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Dissolved Organic Matter

Chemical composition: CHONSP

terrestrial sources

DOM: Dissolved Organic Matter

DON/DOP

NOM: Natural Organic Matter

aquatic sources

Forms of organic matter

N. Hertkorn, et.al. Analytical and Bioanalytical Chemistry, 2007, 389, 1311-1327.
Pagano, T. et. al. Water 2014, 6 (10), 2862 3
Lin, V. S. Environmental Science: Processes & Impacts 2015, 17 (12), 2002-2005.



Analytical approaches

Bulk vs molecular level characterization NMR:

* Requires DOM concentration and pure
Proportion of DOM pool characterized samples,
(. — e =

* Detect some specific DOM functionalities.

FT-ICR-MS |t

Fourier-Transform lon Cyclotron Resonance
Mass Spectrometry

* Ultra-high mass resolution (R>400, 000)

Biomarker analyses ‘

UV-Visible absorbance

_— >
Level of structural detail obtained * Molecular composition

e Structural information based on MS/MS

Challenges in DOM characterization
e High structural heterogeneity

» Wide range of molecular weights
* Isomeric complexity

Minor, E., et.al. Environmental Science: Processes & Impacts 2014, 16 (9), 2064-2079.



Traditional untargeted workflow for DOM analysis

FT-ICR MS

Broadband MS Chemical formula assignment
Ly .. Formula constraints:
! ‘ " * C4-50H4-100NO—3OO—2550—2
- . * S/N>3-6
g Direct * m/z range 100-1000
a] infusion Orbitra MS * Tolerance error <1 ppm
& e - DBE-0<10
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T m/z * Isotopologue peaks confirmation
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Y. Li, M. Harir, et.al, Analytical Chemistry, 2016, 88, 6680-6688.  Van Krevelen diagram 5

Mann BF, et.al (2015). PLOS ONE 10(6): e0130557



Orbitrap MS vs FT ICR MS
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Orbitrap resolved ~ 70% of molecular formulas identified by

FT-ICR MS

J. A. Hawkes, T. Dittmar, C. Patriarca, L. Tranvik and J. Bergquist, Analytical Chemistry, 2016, 88, 7698-7704.



Orbitrap MS vs FT ICR MS
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ACS Omega 2020, 5, 10, 5372-5379



DOM structural characterization using tandem MS
Broadband MS

A

* A major component of DOM is ubiquitous
* |dentical structural features of isomers

* Universal degradation/synthetic pathways

40°N

0°N -

40°S A

1 Od"W 50I°W | d° 50[°E
Structure of DOM components and the
number of isomers behind a chemical

formula remain unknown!

Zark M, Dittmar T. Nature Communications. 2018;9(1):3178.

Relative intensity
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DOM molecular complexity

FT-ICR MS spectrum
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Woods, G, et. Al. Environmental Science & Technology 2011, 45 (9), 3880-3886.

Hawkes, J. A. et.al. Faraday Discussions 2019, 218 (0), 52-71.

Diversity in compound classes

Lipids Proteins Carbohydrates

Tannins

0.4 0.6
O/C atomic ratio

ESI-MS
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Intensity /1e3

Nontraditional approaches
HPLC-Orbitrap MS/MS

14 precursors at 369 Da

(HSS = Suwannee river fulvic acid (SRFA)
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Me0’
Isoferulic Acid 3-0-B-D-Glucuronide

* Liquid chromatography provides more information than direct

infusion.

* It does not resolve the isomeric complexity of DOM.

Dissimilar fragmentation patterns compared to model compounds.

Hawkes, J. A. et al. Limnology and Oceanography Letters 2018, 3 (2), 21-30.

Hawkes, J. A. et al. Faraday Discussions 2019, 218, 52-71

HPSEC-UV-Vis DAD and HPSEC-HESI-Orbitrap-MS
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Adding new separation dimensions reduce molecular
complexity.
Optically active compounds not efficiently ionized by ESI.
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lon Mobility Spectrometry

Time-dispersive
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Gabelica et al., Mass Spectrometry Reviews, 2019, 38, 291-320 11



Nontraditional approaches

Drift Tube IMS coupled to q-TOF MS/MS
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K. Lu, et.al, Environmental Science & Technology, 2018, 52, 7182-7191.

