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Dissolved Organic Matter 

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

DOM: Dissolved Organic Matter

Chemical composition: CHONSP

Forms of organic matter

NOM: Natural Organic Matter

<0.2 mm
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Analytical approaches

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

Bulk vs molecular level characterization NMR:
• Requires DOM concentration and pure

samples.
• Detect some specific DOM functionalities.

Fourier-Transform Ion Cyclotron Resonance 
Mass Spectrometry

• Ultra-high mass resolution (R>400, 000)
• Molecular composition
• Structural information based on MS/MS

Challenges in DOM characterization
• High structural heterogeneity
• Wide range of molecular weights
• Isomeric complexity 
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Traditional untargeted workflow for DOM analysis

FT-ICR MS

Orbitrap MS

Direct 
infusion

Van Krevelen diagramY. Li, M. Harir, et.al, Analytical Chemistry, 2016, 88, 6680-6688.
Mann BF, et.al (2015). PLOS ONE 10(6): e0130557

Solid phase extraction

P
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P
P
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P
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P
P
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Broadband MS Chemical formula assignment
Formula constraints:
• C4-50H4-100N0–3O0–25S0–2

• S/N>3-6
• m/z range 100-1000
• Tolerance error <1 ppm
• DBE-O <10
• 0<O/C2, 0.3H/C2.5
• Isotopologue peaks confirmation
• Removal of isolated assignments

Compositional space Heteroatom classes DBE vs C#
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J. A. Hawkes, T. Dittmar, C. Patriarca, L. Tranvik and J. Bergquist, Analytical Chemistry, 2016, 88, 7698-7704.

Orbitrap MS vs FT ICR MS

Orbitrap resolved ~ 70% of molecular formulas identified by 
FT-ICR MS
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ACS Omega 2020, 5, 10, 5372–5379

Orbitrap MS vs FT ICR MS

500,000 resolving power (atm/z 200)

9.4T Apex FT-ICR MS

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

• A major component of DOM is ubiquitous
• Identical structural features of isomers
• Universal degradation/synthetic pathways

Structure of DOM components and the 
number of isomers behind a chemical 

formula remain unknown!

DOM structural characterization using tandem MS
Broadband MS Nominal mass MS/MS
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DOM molecular complexity

Woods, G, et. Al. Environmental Science & Technology 2011, 45 (9), 3880-3886.
Hawkes, J. A. et.al. Faraday Discussions 2019, 218 (0), 52-71.

Size complexity

Diversity in compound classes

FT-ICR MS spectrum

Isobaric complexity
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Nontraditional approaches

• Liquid chromatography provides more information than direct
infusion.

• It does not resolve the isomeric complexity of DOM.

• Dissimilar fragmentation patterns compared to model compounds.

HPLC-Orbitrap MS/MS

14 precursors at 369 Da

Suwannee river fulvic acid (SRFA)

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

SRFA

• Adding new separation dimensions reduce molecular 
complexity.

• Optically active compounds not efficiently ionized by ESI.
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Ion Mobility Spectrometry

Gabelica et al., Mass Spectrometry Reviews, 2019, 38, 291–320 11



Nontraditional approaches

K. Lu, et.al, Environmental Science & Technology, 2018, 52, 7182-7191.
2 isomers

• Limited IMS resolving 
power (<60)

• 1-3 isomers per 
chemical formula

IMS

MS

DT-IMS Q-TOF LC MS

+ESI MS

MS/MS MS/MS

LC-Riverine DOM

+ESI MSC30H28OS C30H28OS

Drift Tube IMS coupled to q-TOF MS/MS
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Ion Mobility Spectrometry

Gabelica et al., Mass Spectrometry Reviews, 2019, 38, 291–320 13



trapTIMS-q-TOF MS/MS

100% duty cycle
RIMS (up to 400)
RMS - 50,000

TIMS-q-FT-ICR MS/MS

RIMS (up to 400)
RMS >400,000

14



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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ΔV -0.5

-64.0V

-64.5V

Scanning the voltage (mobility) range

ΔV -0.5

-97.0V

-97.5V

ΔV -0.5

-130.0V

-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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• SA-TIMS provides first-principle K measurements 

𝐾 =
𝑣𝑔

𝐸
=

𝐴

𝑉𝑒𝑙𝑢 − 𝑉𝑏𝑎𝑠𝑒
𝐴 ≡ 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑙𝑦 𝑑𝑒𝑟𝑖𝑣𝑒𝑑
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑟𝑜𝑚 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠

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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• SA-TIMS provides first-principles K measurements 

𝐾 =
𝑣𝑔

𝐸
=

𝐴

𝑉𝑒𝑙𝑢 − 𝑉𝑜𝑢𝑡

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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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.

