Mass Spectra
2.0157 Da

Christine A. Hughey, Christopher L. Hendrickson, Ryan P. Rodgers, and Alan G. Marshall™*

lon Cyclofron Resonance Frogram, National High Magnetic Field Laboratory, Florida State University, .
1800 East Paul Dirac Drive, Tallahassee, Flonida 32310 Crude Qil

Kuangnan Qian

ExxonlMobil Research and Engineering, 1545 Route 22 East, Annandale, New Jersey 08801

14.0157 Da
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225 300 375 450 525 600 675 750 825 900 Figure 2. Mass scale-expanded seaments of the full range
miz petroleum mass spectrum of Figure 1. Species are present at every

nominal mass, with obvious periodicities at every 2 (top) or 14

Figure 1. Broadband electrospray ionization FTICR mass spectrum (bottom) nominal mass units

of a heavy crude oil. The average resolving power across the
spectrum is m/Amsps, = 390 000 and the signal-to-noise ratio of the
base peak is 1480:1.
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MACC CIEKTP WLP TN HEGTU A1
OAHOUN HOMWUHAJIBHOW MACCHI: 457

S/IN = 34:1

1011
SIN = 12:1
14
SIN = 6:1 SIN = 510:1
SIN = 28:1 8 487367

SIN=T:1 457.302 457.320 457,338
1 2

457.206 457.247 457.288

SIN=11:1
15

457.20 457.28  ; 457.36

Figure 3. A further mass scale-expanded segment (plotted as
IUPAC mass) of the crude oil mass spectrum of Figure 1, allowing
for visual resolution and elemental composition assignment (based
on accurate mass measurement) of all of the 15 chemically distinct
species bt a single nominal mass. The tabulated data for the 15 peaks
show an average mass error of ~0.0001 Da for the proposed
assignments. The elemental composition reveals both the “class” (i.e.,
number(s) of various heteroatoms) and “type” (i.e., number of rings
plus double bonds), expressed according to the “Z" value in the
chemical formula, CcHaer ZN,O6Ss.
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MACC CIEKTP WLP TN HEGTU A1
OAHOUN HOMWUHAJIBHOW MACCHI: 457

Table 1. Elemental Composition Assignments for the 15 Resolved Peaks of Nominal Mass, 457 (Figure 3)

peak measd rel theor error type
no. mass abund (%) mass (mDa) m/ Ams, (£)

457.2174 0.50 457.2173 +0.1 517 000 —36
457.2367 0.47 457.2366 +0.1 345000 —35
457.2650 0.42 457.2649 +0.1 413 500 —32
457.2731 2.01 457.2730 +0.1 413 500 —33
457.2747 0.47 457.2748 —0.1 138 000 —24
457.2784 0.60 457.2782 +0.2 413 500 —14
457.3112 2.40 457.3112 0.0 413 500 —22
457.3357 0.40 457.3357 0.0 258 000 -2
457.3475 0.64 457.3476 —0.1 413 500 —20
457.3669 0.74 457.3669 0.0 413 500 —19
457.3687 0.85 457.3687 0.0 413 500 —10
457.3720 7.13 457.3721 —0.1 413 500

457.3961 1.04 457.3961 0.0 413 500

457.4049 36.7 457.4051 —0.2 517 000

457.4416 0.74 457.4415 +0.1 344 500

1
2
3
4
5
6
7
8
9

 The “Z" value in the chemical formula, CHaey 2N 204655, is related to the number of rings plus double bonds. Note that the listed masses refer
to the observed (deprotonated) species but that the “Z"” values are calculated for the corresponding neutral.

CcH2c+ZNnOoSs
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OPTOIOHOJINSALUWA MACC CHEKTPA ULP

[1® HEOTU [AJ19 PACHETA AEDEKTA MACC

Crude Oil
ESI9.4 TFT-ICRMS

0.8
0.4 gaiaﬁ"
0.0 e

400
401
402 403

Noming Mas, 404

Figure 4. Three-dimensional display of a 5-Da segment of the mass
spectrum of Figure 1. The spectrum has been sliced into 1-Da
segments, and each segment is then rotated by 90° and scaled
according to its “mass defect” (i.e., difference between exact and

nominal mass). The segments are then stacked according to their
nominal mass as shown.

