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Abstract

Fourier transform ion cyclotron resonance mass-spectrometry (FTICR MS) provides a unique
opportunity for molecular analysis of natural complex mixtures. In many geochemical and
environmental studies structure-properties relations are based solely on the elemental compositional
information. Several calculated parameters were proposed to increase reliability of structural
attribution, among which aromaticity indices (Al and Almod) are widely used. Herein, we applied a
combination of selective labeling reactions in order to obtain direct structural information on the
individual components of lignin-derived polyphenolic material. Carboxylic (COOH), carbonyl (C=0)
and hydroxyl (OH) groups were enumerated by esterification, reducing and acetylation reactions,
respectively, followed by FTICR MS analyses. Obtained information enabled to constrain aromaticity
accounting for carbon skeleton only. We found that actual aromaticity of components may be both
higher or lower than approximated values depending on the abundance of COOH, C=0 and OH
groups. The results are of importance for geochemical community studying terrestrial NOM with

structural gradients.
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INTRODUCTION

Nowadays, Fourier transform ion cyclotron resonance mass-spectrometry (FTICR MS) is
widely used in environmental and chemical studies of natural polyphenolic and oxy-acids mixtures
such as humic substances (HS)* or natural organic matter.>* FTICR MS routinely resolves thousands
of molecular compositions in a single sample.® The necessity of thorough molecular analysis of such
mixtures is justified by the scientific request for a description of their biological activity,
transformation pathways, fate and overall environmental role. The major limitation of FTICR MS to
study NOM is a lack of direct structural information. Due to the extreme structural complexity of
NOM tandem mass-spectrometry analysis are challenging and not routinely applied to date.® Most
studies instead focus on direct infusion (DI) analysis; and individual mass-to-charge ratios detected
by DI-FTICR MS may correspond to a large number of structural isomers.” In case of known boundary
conditions for component structures it is possible to perform in silico algorithms to search for
molecular components in publicly available databases of natural metabolites® or biological active
compounds.® However, in case of HS or NOM samples, which have undergone extensive microbial
or geochemical transformations for tens to thousands of years, this approach is highly questionable.
Therefore, geochemical researches report interconnection of environmental properties with particular
molecular ions in NOM with probability-based suggestions for structural attribution.®

Several molecular formula-based approaches were proposed to relate the elemental
composition of molecular formulas to structural features. Such approaches can be divided into
compositional correlation (“Similia similibus’) and structural plausibility constraints. In the first case,
components of NOM or HS are attributed to major (macromolecular) precursor units based only on
similarr  H/IC and O/C atomic ratios (e.g. lignins, tannins, carbohydrates,

etc.).1¥-13 Changes in the molecular composition and chemical properties of NOM or HS are then
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explained by variations and reactivity of the respective structural precursor species, although it is
known that biogenic precursors are subject to substantial diagenetic alteration.!4®

Chemical constraints of valences and oxidation state of contributing elements, on the other
hand, also limit the plausibility of the molecular formula space. A particularly useful example is the
estimation of component aromaticity, which is related to the unsaturation state of molecules. For
highly aromatic samples (e.g. coal, petroleum, etc.), aromaticity is connected to double bond
equivalent (DBE) and DBE/C ratio where e.g. condensed aromatic structures require DBE/C > 0.7.16
The introduction of aromaticity index (Al) and modified aromaticity index (Almod) accounted for
functional groups found in HS and NOM that contribute to DBE, but not to the aromaticity of the
carbon skeleton.}”18 Al and Almes assume that all oxygen atom and half of oxygen atoms form double
bonds with sp-hybridized carbon, respectively. Hence Al is the most conservative aromatic system
approximation. Despite known limitations of these indices (especially Almod), they currently serve as
major structural parameters in many geochemical studies of NOM/HS®2%, The use of Al may thus
lead to false conclusions about aromatic character of molecules for structurally constrained samples.
For example, we have recently shown that molecules with the same low Al value (e.g. 0.3) may
correspond to isomers with and without aromatic rings depending on the geochemical origin.??

In order to obtain direct structural information, we have previously proposed a combination of
FTICR MS with isotopic labeling reactions, which enable to enumerate particular classes of
oxygenated functional groups® or carbon skeleton fragments®* of individual components in complex
mixtures. Selective labelling techniques for the reduction of ketones and quinones in humic substances
of dissolved organic matter (DOM) samples were also applied by Baluha et al.?> However, there is a
lack of studies devoted to a combination of labeling techniques coupled to FTICR MS.