PANINIES

W

* Limited IMS resolving
power (<60)

* 1-3 isomers per
chemical formula




lon Mobility Spectrometry

Time-dispersive
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Trapped lon Mobility Spectrometry
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Trapped lon Mobility Spectrometry

SA-TIMS Principles of operation

Viampl V] —_ 20
T 5 25 bility |
| = | 5 mobili — 40
<_80 . 2-0'_ elution steps %‘ :
— T L5 9 0
50 S o < a0
-95- = ' ]
o 0.51 -804
100 3 |
1 0.0 -

2 4 6 &8 10 12 0O 2 4 6 8 10 12
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P. Benigni, F. Fernandez-Lima,” Oversampling SA-TIMS coupled to FT-ICR MS: Fundamentals and Applications”. Anal .Chem. 88 (14), 7404-7412, 2016.



Trapped lon Mobility Spectrometry
SA-TIMS Principles of operation

Scanning the voltage (mobility) range

100 200 300 400 500 600 m/z

-64.0V
AV -0.5 I

-64.5V

-97.0V

100 200 300 400 500 600 m/z
-97.5V
°

R e e e A

100 200 300 400 500 600 m/z

-130.0V
AV -0.5 I

-130.5V
SA-TIMS FT-ICR MS

P. Benigni, C. J. Thompson, M. E. Ridgeway, P. A. Park, F. Fernandez-Lima. Targeted high resolution ion mobility separation coupled to ultra-high resolution mass
spectrometry of endocrine disruptors in complex mixtures. Anal. Chem. 87 (8), 4321-4325, 2015.
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Trapped lon Mobility Spectrometry

SA-TIMS Principles of operation

97 " 0.97
o K3
3 5
4
-130 0.78
I ! } 1 Y
100 200 300 400 500 600 m/z
Vg A
K=—== A = Experimentally derived
— E Velu — Vbase constant from standards

*  SA-TIMS provides first-principle K measurements

P. Benigni, C. J. Thompson, M. E. Ridgeway, P. A. Park, F. Fernandez-Lima. Targeted high resolution ion mobility separation coupled to ultra-high resolution

mass spectrometry of endocrine disruptors in complex mixtures. Anal. Chem. 87 (8), 4321-4325, 2015.
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Trapped lon Mobility Spectrometry

SA-TIMS Principles of operation
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P. Benigni, C. J. Thompson, M. E. Ridgeway, P. A. Park, F. Fernandez-Lima. Targeted high resolution ion mobility separation coupled to

ultra-high resolution mass spectrometry of endocrine disruptors in complex mixtures. Anal. Chem. 87 (8), 4321-4325, 2015.
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Trapped lon Mobility Spectrometry

SA-TIMS Principles of operation
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Figure. EDC compounds and SRFA standard

P. Benigni, C. J. Thompson, M. E. Ridgeway, P. A. Park, F. Fernandez-Lima. Targeted high resolution ion mobility separation coupled to ultra-high resolution mass
spectrometry of endocrine disruptors in complex mixtures. Anal. Chem. 87 (8), 4321-4325, 2015.

19



Trapped lon Mobility Spectrometry

SA-TIMS Principles of operation
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P. Benigni, C. J. Thompson, M. E. Ridgeway, P. A. Park, F. Fernandez-Lima. Targeted high
resolution ion mobility separation coupled to ultra-high resolution mass spectrometry
of endocrine disruptors in complex mixtures. Anal. Chem. 87 (8), 4321-4325, 2015.
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Trapped lon Mobility Spectrometry

Oversampling Selective Accumulation TIMS-FT-ICR MS$S
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P. Benigni, F. Fernandez-Lima,” Oversampling SA-TIMS coupled to FT-ICR MS: Fundamentals and Applications”. Anal .Chem. 88 (14), 7404-7412, 2016.
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Trapped lon Mobility Spectrometry

Oversampling Selective Accumulation TIMS-FT=-ICR MS
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P. Benigni, F. Fernandez-Lima,” Oversampling SA-TIMS coupled to FT-ICR MS: Fundamentals and Applications”. Anal .Chem. 88 (14), 7404-7412, 2016.
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Trappec lon Mobility Spectrometry