3D-npeacTaBneHne cnekTpa nyTem
Hape3KN Ha y4YacTkun anvHon 1Da
N nX NnoBopoTa Ha 90°

IUPAC
Mass Defect

0.6 1
0.5
041 '

0.3

0.1
400 450 500 550 600

Nominal IUPAC Mass

Figure 5. Plot of IUPAC mass defect vs nominal IUPAC mass for
ions of odd nominal mass within a 200-Da segment of the mass
spectrum of Figure 1. (It is convenient to display the even-mass and
odd-mass data separately ) Note the periodicities of 2 and 14 Da on
the nominal mass axis, as well as 0.015 65 Da (i.e., mass defect for
two hydrogens) on the mass defect axis. These spacings make it
possible to determine molecular “class” and “type” simultaneously over
a wide mass rangb from a single display (see Figure 6 ff).

CBepTKa cnekTpa B BUAE
rpaduka «aedekra Macc»



[[PAOUK AEDPEKTA MACC UNKOMAK

IUPAC CH2 = 14.01565 = 14 + 0.01565
Mass Defect

0.6

0.5

400 450 500 550 600
Nominal [IUPAC Mass



OEOEKT MACC KEHAPUKA

[IpeobpazoBaHne Maccbl NKOMAK B Maccy Kenapuka:
Macca Kenapuka = Macca NHOMNAK x (14.00000/14.01565),

rae 14.015650 — macca CH2 B wkane UKOMAK, a
14.00000 — macca CH2 B wkane Kenapuka

Maccy Kengpuka (KM) MOXHO npeacTtaBuTb Kak CyMMY
HoMuHanbHoN Macckl (NMK), npeacraBnsowen cobon bnmxkaniuee
LIeNoe, U Pa3HOCTM MeXay 3TUM BAMKanLINM LENbIM U MacCoU
KeHapuka. Toraa ata pa3HOCTb M ByaeT Ha3biBaTbCA AedeKTOM Macc
Kenapuka (KMD), KOTOPbI MOXHO paccuMTaTb Kak:

KMD = NKM - KM

LOMONOSOV MOSCOW STATE UNIVERSITY




AEOEKT MACC KEHAPUKA AJ1A
PASHbIX SJIEMEHTOB

Mass Defect =
Atom Mass - Nearest Integer Mass

Every C_H N, O_,S_  mass 31P/ /

IS unique!
q 325 34g

01 234 5678 91011 12131415 16171819202122 232425 26272829 303132 3334
Mass (Dalton
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[TIPEOBPASOBAHWE TPAOUKA AEDEKTA

MACC NIOMNAK B M KEHAPUKA

IUPAC
Mass Defect

0.6

0.5

.
041 /0o )
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Nominal IUPAC Mass

Figure 5. Plot of IUPAC mass defect vs nominal IUPAC mass for
ions of odd nominal mass within a 200-Da segment of the mass
spectrum of Figure 1. (It is convenient to display the even-mass and
odd-mass data separately.) Note the periodicities of 2 and 14 Da on
the nominal mass axis, as well as 0.015 65 Da (i.e., mass defect for
two hydrogens) on the mass defect axis. These spacings make it
possible to determine molecular “class” and “type” simultaneously over
a wide mass rangp from a single display (see Figure & ff).
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Figure 6. Kendrick mass defect vs nominal Kendrick mass (full
mass range) for even-mass 2C; ions. The replacement of IUPAC
mass by Kendrick mass converts the skewed display (e.g., Figure 5)
into a rectilinear display, for simpler visual interpretation. Note the
visual vertical separation of compound classes (e.g., N vs NO) and
types (compounds with different number of rings plus double bonds)
based on mass defect and the simultaneous visual horizontal
distribution of number of CH: groups for a given compound class and

type.