Figure. EDC compounds and SRFA standard
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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.

Figure. EDC compounds and SRFA standard

structural isomers cis/trans isomers 

diethylstilbestrol (E)

diethylstilbestrol (Z)

hexestrol

Estrone
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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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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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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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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. 

24



TIMS-q-TOF MS/MS

100% duty cycle
RIMS (up to 400)
RMS - 50,000

TIMS-q-FT-ICR MS/MS

RIMS (up to 400)
RMS >400,000

L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C. E. Ramírez, M. E. Ridgeway, M. A. Park, Wanderson Romão, R. Jaffé, F. Fernandez-Lima, "Coupling Trapped 
Ion Mobility Spectrometry to Mass Spectrometry: TIMS-TOF MS vs TIMS-FT-ICR MS", Rapid Comm. Mass Spectrom. 2018, 32, 1287– 1295. 

Suwannee River Fulvic Acid Standard II (SRFA) using negative ESI

TIMS-TOF MSTIMS-FT-ICR MS
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TIMS-q-TOF MS/MS

100% duty cycle
RIMS (up to 400)
RMS - 50,000

TIMS-q-FT-ICR MS/MS

RIMS (up to 400)
RMS >400,000

L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C. E. Ramírez, M. E. Ridgeway, M. A. Park, Wanderson Romão, R. Jaffé, F. Fernandez-Lima, 
"Coupling Trapped Ion Mobility Spectrometry to Mass Spectrometry: TIMS-TOF MS vs TIMS-FT-ICR MS", Rapid Comm. Mass Spectrom.
2018, 32, 1287– 1295. 

Suwannee River Fulvic Acid Standard II (SRFA) using negative ESI
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TIMS-q-TOF MS/MS

100% duty cycle
RIMS (up to 400)
RMS - 50,000

TIMS-q-FT-ICR MS/MS

RIMS (up to 400)
RMS >400,000

L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C. E. Ramírez, M. E. Ridgeway, M. A. Park, Wanderson Romão, R. Jaffé, F. Fernandez-Lima, "Coupling Trapped 
Ion Mobility Spectrometry to Mass Spectrometry: TIMS-TOF MS vs TIMS-FT-ICR MS", Rapid Comm. Mass Spectrom. 2018, 32, 1287– 1295. 

Suwannee River Fulvic Acid Standard II (SRFA) using negative ESI
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We provided a lower cutoff estimation of the number of molecular isomers in the SRFA standard

Isomeric content in SRFA standard

IMS-MS

MS
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• Petroleomics (Water Accommodated Fraction)

P. Benigni, K. Sandoval, C. J. Thompson, M. E. Ridgeway, M. A. Park, P. Gardinali, F. Fernandez-Lima,” Analysis of Photo-irradiated Water Accommodated 
Fractions of Crude 2 Oils Using Tandem TIMS and FT-ICR MS”, Environ. Sci. Technol., 51 (11), pp 5978–5988, 2017.
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How can TIMS-FT-ICR MS help to
understand the isomeric diversity of
DOM?

Isomeric complexity of DOM using TIMS-FT-ICR MS and MS/MS
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TIMS-FT ICR MS of SPE-DOM

IMS-MS features = 22015
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2D IMS-MS and MS projection at m/z  391 IMS projections of nominal mass 391
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More than 3,000 chemical formulas 6-10 isomers per chemical formula

SPE-DOM from Pantanal, Brazil

D. Leyva, et.al. Faraday Discuss. 2019, 218 (0), 431-440.
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q-CID 10-15 V

MS/MS at nominal mass 391

• Neutral losses are associated with functional groups.

