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outline

this presentation is a conceptual overview
about novel high-resolution analytical tools
which provide the capacity to entirely
change our perception of complexity
iIn any natural system

detailed application of these tools to the
molecular-level structural characterization
of natural organic matter (NOM) will be
demonstrated in the poster session
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ten-year-vision:

n of complex natural systems

Green Bank 12 Northeast Channel
St. Pierre Bank 13 Scotian Gulf
Banquereau 14The Gully

Sable Island Bk. 15Laurentian Fan
Emerald Bank 16 Halibut Channel
Sambro Bank 17 Haddock Channel
Browns Bank 18 South Whale Basin
Georges Bank 19Des Barres Canyon
Magdalen Shelf 20 Trinity Trough

10 German Bank  21Notre Dame Ch.

11 Western Bank  22Funk Island Bk.
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' spatially resolved target analysis €«<—» models

determination of atmospheric trace gases
(e.g., CO, N,0O, CH,)

molecularly resolved non-target analysis
inventory ¢ ,
v 1
models
assessing molecular composition and

chemical structures of atmospheric, terrestrial, limnic
and marine organic matter




spatially resolved target analysis

earth surface: 510.000.000 km® im| 1m

-----------------

dividing the surface in units of 1*1 m* and

expanding this area into cubes with 1 m’ size
and reaching for 15 km from the surface

7.65* 10" cubes

determination of concentration in relative units of 10™

7 65 * 1019"'4 =765* 1023 options to depict

dissimilarity




molecularly-resolved non-target analysis

molecular diversity:
number of feasible isomeric molecules in one cubic meter

a typical molecule with nominal mass 178 Dalton C,,H,,0; (six DBE):

count of chemically relevant isomers: 1.1133 * 10’

typical van der Waals volume of C,,H,,0,: 160 A’ v 0.63 *10%°m”

o o) 0O CH HO o)
I N %
OH HO CH; HiC
(U ~ C10H100s
o o]

153.4 A® 164.3 A 160.3 A®

“diversity index” of C,,H,,0, molecules in one cubic meter

1.1133*10" * 063*10®m® = 7.01*10*




introduction hfs("°Cs) = 9.192.631.770 Hz

high precision frequency measurements are
manna from heaven for molecular-level
resolution structural analysis

R L o i i Nobel price 2005 (MPI Munich)
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complex systems

non-protein

any "non-repetitive"
natural or synthetic material
4 ,,Ug GRS |$W“

Electrode Nanoparticle Adsorbed Fullerene
Monolayer
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aspects of molecular complexity

compositional

c12H15N02

isomeric structures

- HsC

molecular formula

FTICR mass spectrometry

atomic connectivities and
spatial orientation

NMR spectroscopy

positions of (stable) isotopes
within molecules

NMR spectroscopy



intrinsic averaging in low resolution analytical characterization of NOM

wihy cdo all NOM
appear to e
so similar ?

UV/VIS titration
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sufficient resolution allows meaningful analysis of processes
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introduction hfs("°Cs) = 9.192.631.770 Hz

high precision frequency measurements are
manna from heaven for molecular-level
resolution structural analysis

R L o i i Nobel price 2005 (MPI Munich)

ESm m ma o= bl

ecosysfen requ:res educafed han dlm g
of huge dafa sefs in excess of 10° “pixels”



FTICR mass spectrometry / molecular process

orbital frequency V. directly relates tom/ z

1.535611 B, -z

m




FTICR mass spectrometry / molecular process

HsC

FTICR mass spectra indicate
molecular ions of isotopomers

100 . o Ceoles019 cT
g | 1110.57633 12 13
> 80 Cso CiHggO1g
@ | e+  1111.57969 JUPAC mass of ciguatoxin
g %07 S C.,H.0,, = 1111.313 Da
s 40 Cs3 C,HgO4g (reflecting average
o 20 «—  1112.58304 isotopic composition)
(o] .
S 0168800000 0o

1110 1112 1114 1116 1118 1120 1122

IUPAC mass (Dalton)



FTICR mass spectrometry / complex system

very large intrinsic resolution is retained
because of huge peak capacity

575.06795
575.10423

575.17696

575.14061
575.21329

©
b 5
)
> 218 ™
© d N~
12 = o
(=} n bl b
nn ] N
M~ P n
—n - | N~
b x
3 w0 || o [Ts)
26 o3 |
P Ty 3 | T}
= 0| = RS 5]
o ) | o 8 o2}
wn I~ - v
~ (Tp] ¥ w
[Ts} | o™
| |~ o
o I~
| [Te)

200 300 400 500 600 700 800 900 1000
m/z



NMR spectroscopy | atomic process
transitions among individual atomic energy niveaus

AE =h Av

A
A t >(DO = 21 AV

— (O, =300.00 MHz (0,, =900.00 MHz

900 MHz
' By:21.14T

| 300 MHz

_________________________________________




NMR spectroscopy / atomlc process
transitions among individual atomic energy niveaus
AE =h Av