MACC-CMNEKTP WLP Mo
PACTBOPEHHOI'O OPITAHUYECKOI'O BELLECTBA

YHUKAJIbHO BbICOKAS
PA3PELLAA CIIOCOBHOCTb
(zo 500000 B AVAMA3OHE
200 — 700 [a)

o

[o 100 Tbica4 nNnkoB
B CNEKTpe oAHOro
npenapata [ B!
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OMNPEAEJIEHUE BPYTTO-®OPMYJ1 N3
MACC-CIMNEKTPOB WULP TN®

JlnHenHoe [JnodaHTOBO ypaBHEHME:
12.0000 n(C) + 1.0078 n(H) + 15.9950 n(O)+ 14.0030 n(N) = M

SRDOM-ACN-120ppm-3200V-av200_FT_400k_... 25.07.2008 2:05:38 File recalibrated by RecalOffline

SRDOM-ACN-120ppm-3200V-av200_FT_400k_Recal #1 RT: 71.98 AV: 1 NL: 8.13E3
T. FTMS - p ESI Full ms [ 300.00-900.00]
427.05182
R=374558
Ci7H15043
0.01071 ppm

|

427.08820

-0.00937 ppm 427.12460

R=372875
|‘ C1aH2a 01y

| 0.04210 ppm 427.16098
| 427.11679 | R=373741
427.03067 427 06711 | R=212732 || Ca0H27 O1p

Intensity

§=3:99§5 R=332767 | 427.10342 | 427.13980  0.02207 ppm
20 M1 Q19 C21H15 010 ‘ R=336435 H R=398822 |

] |
- -0.03438 ppm | 0.08851 ppm C22H19 Og C23H23 Os ‘I

| 427.04141 1| | 427.08047 || -0.07443ppm | || 009446 ppm
[| R=287765 | | | R=371848 (1 | - |
N\ '\\_-\_."q“_/‘\f’j \’“‘uhfﬂ"_ﬁ'd \ f\l._-""u"f} |
42702 42704 427.08  427.08 4270 42742 42714 427.16

m/z




OUATPAMMA BAH KPEBEJIEHA
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(A) methylation, demethylation, or alkyl chain elongation; (B)
hydrogenation or dehydrogenation; (C) hydration or condensation; and

(D) oxidation or reduction.

Analytical Chemistry, Vol. 75, No. 20, October 15, 2003




OAVNATPAMMA BAH KPEBEJIEHA - MPOLECChHI
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METO/bl NPAOUHECKOI'O
NPEACTABJIEHNA JAHHBIX MC NUPMN® AJ14 I'B

[Hnarpamma BaH
KpeBeneHa

DBE=C-H/2+N/2+1
(cTeneHb HEHACbILWEHHOCTN)




AARHBIE MC ULP Mo AN PASTTNHHbBIX
OPAKLNN TYMUHOBDBIX BELLIEECTB TOP®A

PHF (FTK+®K Topda)

PHA ('K Topda)

PFA (®K Topda)
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NOJTYHEHUE OECKPUTTTOPOB CTPOEHUA U3
OVWATPAMM BAH KPEBEJIEHA

[k] — neckpunTtop, cooTBeTCTBYOWMIK k-0M 0611aCcTy, " N,
N — obLuee YMcno coeanHeHNn Ha aMarpamMme [k] = N’
N, — uncno coeanHeHnn, npuHaanexawmx k-ov obnactu



MOZAEJIbHAA ANATPAMMA BAH KPEBEJIEHA
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KIIACCUDUKALMS MO MPU3HAKY
«MOJIEKYJIIPHASI MACCA (MM)»
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CTPYKTYPHbIE AECKPUIMTOPbI B KITACCUOUKALINA
«CTPOEHUE-MOJIEKYJIAPHASA MACCA»
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[1na conoctaBrneHna donbLUnX 6r10KoB
OAHHbIX HEOBXOOAMMO NpuBrieYeHue
MEeTO40OB MHOMOMEPHOW CTaTUCTUKU — OYEHb