• The number of frag. pathways provides an estimate of

the number of structural isomers.

Precursor ion

Core fragment Neutral loss fragments

…

m/z 391.1031

m/z
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Rapid upper estimate of 260 structural isomers

Core fragments and pathways for C19H19O9
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In-silico fragmentation

96 candidate structures matched in PubChem
for C19H19O9

34



  Structures within 2 % of the experimental CCS range

140 160 180 200 220 240

CCS(Å
2
)

391.1035

C
19

H
19

O
9

Filtering isomeric candidate structures

Experimental

Theoretical
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How can we improve confidence during DOM structural assignment?

D. Leyva, et.al. Faraday Discuss. 2019, 218 (0), 431-440.

140 160 180 200 220 240

CCS(Å
2
)

391.1035

C
19

H
19

O
9

1 2 34 5 6

Is it possible to isolate and 
fragment a single mass signal? M. Witt, J. Fuchser and B. P. Koch, Anal. Chem., 2009, 81, 2688-2694.

IMS1→ MS/MS1 → Structures(1)
IMS2 → MS/MS2 →Structures (2)

.

.

.
IMSn →MS/MSn →Structures (n)
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TIMS-FT-ICR CHEF-SORI-CID MS/MS

TIMS-q-CHEF-SORI CID MS/MS workflow

TIMS

- IMS resolution 100 
- Mass resolution 200,000
- correlated harmonic 

excitation field (CHEF)
- SORI-CID power: 1-2%

D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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q-CID vs CHEF-SORI-CID)of standards A, B and C

Characteristic 
fragments!

Characteristic 
fragments!

D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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q-CID vs CHEF-SORI-CID of the standards mixture

D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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q-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 [C18H18O10-H]- filtered by Metfrag scores and IMS 

IMS1 and IMS3 bands grouped most of the assigned structures

D. Leyva, et.al., Anal. Chem. 2020, 92 (17), 11960-11966.
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van Krevelen plot

A: Methylation, demethylation, or alkyl chain elongation

B: Hydrogenation/dehydrogenation

C: Hydration/condensation

D: Oxidation/reduction, decarboxylation.

P. G. Hatcher, H. E. Lerch, A. L. Bates and T. V. Verheyen, Org. Geochem., 1989, 14, 145-155.
S. Kim, R. W. Kramer and P. G. Hatcher, Anal. Chem., 2003, 75, 5336-5344.

DOM “structural” trends from broadband FT-ICR MS

An accurate structural assignment of DOM families cannot be solely predicted from chemical formulas

Compositional 

change
Structural change

-H2 Side chain oxidation
+O2 Aromatic ring openings

CH4 vs O C2H5 vs CHO

Stenson, A. C.; Marshall, A. G.; Cooper, W. T. Anal. Chem., 2003, 75 (6), 1275-1284.

Family

R-CH2OH→ R-COOH

𝐾𝑒𝑛𝑑𝑟𝑖𝑐𝑘 𝑚𝑎𝑠𝑠(𝐶𝐻2) = 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
14

14.015650

𝐾𝑒𝑛𝑑𝑟𝑖𝑐𝑘 𝑀𝑎𝑠𝑠 𝐷𝑒𝑓𝑓𝑒𝑐𝑡(𝐶𝐻2) = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝐾𝑒𝑛𝑑𝑟𝑖𝑐𝑘 𝑚𝑎𝑠𝑠(𝐶𝐻2)
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Similarities of DOM molecules based on common neutral losses

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

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

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

How can we identify structural families of DOM compounds?

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

Table modified from J. P. LeClair, J. L. Collett and L. R. Mazzoleni, Environ. Sci. Technol., 2012, 46, 4312-4322.
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FT-ICR MS q-CASI-CID MS/MS

q(1Da)-CID

(-)ESI-FT-ICR MS

• R=4x106 (m/z 400)
• Tailored CID energies 15-27 V
• 70-100 average scans/segment
• 5-8 MS2 segments

(-)ESI-FT-ICR CASI-CID MS/MS

200 300 400 500 600 700 800
m/z

Pantanal, 
Brazil

1.