A

'H| ®, = 300.00 MHz
P| 0, = 121.442 MHz

C| ®_=75.432 MHz

900 MHz
' By:21.14T

_________________________________________




NMR spectroscopy / molecular process

atomic signatures in molecules allow
unambiguous assembly of (isomeric) structures

| 5005571.2 Hz

5005308.0 Hz 5005298.1 Hz
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NMR spectroscopy / complex systems

NMR section integrals indicate fundamental substructure regimes

sive overlap interferes with resolution

N

"H NMR

natural organic matter

[en b/%

@ 0 0
C-H c,H OC-H, CH, CCH, C,CH




complex systems

high-precision frequency measurements are at the core of the

two most insightful techniques, which provide molecular resolution
information about organic molecules

mass spectrometry NMR spectroscopy
data reduced information-rich




the total space of
molecular structures

1 060—200

isotope-specific \
projection of
molecular environments
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structure space

mass spectrometry
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...what is the utility of
- these novel tools....?

“““"-\-___,_,—

High-resolution organic structural spectroscopy already has
advanced crucial paradigm shifts in structural characterization
of natural organic matter (NOM)

Hertkorn et al., Anal. Bioanal. Chem. 2007, 389, 1311-1327
- discovery of carboxyl-rich alicyclic molecules (CRAM)
as major constituents of NOM
Hertkorn et al., GCA 2006, 71, 2995-3010
Lam et al., Environ. Sci. Technol. 2007, 54, 8240-8247
- large-scale molecular turnover of NOM on short time scales

Einsiedl et al., GCA, 2007, 71, 5474-5482



CRAM (carboxyl-rich alicyclic molecules) have been first identified
in the surface and deep Pacific ocean; there is good reason to
postulate CRAM as a major constituent of any NOM

MS_ NMR

g -'l
=D
separation /
miniaturization




aliphatic polycarboxylic acid

carboxyl-rich alicyclic molecules CRAM



complementary techniques have led to the identification of
CRAM (carboxylic-rich alicyclic molecules) in NOM
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...what is the utility of |
these novel tools....?_ y .

High-resolution organic structural spectroscopy already has
advanced crucial paradigm shifts in structural characterization

of natural organic matter (NOM)
Hertkorn et al., Anal. Bioanal. Chem. 2007, 389, 1311-1327

- discovery of carboxyl-rich alicyclic molecules (CRAM)
as major constituents of NOM

Hertkorn et al., GCA 2006, 71, 2995-3010
Lam et al., Environ. Sci. Technol. 2007, 54, 8240-8247

- large-scale molecular turnover of NOM on short time scales

Einsiedl et al., GCA, 2007, 71, 5474-5482
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: evolution of groundwater during 60 years
SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)

100 FA1
5('H) | 8("%c)

peak | [ppm] | [ppm] ne

A | 6.57 | 104.6 67

110 A2 | 6.79 | 1044 20

A3 | 7.28 | 108.7 45

—_ A4 | 7.73 | 1095 2

E_ A5 | 7.08 | 1114 38

g A6 | 7.49 | 1126 59

120 = A7 | 6.82 | 1155 52

) A8 | 7.33 | 117.4 59

" A9 | 657 | 117.6 36

2ol A10 | 7.13 | 120.2 78

A11 | 7.39 | 118.2 78
130 A12 | 7.42 | 1228 114

A13 | 8.21 | 1242 75
Al4 | 7.83 | 126.0 122
= A15 | 7.38 | 128.0 43
A16 | 7.74 | 1303 812
' L ! ' ! 140 A17 | 8.25 | 131.1 87
A18 | 7.50 | 1336 48
m — 100
3('H) | 8(°c)

peak | [ppm] | [ppm] ne

B1 | 6.39 | 113.9 33

110 B2 | 6.53 | 114.6 29

v B3 | 6.29 | 11563 10
= B4 | 652 | 116.0 26
. g B5 | 6.97 | 116.6 104
¥ B6 | 6.39 | 117.9 14

FA2 120 = C1 | 6.79 | 124.1 30
o C2 | 758 | 124.8 63

_ c3 | 712 | 128.3 36

60y w0 C4 | 7.51 | 1291 59
C5 | 7.86 | 128.3 97

130 c6 | 7.17 | 131.0 42

C7 | 7.05 | 1289 30

cs | 7.62 | 1316 93

C9 | 7.34 | 133.8 56

140 C10 | 7.59 | 134.4 15

aromatic substitution, composed of hydrogen

aromatic substitution, composed of neutral carbon substituents

aromatic substitution, composed of electron-withdrawing carbonyl derivative substituents

aromatic substitution, composed of electron-donating oxygen substituents




: evolution of groundwater during 60 years
SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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aromatic substitution, composed of electron-donating oxygen substituents