Non linear scan functions TIMS-FT-ICR MS
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P. Benigni, J. Porter, M. E. Ridgeway, M. A. Park, F. Fernandez-Lima*; "Increasing analytical separation and duty cycle with non-linear analytical mobility scan
functions in TIMS-FT-ICR MS". Anal Chem. 2018, 90 (4), 2446—2450.
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Trapped lon Mobility Spectrometry
Nomn linear scan functions TIMS-FT-ICR MS
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functions in TIMS-FT-ICR MS". Anal Chem. 2018, 90 (4), 2446—2450.
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Trapped lon Mobility Spectrometry
) TIMS-FT-ICR MS ) TIMS-TOF MS
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Suwannee River Fulvic Acid Standard Il (SRFA) using negative ESI

L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C. E. Ramirez, M. E. Ridgeway, M. A. Park, Wanderson Romao, R. Jaffé, F. Fernandez-Lima, "Coupling Trapped
lon Mobility Spectrometry to Mass Spectrometry: TIMS-TOF MS vs TIMS-FT-ICR MS", Rapid Comm. Mass Spectrom. 2018, 32, 1287— 1295.
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Analysis of Complex Mixtures without pre-separation

TIMS-g-TOF MS/MS
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Suwannee River Fulvic Acid Standard Il (SRFA) using negative ESI
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"Coupling Trapped lon Mobility Spectrometry to Mass Spectrometry: TIMS-TOF MS vs TIMS-FT-ICR MS", Rapid Comm. Mass Spectrom.
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Analysis of Complex Mixtures without pre-separation
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Isomeric content in SRFA standard
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We provided a lower cutoff estimation of the number of molecular isomers in the SRFA standard
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* Petroleomics (Water Accommodated Fraction)
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Isomeric complexity of DOM using TIMS-FT-ICR MS and MS/MS

How can TIMS-FT-ICR MS help to

understand the isomeric diversity of
DOM?
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TIMS-FT ICR MS of SPE-DOM

More than 3,000 chemical formulas
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D. Leyva, et.al. Faraday Discuss. 2019, 218 (0), 431-440.
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MS/MS at nominal mass 391

+ 2H,0 T i i i
o, e Neutral losses are associated with functional groups.

- ¢ 2 5 ;
g-CID 10-15V 4o | PSS/ B Th : .
. y i o i« The number of frag. pathways provides an estimate of
X i o CO: the number of structural isomers.
: CO, i HD:
n 1 CO | |
—_ | P ) > .
9  CH, R ! : Core fragment Neutral loss fragments
C ':'Ha: LI " i | -

_- CioHg0,] + {5CH,; CO; 3CO,}
. A R ’ [C16H2000-H1 [C,H,0,]- + {2CH,; 0,; CH,: H,0: 4CO}
Precursor ion [Cy5H,,0] + {CH,; .2H20; 4C0, CO,}

. | ' m/z391.1031 : :
120 200 250 300 350 400 [C10H305]" + {7CH,; O} H,0; 2CO}

m/z [C,sHsO<]- + {2CH,; 2CH,; H,0: CO: CO,}

32



Core

Precursor ion Structural
Fragment .
Core fragments and pathways for C,4H,,0, s somer
161007 3
— CpoHald, 1
Potential neutral losses Core fragment Number of 163.0763
CH, CH: O CHs H.0 CO (€O, m/z pathways CaHtna0 !
1650192
5 - 1 - - - E - :
LHH'_GJ.
2 - - 1 1 4 1 e ot
165
3 - -1 - 1 3 : 2
I_I_IH'.':IJ.
! 2 ] ] ! 4 ! 16703449
i 2 ) ) j__ ; 3 _Lnlil.ll:h .
4 2 1 4 171.0814 23
- :—E 1 E - I:-__.-'|-_:|I:|
5 -2 _ 1 2 — —[1?3-“5‘” ;_3]
2 1 1 4 1 C11HaOy
1750400
1 - 1 2 - 4 1 15
- 3 ) 5 3 173.0607 )3 3911031 CacHi0s
5 - 4 - _ 3 ] C11Hs0; CaHully 183.0450 w0
1 2 3 2 s
5 2 1 - ) 2 7 183.0814 -
3 1 1 2 2 i
185.0607
3 é 3 i ] g i CyaHaOy .2'9
1870400
IR e
- 2 - 1 - 3 2 lé]:lflg?l 25
3 _ _ _ 2 5 _ R Lop
4 , . 1 3 1 202 9984 .
— CroHaOs
2050140 7
o . . CooHaOlg
Rapid upper estimate of 260 structural isomers 2410140 :