The objective of this study was to explore major structural moieties and to use this information

to constrain aromaticity of individual components of lignin-derived polyphenol mixture — BP-Cx-1,
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which has been described in our previous study: this material possesses similar optical properties to
natural organic matter and exhibits high inhibitory activity against a wide range of ferments®. To
reach the main goal, enumeration of different oxygen functional groups was performed for the first
time using selective incorporation of deuterium by esterification, reducing and acetylation reactions

followed by FTICR MS analysis of labeled material.
MATERIALS AND METHODS

Solvents and other reagents used in this study were commercially available. Methanol of
HPLC grade (Lab-Scan) was used for elution and dissolution of BP-Cx-1 components. High-purity
distilled water (18.2 MQ) was prepared using a Millipore Simplicity 185 system. D-enrichment of
deuterated methanol (CDsOD), sodium borodeuteride (NaBDa4) and acetyl chloride-ds (CD3COCI)
were 99.8%, 98% and 99%, respectively (Sigma). Bond Elut PPL (Priority PolLutant, Agilent
Technologies) cartridges (50 mg, 3 mL) were used for isolation and purification of the parent and the
labeled samples. PPL represents a modified styrene-divinylbenzene polymer designed for polar
organic compounds extraction. Parent BP-Cx-1 was provided by Nobel Ltd as a sterile 0.42%
ammonia solution (batch X112K14A1) described elsewhere.?® The carbon distribution obtained by
qualitative 3C NMR is provided in Supporting Information (Table S1). All labeled samples were
purified using solid-phase extraction (SPE) from aqueous solution on PPL cartridges according to the
procedure described for DOM samples.?’
Labeling procedures
Carboxylic groups in the parent sample were selectively deuteromethylated following the previously
developed method.?® Briefly: SOCI, (60 pL) was added dropwise to the solution of 0.5 mg of BP-Cx-
1 fractions in 1.5 mL of CD30D under continued stirring and ice-cooling. The reaction mixture was

then refluxed for 4 h and dried under vacuum.
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Acetylation was performed by a modified procedure?: a drop of conc. H.SO4 was added to a
mixture of dried BP-Cx-1 (0.5 mg) and 1.5 ml of CD3COCI in 10-ml round-bottomed flask. Further
mixture was refluxed under stirring on a boiling water bath for 4 hours. The content was poured into
5 ml of ice-water and vigorously stirred to ensure the hydrolysis of unreacted acetyl chloride. The
organic material was extracted on PPL followed by methylation using CH3OH/SOCI, procedure. As
acetyl chloride leads also to carboxylic and alcohol groups acetylation, a second step — methylation
with CH30H - was performed, which led to trans-esterification of carboxylic groups and acidic
hydrolysis of non-conjugated and aliphatic esters due to in situ generation of HCI, while the phenyl
esters remain intact.*

Reducing was performed by a modified procedure for DOM.3! Under ice-cooling 0.1M NaOD
solution in D.O was added to NaBD4 (5 mg) until full dissolving and the solution was purged by Ar
for oxygen removal. Similarly, the solution of BP-Cx-1 sample (1 mg) in D>O was prepared. Next,
sample solution was added drop-wise to NaBD4 solution under intense stirring. The stirring was
maintained for 3 hours under continuous Ar flow. Further, mixture was transferred to a beaker and
acidified with 1M HCI under ice-cooling until gassing stopped.

Determination of labeling series by FTICR mass spectrometry and data treatment

Detailed information on FTICR MS analyzes is provided in the Supporting Information.
Functional groups were enumerated by juxtaposition of FTICR mass-spectra of labeled and parent
samples and by extraction of peak series with mass differences corresponding to the particular labeling
procedure as it was previously described by us for the H/D exchange®2. Here, these series are produced
by peaks with the m/z difference of 17.03448, 3.02193 and 45.029396 Da, respectively. In case of
NaBD4 reducing [HD] series were examined instead of [D]2 because the produced —OD alcohol groups
are back exchanged to -OH during subsequent sample treatment. Labeling series were manually

determined for 200 most abundant ions in the parent BP-Cx-1 material from the extracted mass spectra
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fragments with designated peak series as it has been described previously for H/D exchange of
DOM?2, The examples of the corresponding peaks series are represented in Fig. S1. Error constraint
was set to 0.0005 m/z.

For van Krevelen and Kendrick diagrams, molecular formulas were divided into 5 molecular
classes according to atomic ratios and modified aromaticity index (Almod) as described in Kellerman
et al.®® Almog, Al, and conventional double bond equivalent (DBE) indices were calculated according
to Koch et al.}” Constrained Al (Alcor) and DBE (DBEcor) values were calculated by subtracting carbon
atoms in carboxyl and carbonyl groups from the total carbon number. Almod, Al, DBE, Alcr and

DBEcor were calculated according to equations 1-5, respectively.