: evolution of groundwater during 60 years
SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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conclusion

natural organic matter (NOM) is

NOT refractory
on the molecular level

the current perception of NOM appearing
refractory is malnly an inevitable consequence of
intrinsic averaging produced by low-resolution
analytlcal methods

........................... and most often likely false



ten-year-vision:

n of complex natural systems

Green Bank 12 Northeast Channel
St. Pierre Bank 13 Scotian Gulf
Banquereau 14The Gully

Sable Island Bk. 15Laurentian Fan
Emerald Bank 16 Halibut Channel
Sambro Bank 17 Haddock Channel
Browns Bank 18 South Whale Basin
Georges Bank 19Des Barres Canyon
Magdalen Shelf 20 Trinity Trough

10 German Bank  21Notre Dame Ch.

11 Western Bank  22Funk Island Bk.
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peeking beyond the compositional space W@
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molecular-level structural analysis of
non-repetitive complex unknowns

MS NMR|
¥
. mass ——
seiparation / spectrometry resoluiion
miniaturization|
Eh' h-perf
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systems analytics
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coevolution of biochemistry and natural organic matter (NOM)

a genetic code initiates and controls

6@.4* the synthesis of functional,
%@ discrete molecules

_ | the fundamental laws of thermodynamics
I oy NN %0 and kinetics govern the fate (diagenesis

the binding of borate to NOM and degradation) of a continuum of
g e binding sites, which act to buffer
of rli‘b;is? in against any environmental extremes
gh yie
b

timeline



molecular-level structural ana
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molecularly-resolved non-target analysis

molecular diversity:
number of feasible isomeric molecules in one cubic meter

a typical molecule with nominal mass 178 Dalton C,,H,,0, (six DBE):
count of chemically relevant isomers: 1.1133 * 10’

typical van der Waals volumes of C,,H,,0, isomers:

iol Ot oj 5H2 HO //o
OH HO CH, HaC
(U\ w C10H100;
Q 0]
o3 o3 23
153.4 A 164.3 A 160.3 A
feasible count of C,,H,,0, molecules in one cubic meter
o -1 3
3 VvV 27 -3 1m
1/160 A » 6.3710" m i -
< 1m




van Krevelen diagram

Visser, ES&T, 17 (1983) 412-417.

a powerful visual
representation
of complex mass
spectra, with far reaching
implications for the
structural analysis
of NOM

indicates unsaturation of CRAM
In excess of carboxylic groups
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NMR properties serve to discriminate between (classes

of) C,¢sH;,0,, isomers (IUPAC mass: 576.546 Da)
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potential significance of CRAM

reverse mixing model from

i s_UDOM d_UDOM
major constituent of marine UDOM : |
and of the global carbon cycle Bl U
+ HPS CRAM
strong ligand for metal binding ‘23'0“‘1!},1"3 5501‘1$‘
may strongly assist in marine gel formatlon P "-"“"""“
controls bioavailability of i h
trace and nutrient metals ’ 20(;{ ;OI:M 0 2005( zfpm

affects reactivity of marine organic matter ;

®C NMR data
surface UDOM deep UDOM
abes 51% aiws | !
B CRAM ECRAM

23%

CRAM is compositionally and structurally more heterogeneous than other marine UDOM con-

stituents; this contributes to ist resistance against biodegradation and to its refractory nature

possible precursors of CRAM terpenoids

(oxidized black carbon)

((((dimethylsulphonopropionate [DMSP]))))

the occurrence of CRAM in freshwater and terrestrial environments seems
likely, considering the global distribution of biomolecules and the similarity

of biogeochemical processes among environments




serious research on the mass spectrometry
of mixtures is in it’s very infancy

electrospray ionization mass spectrometry

column adsorption

fractionation e
electrochemistry - J
; -L-- - ————
electrolysis droplerare
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= ~ Gl © @‘?3’: °c 7+ tone polydispersity
o SR s :oi ionization efficiency
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R 4 1 metal ions
o High Votoge D Qe Qo Oniie surface activity




H/C ratio

FTICR mass spectrometry / complex systems
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mass spectra confirm the immense complexity of NOM

L,

_.» mass

W/Z

up
Kendrick
NESSEREINSS

1= COOH
elemental ratios: =

van Krevelen diagram —
Kendrick mass

Kendrick mass defect

CH,

Ohic NOM complex kev new a.cdr




FTICR mass spectrometry / complex systems

relates with
counts of chemically relevant structures

100000000
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evolution of groundwater during 60 years

SPARIA analysis (Substitution Patterns in Aromatic Rings by Increment Analysis)
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Prediction of substitution patterns in aromatic rings __ﬂ%
by increment analysis (SPARIA) . Gy

inverse mode

neutral Ar-CO-X Ar-O-X
-H -COOCH, | -OCH,
-CH=CH, | -COOH

forward mode

'1."°c HSQC NMR of Suwannee River NOM
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8 substituents in 5 positions =
32768 combinations