CraHs0y

33



In-silico fragmentation
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Filtering isomeric candidate structures
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How can we improve confidence during DOM structural assignment?
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TIMS-FT-ICR CHEF-SORI-CID MS/MS
TIMS-g-CHEF-SORI CID MS/MS workflow
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D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.



g-CID vs CHEF-SORI-CID)of standards A, B and C
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D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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g-CID vs CHEF-SORI-CID of the standards mixture
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g-CID and CHEF-SORI-CID of Pantanal SPE-DOM sample

D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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Candidate isomeric structures for [C,oH,;0,,-H] filtered by Metfrag scores and IMS

Metfrag Score
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Metfrag score

IMS1 and IMS3 bands grouped most of the assigned structures
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DOM “structural” trends from broadband FT-ICR MS

= 0.70 R-CH,O0H— R-COOH
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P Structural change
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An accurate structural assignment of DOM families cannot be solely predicted from chemical formulas

P. G. Hatcher, H. E. Lerch, A. L. Bates and T. V. Verheyen, Org. Geochem., 1989, 14, 145-155.  Stenson, A. C.; Marshall, A. G.; Cooper, W. T. Anal. Chem., 2003, 75 (6), 1275-1284. 4>
S. Kim, R. W. Kramer and P. G. Hatcher, Anal. Chem., 2003, 75, 5336-5344.



Similarities of DOM molecules based on common neutral losses

selected precursors

neutral losses

molecular

m/z DBE Al formula H,0O CH,O H,0, CH,0; HNO; C,H,0; CH;NO; SO; C,0,
293.1397 6 0.1 CsH1,04 X X X X

295.1554 5 0 C,6H,,0;

309.1346 6 0 CisH::04 X X X

311.1505 5 0 C,sH,,0; X

3251662 5 0  C,H,O, x
3411245 6 0 C.H..0; X x x x x|
341.1609 5 0 C,-H,0; X X X X X
343.1401 5 0 CisH1404 X X X X
|353.16!1 6 0 C,sH,0- X X X X X X X I
355.1767 5 0 C;sH,:0, X X X X X

Table modified from J. P. LeClair, J. L. Collett and L. R. Mazzoleni, Environ. Sci. Technol., 2012, 46, 4312-4322.

Analogous neutral loss patterns suggest similar structures differing by specific chemical units.

How can we identify structural families of DOM compounds?

1. Comprehensive fragmentation is needed to understand DOM structural commonalities.

2. Effective data mining approach is key for deconvoluting DOM “chimeric” MS/MS spectra.

J. P. LeClair, J. L. Collett and L. R. Mazzoleni, Environ. Sci. Technol., 2012, 46, 4312-4322.
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FT-ICR MS g-CASI-CID MS/MS
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DOM compositional characteristics g g
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ESI-FT ICR CASI-CID MS/MS

Precursors assigned per nominal mass
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Data mining at the 2D MS /MS level Computing fragmentation pathways
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Fragmentation pathways for the CHO class
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Retrieving DOM structural families: Model Pn-1+F1:n+C Graph-DOM performance
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Compositional trends of DOM families
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DOM biogeochemical transformation mechanisms are more
complex than traditionally described at the precursor level.
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Connectivity map of DOM families

functionalization

de-functionalization

Color code [l I I
Family ID 258 392 393 514 515 841 890 999

* Multiple connectivity lines suggest high isomeric content.
» Effective discrimination of transformational processes.

Complex assembly of interconnected molecules
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Conclusions + TIMS | LC can not resolve DOM
isomeric complexity

The analysis of DOM by UHRMS is very challenging! 1 l“,ml*m b
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Conclusions

Increased confidence in the structural assignment of DOM. This workflow narrows down the pool
isomeric candidate structures for DOM.
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Conclusions
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Future work

Chemical fingerprinting of DOM using CASI-CID FT-ICR MS/MS
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Future work

DOM isomeric complexity along a
salinity transect
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