1+C-0.50-0.5H
Cc-0.50

_ _ 14C—(COOH)—~(C=0)m—0.5H
(2): Aleor = C—(COOH)p— (C=0)m

_ 14C-0-05H
- c-0

Al (1) Alyeq = 3)

DBE.,, =1+ C—0.5H - (COOH),—(C=0),, (4 DBE=1+C-05H (5)

RESULTS AND DISCUSSION

Preliminary sample characterization

The mass spectrum of the parent material was characterized by singly charged ions in mass-
window of 200-1000 Da. In total, 1659 formulae were resolved in which 1156 contained only CHO
atoms accounting for 68% of the total intensity. The resulting molecular formula data were plotted in
the commonly used van Krevelen diagram displaying the H/C vs O/C chemical space (Fig. 1A). As
it is seen, nominally aromatic and unsaturated compounds are most abundant in BP-Cx-1, which is
typical for lignin derived materials.®* Kendrick mass defect plots for CH,-, CO2- and O-base masses

(Fig. 1B and Fig. S2) justify the necessity for deeper structural study.
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Figure 1. 3D van Krevelen and Kendrick diagrams for BP-Cx-1 with highlighted molecular classes.
Z-axis corresponds to the relative intensity (A) and homologous series lengths (B).

Typically, CH2-homologous series are the most abundant in BP-Cx-1 with a maximum length
of 20. These series were observed for all molecular classes including aliphatics and lipids. When
using KMD analysis, addition of a methylene fragment (CHy) is interpreted as chain elongation of a
carbon skeleton and should not influence aromatic systems present in a molecule. However, addition
of CH> decreases the mean compound aromaticity described e.g. by Almod due to an increase of
denominator in the eq. 2. As a result, molecular formulas from the same homologous series can be
attributed to different (Almod-based) molecular classes. Expectedly, this was also observed for O-
homologous series, but not for CO> series (Fig. S2). These series were abundant mostly in aromatic

and unsaturated compounds, which is in agreement with our previous findings that these compounds
are enriched with oxygenated functional groups, such as carboxyls and phenols.® As it is seen there
are two ambiguities coming from the Al and Almod calculations: the approximation that all oxygen
atoms are represented by carbonyl or carboxylic groups, respectively, and by manipulating with mean
aromaticity values, which may be confusing for structural interpretation. Therefore, an enumeration

of oxygenated functional groups would help to decrease structural ambiguity and add an important
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information about functional moieties of individual molecular components. For example, oxygen
series may correspond to the appearance of methoxyl and alcohol hydroxyl groups or oxidation of
aldehydes. These groups would drastically change chemical properties of KMD-based determined

homologous.

Labeling experiments

The reaction scheme for a determination of carboxylic, carbonyl and phenolic groups is summarized
in Fig. 2 showing a model structure, which contains the functional groups of interest for this study.
The sum of ketone and aldehyde groups were determined by selective reducing with NaBDa (1) by a
modified efficient procedure for DOM leading to deuterium incorporation in C-H bonds in newly
formed alcohols.®!. Carboxylic groups were esterified with CDsOD (2) following the previously
developed method?®, which ensures selectivity of the reaction and tolerates the presence of alcohol
groups.® Phenolic groups were determined by acetylation with D-labeled acetyl chloride (3)
according to the modified procedure?. As it is seen from Fig. S1 in cases of all reactions high yields

of labeling were achieved.
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Figure 2. General scheme of functional groups enumeration on the model structure including reaction
pathways, FTICR mass-spectra acquisition and extraction of labeling peak series.

Functional groups of interest were enumerated for the 200 most abundant ions in the FTICR
mass-spectrum of the parent material and plotted in van Krevelen diagrams. Correspondingly, the
number of carboxylic groups increased with the O/C ratio (Fig. 3A). Number of carboxylic groups
varied from O for most reduced unsaturated and aromatic compounds to 4 for the relatively oxidized
compounds with O/C > 0.4 and H/C < 1. Interestingly, the number of carbonyl groups did not exhibit
a clear distribution in the van Krevelen space. For all molecular classes the number of each functional
group varied from 0 to 3 per molecular formula (Fig. 3B). Previously it was shown the presence of up
to two carbonyl groups per molecular component of riverine NOM.?>3" However, typically riverine
NOM contains a lack of low-oxidized aromatic and condensed compounds with O/C < 0.5 and H/C <

1. Moreover, based on the synthetic nature of BP-Cx-1 obtained by oxidation of lignin, carbonyl

10
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groups detected in our work likely corresponded to the quinone structures, which are typical products
for the oxidative condensation of lignin residues.®=° Further, the number of phenolic groups were
mirroring the carboxylic group distribution. Their number decreased from 3 to 0 with an increase of
O/C ratio. Similar to carbonyl compounds, species with the maximum numbers of phenolic groups
occupied an area in van Krevelen diagram with O/C < 0.4 and H/C < 1, which was characterized by
the absence of carboxylic group. Collectively, the absence of carboxyls and the abundance of phenols

indicate the presence of flavonoid-like and quercetin-like structures typical for the plant-derived
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Figure 3. Van Krevelen diagrams for 213 compounds in BP-Cx-1 with highlighted numbers of A)

carboxylic, B) carbonyl and C) phenolic groups as determined by isotopic labeling and FTICR MS