𝑃 = 𝑁𝐿1 +𝑁𝐿2 +𝑁𝐿3 +⋯𝑁𝐿𝑛 + 𝐶

Structural 
Families

P1.1,P1.2.,…,P1.n

Pm.1,Pm.2,…,Pm.n

Graph-DOM

Fragmentation pathways

M
F 

as
si

gn
m

en
t

2.

DOM connectivity map

3.

Bruker 7T Solarix FT-ICR MS

D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 44



DOM compositional characteristics

m/z

CASI-CID MS/MS

-H2O

-CH4O

-CO2

-H2O

-CO2
-CO

-CH2O

-CH4

-O -CO

-CH4O-CO

• 110 MS2 spectra
• ~ 1500 precursor ions 

from MS1~4,000 formulas

Formula constrains
• C4-50H4-100N0–3O0–25S0–2

• Tol. Error< 1 ppm
• DBE-O  10

D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 45



ESI-FT ICR CASI-CID MS/MS
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2D MS/MS 
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D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 46



Data mining at the 2D MS/MS level
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Computing fragmentation pathways

𝑃1 = 𝑁𝐿1 + 𝑁𝐿2 + 𝑁𝐿3 +⋯𝑁𝐿𝑛 + 𝐶1Pathway:

Loop over all precursor formulas 

• Tree search algorithm
• NL set={O, CH4, H2O, CO, 

CH2O, CH4O, CO2}
• Tol error 1 mDa

D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 47



Fragmentation pathways for the CHO class
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• Single precursor sharing the same core fragment.
• Multiple precursors sharing the same pathway. 

Trends

Over 108 ordered fragmentation pathways [H2O+CO2+CO2] + C10H7O2

[CO2+CO+CH4O+CO2] + C8H5O
C12H9O7 = 

[CO2+CO+CH2O+H2O+CO] + C8H5O

C12H9O7

C12H7O6

C11H7O4 CH4O
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… …

[CO2+CO+CO2+CH2O] + C8H7O

… …

D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 48



Retrieving DOM structural families: Model Pn-1+F1:n+C

Pn= Pn-1 + NLPn→ Pn-1

[P1]

DOM structural family: [P1,P2,…,Pn-1,Pn]

P1={F1+F2+…+Fn}+C1

P2=P1+NLP2→P1

Pn-1=P2+NLPn-1→P2

[P1,P2]

[P1,P2,Pn-1]

NLPn→Pn-1={H2O, CO, CH4O, CO2}

Graph-DOM performance

>1,000 unique DOM families

D Leyva., et.al. Environ. Sci. Technol.,2022 49
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Compositional trends of DOM families

Our model is useful to explain transformational
mechanisms.

DOM biogeochemical transformation mechanisms are more 
complex than traditionally described at the precursor level.

Decarboxylation

C17H19O11C14H13O5

D. Leyva, et.al, Environmental Science & Technology, 2022, 56, 1458-1468 51



Connectivity map of DOM families

Complex assembly of interconnected molecules

• Multiple connectivity lines suggest high isomeric content.
• Effective discrimination of transformational processes.
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Conclusions

The analysis of DOM by UHRMS is very challenging!

DOM chemical fingerprint is partially uncovered by FTMS

LC can not resolve DOM 
isomeric complexity

LC

TIMS

Fragmentation 

pathways

MS/MS

TIMS-FT ICR MS provides 
complementary separation 
and candidate structures 
for DOM.
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Conclusions

TIMS-FT-ICR MS/MS (CHEF-SORI-CID) workflow

Increased confidence in the structural assignment of DOM.

We can mobility select (high res) and fragment single chemical formulas of DOM.

This workflow narrows down the pool of
isomeric candidate structures for DOM.
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Conclusions

+ =

~1,100 structural families identified

Photo-oxidation

M
in
er
a
liz
a
ti
o
n

DOM families are more complex than 
traditionally described.

Novel approach to classify DOM structural families

Useful for understanding DOM
transformational mechanisms.

Graph-DOM
Freely available at: 

https://github.com/Usman095/Graph-DOM 
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Future work

+ =

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

SRFA

Wetland

Freshwater

Estuary

Unique structural 
families

Common 
structural families
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Future work

DOM isomeric complexity along a 
salinity transect
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