MHTEHCMBHOE HanpaBlieHNe COBPEMEHHbIX
nccrneaoBaHUM




MPUMEP: AHAJINS POB 3 PASJINYHDBIX
ICTOYHMKOB B PAVIHOE PEKW JleHa

Lena Delta 7L

Trofimovskaya
Z\channel

Olenekskaya A\

channel Samoyloy,
island ﬁ?
A Bykovskaya

A A A channel
KuruZagh A

ice complex A L A\ .
- Y3 Buor-Khaya

®
. Bay Bykovskye bay
peninsyla ¢
Q Ice complex creek

V Creek
A\ River

0 62.5 125 250 Kilometers
| 1 [ 1 | 1 1 I |

Dubinenkov et al. Biogeochemistry (2015) 123:1-14
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MACC CIMNEKTP ULP T® POB peku JleHa
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Fig. 2 Characteristic ESI negative FT-ICR mass spectrum for ¢ melt water creek sample, and d Buor-Khaya Bay sample.
Lena Delta DOM with a mass range of 200-600 m/z, b mass Asterisks indicate the presence of one Pc 1sotope n the assigned
spectrum at nominal mass 398 for a typical Lena River sample, formulg|

Dubinenkov et al. Biogeochemistry (2015) 123:1-14
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KNACTEPHbIV AHAJTN3 NO

NCTOHHUKY NPONCXOXAEHVA

River

Hierarchical cluster v creek

. : - lake
a_na_IyS|_s (Bray—Curtis os | bay
similarity) and van Krevelen ice complex
diagrams for “average

samples”. Molecular
differences were observed
between a ice complex melt
water creeks (pentagons,

n = 2), creek (triangles,

n = 4) plus lake samples
(square, n = 1), Buor-
Khaya Bay samples
(diamonds, n = 6) and Lena U
River samples (green W WL | Wea
triangles, n = 18). A SR,




AHAJINS TTIABHBIX KOMINTOHEHT

(principal copmonent analysis)

ice complex ®CH,.0,
A river mCH,O,N,
¢ bay 70 a A GH,O,N,
v melt water creek & CH,0,5,
B lake O CxHVOzN 1,251 ‘.. .

Principal component analysis. PC1 and PC2 explained
56.7 % of the variance in the biplot (left panel): a) ice complex creek
DOM samples (pentagons), b) permafrost creeks and lake DOM samples
(upside down triangles and square), ¢ Buor-Khaya Bay samples
(diamonds), d) Lena River DOM samples



METAJAHHDIE
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Figure 2 | Multivariate analysis of molecular data and drivers using non-metric multidimensional scaling. Ordinations are based on either Bray-Curtis
(a, stress =0.0966), which utilizes relative compound abundances, or Jaccard distances (b, stress =0.1143), which utilizes presence/absence

information. Landscape, climate and in-lake chemistry variables were fit to the ordination. Grey-shaded circles are DOM compounds, whereas black circles

indicate the site. Variables with a significance level of < 0.05 (light blue), <0.01 (green) and < 0.001 (purple) are shown. DOC, dissolved organic carbon;
MAP, mean annual precipitation; MAT, mean annual temperature; TN, total nitrogen; TP, total phosphorus; WRT, water residence time.

MeTaaaHHblE — 3TO HE3aBUCUMbIE MEPEMEHHbIE: TEMMEpaTypa,
coaepXXaHne 6UOreHHbIX 31IEMEHTOB, KMCIopoa U T.4. B aaHHOM

cnydae pedb naet o 240 o3epax B LLseynn




[NMOCTPOEHWE KOPPEJIALNOHHbIX

OVWATPAMM C METAOAHHBIMA

n=1,042

Aliphatic

Highly unsaturated
o and phenolic
compounds

Figure 3 Molecular-level DOM patterns across 120 Swedish boreal
lakes. Significant Spearman rank correlation coefficients (P-value
<0.02674) molecules with (a) mean annual precipitation, (b) water
residence time, The colour scale indicates Spearman correlations



KJJACTEPHO-KOPPESILIMIOHHBIA AHAMIA3
(HEATMAPS)




KPYFOBBIE CPABHUTESIbHBIE AVATPAMMbI
CIRCOS-DIAGRAMS

Circos diagram showing correlational relationship
between high resolution mass spectral peak information and
physical property of crude oil.




KPYTOBbIE CPABHUTE/ILHBIE AVAFPAMMbI
(CIRCOS-DIAGRAMS)
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