Constraining Aromaticity index

Information on the carboxyl and carbonyl groups was further used to constrain compound
aromaticity. Determination of functional groups with sp-carbon enables to correct DBE and Al values
to accurately account for carbon skeleton only. For this purpose, DBEcor and Alcor Were calculated
taking into account only carbon atoms untied to carboxylic or carbonyl functionality. Fig. 4 (A, B)
shows the comparison of conventional and constrained DBE value distributions for BP-Cx-1
components with assigned functional groups. It is clearly seen that the maximum of DBE distribution
is 12, which corresponds to up to 3 aromatic rings. At the same time maximum of DBEco distribution
is 8, which corresponds to up to only 2 aromatic rings per molecule. Therefore, carbon unsaturation

of compounds based on MS1 analysis may be significantly overestimated. Unlike petroleum in which
11



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

DBE values are widely used to indicate the number and type of aromatic rings,***? in case of
polyphenols and NOM widely used indices for characterization of compounds aromaticity are Al and
Almod. According to the definition by Koch et al. (2006), Al > 0.5 and Al > 0.67 conservatively
indicate the presence of aromatic and condensed aromatic rings in NOM molecules, respectively.!’
Exploration of constrained Al based on actual number of oxygenated functional groups revealed
discrepancy between estimated and actual functional group-accounted compound aromaticity. Fig.
4(C) shows van Krevelen diagram with molecular formulas, for which the attribution to molecular
classes changed depending on the used aromaticity calculation: Al, Almod and Alcor. Al considers all
oxygen atoms bound in carbonyl groups, and it’s value is always smaller than Almod and Alcor.
Number-averaged values for the formulas shown in Fig. 4C were 0.40, 0.55 and 0.57 for Al, Almod
and Alcor, respectively. Nevertheless, only 31% of molecules were always attributed to the same
molecular classes in case of all indices. Further, we found that Alcor may be both higher or lower than
Almod. In 53% of cases wherein Almod differed from Alcor the class attribution remained the same. At
the same time 16% of molecules were attributed to different classes, in which for 3% of compounds
Alcor was smaller than Almod, While for 13% of molecules Alcor was larger than Almog.

Applying Alcor demonstrates that not only calculated aromaticity values were different but the
attribution of some compounds needs to be corrected. For example, compounds with H/C < 1.5 and
Al < 0.5 are frequently assigned to alicyclic compounds like carboxyl-rich alicyclic molecules
CRAM® or CCAM*, Application of carboxyl and carbonyl groups enumeration enabled to re-
assigned several species to the aromatic-ring containing compounds. Moreover, relative contributions
of aromatic and condensed aromatic systems were also different for aromaticity indices Fig. 4(D).
Using of the most conservative Al for the BP-Cx-1 sample resulted in only few compounds attributed

to condensed aromatics. Further, carboxyl-approximated Almod showed similar results to Alcor,

12
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condensed molecules (Fig. 4D, S3).
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Figure 4. Color-coded A, B) DBE and DBEmoq distributions and C) Van Krevelen diagram for BP-
Cx-1 components with the assigned components regarding the consistency of molecular class
attribution depending of the aromaticity indices: Al, Almod and Alcor. D) Relative contribution of three

molecular classes calculated according to different aromaticity indices.
CONCLUSIONS

Application of selective labeling reaction and FTICR MS to the complex polyphenolic mixture
enabled to directly enumerate carboxyl, carbonyl and hydroxyl functional groups in individual
components and to map them in van Krevelen diagram. Added value of the obtained data is the
possibility to exclude sp?-hybridized carbon atoms bonded to oxygen from the consideration of DBE
or Al parameters. We found that actual aromaticity of components may be both higher or lower than
approximated by widely used Almod Values. This resulted from the approximation of Al and Almod,

that all oxygen atoms are represented by carbonyl and carboxyl groups, respectively, while oxygen in
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polyphenols may be represented by alcohols and ether groups only. Therefore, the use of Al (as most
conservative aromaticity descriptor) may result in significant underestimation of a sample’s mean
aromaticity and false attribution to molecular classes. While Almod IS @ good approximation for
carboxyl-rich compounds predominantly found in marine NOM,*® it underrepresents widely
distributed polyphenols when applied to terrestrial NOM. Our results are thus of high importance for
geochemical studies of e.g. soil organic matter formation®®, mineral sorption*, or photochemical

transformation®’, where aromatic structures of the NOM are used to explain molecular reactivity.
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