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ABSTRACT: Dissolved organic matter (DOM) is one of the most complex chemical mixtures known, with its chemical
composition having long puzzled biogeochemists. Identifying the chemical structures within DOM is essential for unraveling its
origins and environmental fate. However, DOM’s complexity has impeded structural elucidation, and molecules with accurate
functional group compositions for recalcitrant DOM are poorly represented in the synthetic and isolative literature. Consequently,
hypothesized DOM compounds are derived from models that inadequately represent true structures. To address this, carboxylic-
acid-only CRAM analogues were previously synthesized but failed to replicate the extensive fragmentation observed in marine DOM
during tandem mass spectrometry (MS2). Here, we prepared CRAM analogues with varied oxygen functionalities to enable more
diverse fragmentation pathways. Liquid chromatography (LC) studies showed that functional group composition better predicted
LC polarity than the O/C ratio and that alcohols represented early eluting DOM profiles, while ethers, ketones, and lactones better
represented mid-eluting isomers. MS2 studies revealed that the incorporation of α-hydroxy ketones and 1,2-diols led to the most
extensive fragmentation. Ether and ester functionalities were labile even at low fragmentation energy, indicating that such groups are
likely contributors to core marine DOM carbon backbones and contribute to the extensive fragmentation observed for natural DOM
in all MS2 experiments. The data gathered within this work suggest that the widely discussed all carbon-backbone alicyclic model of
CRAM is incompatible with the MS2 fragmentation data of DOM.

■ INTRODUCTION
Dissolved organic matter (DOM) is one of the largest
reservoirs of organic carbon on the planet and plays a vital
role in carbon transport between aquatic microorganisms.
Composed predominantly of small organic molecules extruded
from living or dead organisms, DOM represents one of the
most chemically complex mixtures known, with analytical
techniques showing it contains, at minimum, hundreds of
thousands of individual compounds.1−8 This molecular
diversity has long impeded efforts to accurately characterize
its chemical structures, limiting our understanding of its origins
and environmental role.9 Particularly enigmatic is the
predominantly marine recalcitrant DOM (RDOM), which
persists for millennia and exhibits remarkable physical,
chemical, and biological stability.10 In contrast, the labile
DOM fraction is rapidly turned over within hours to days and
primarily consists of transient biological metabolites.11 While

metabolites have been directly identified within labile
DOM,12−16 the functional group composition of RDOM is
unlike compounds known from biosynthetic pathways,
presenting a significant challenge when it comes to unravelling
its structural composition, and in turn its source and fate.

Efforts to constrain the chemical classes of RDOM have led
to descriptions such as carboxylate-rich alicyclic molecules
(CRAM),17 material derived from linear terpenoids,18 acetyl-
or heteropolysaccharides,17,19,20 and polycarboxylic acid
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polyaromatic molecules.21 However, these classifications are
primarily based on the nuclear magnetic resonance (NMR)
and high-resolution mass spectrometry (HRMS) data of bulk
DOM. While NMR and HRMS are the gold standards for
molecular structural analysis, their application to complex
mixtures like DOM presents significant challenges.9,22−24

NMR spectroscopy provides broad and poorly differentiated
regions for DOM, even with advanced 2D techniques.22,25

Similarly, HRMS and tandem MS (MS2) techniques such as
higher energy collisional dissociation (HCD) struggle to
differentiate isomers with identical molecular formulas, even
when paired with liquid chromatography (LC) or ion
mobility.3,7,26 Consequently, the proposed structural classes
reflect averaged representations of dominant functional groups
and carbon types rather than precise depictions of functional
group arrangements or backbone connectivity. To accurately
determine RDOM fluxes and constrain its chemical origins�
whether lignin,27,28 terpenoid,17,18,29 or polysaccharide-de-
rived19,20�greater insight into these specific structural features
is critical.

Previously, we disclosed compounds (Figure 1a, 1−4) that
mimicked the key features of hypothesized CRAM, including
fused alicyclic rings, multiple carboxylic acids, and a
predominantly reduced carbon backbone.30 Subsequent
HCD studies at multiple voltages revealed differences between
the data of these molecules and that of DOM. Low-energy (35

V) HCD experiments led solely to losses of H2O and CO2 for
synthetic compounds, which was consistent with the many
previous collision induced dissociation studies on DOM in the
field, with these losses typically attributed to carboxylic
acids.1−3,31 However, high-energy (75 V) HCD fragmentation
left the carbon scaffold of our decalin backbone analogues
largely intact while causing extensive breakdown of DOM
carbon backbone structures, indicating something fundamen-
tally dissimilar between the structures of these alicyclic CRAM-
like molecules and those found in DOM.

Given the extensive high-energy HCD fragmentation of the
molecules in DOM, we speculated that varied oxygen
functionalities might enable additional points of charge
stabilization, which could facilitate further carbon−carbon
bond fragmentations.32−34 Additionally, for almost any given
molecular formula in DOM, peaks exist across a broad range of
LC retention times. However, little defines what constitutes
the functional group features of an early or late eluting isomer.
To test the effect of different functional groups on both MS2
fragmentation and LC retention behavior, we prepared 12
synthetic compounds based on our initial CRAM decalin
scaffold which also contain additional oxygen functionalities,
including alcohols, 1,2 diols, ketones, α-hydroxy ketones,
ethers, lactones, and esters. This allows for direct comparison
between the previously synthesized and new molecules, but
also provides relative comparison between materials where the

Figure 1. (a) Structures of CRAM analogues with O/C ratios listed in blue 1−16. (b) Compound retention times. (c) Compound CI plotted by
compound number. All detected isomers are shown as unfilled circles; the mean of detected isomers are shown as filled circles. (d) Depiction of the
CI metric, XIC of m/z 285.098 in TRM (black), SRFA (red) and the tertiary alcohol 9. (e) Trace of cumulative intensity for TRM as a black line,
which eventually reaches 100% and shows the equivalent points at which the two most intense isomers of 9 elute so that the CI value can be read
from the y axis.
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primary difference is the inclusion of different functional
groups. As such, the information gained from LC and MS2
studies is generally transferable to other carbon scaffolds,
leading to insights into the relative differences in functional
group type and abundance in isomers of natural DOM.
Ultimately, this work shows that the type and placement of
oxygen functional groups within CRAM-like molecules is
critical in determining their MS2 fragmentation behavior and
LC retention profiles.

■ METHODS
Extensive details are available for all experimental methods in
the Supporting Information (SI), including their NMR spectral
data as well as their LCMS and MS2 data (pages S88−S157).
Synthetic Information. Synthetic methods are described

in the SI, along with spectral data for final CRAM analogues
(1H, 13C, COSY, HSQC, and HMBC NMR, and LCMS,
LCMS2, and charged aerosol detection (CAD) spectra).
Where noted, compounds were prepared as diastereomeric
mixtures, hindering full NMR assignment of individual
diastereomers. Fortunately, the nature of this work generating
extensive MS2 profiles of these compounds helps to reinforce
structural assignments, and CAD data helps in defining their
minimum purities.
Reference Materials. The reference standards SRFA

(2S101F) and TRM-052235 were used as received and
dissolved in 5% acetonitrile in water to a concentration of 5
mg/mL for injection by LCMS.
Liquid Chromatography−Mass Spectrometry. Liquid

chromatography was conducted with a Thermo Vanquish
UPLC at a flow rate of 0.5 mL/min from 5% to 100%
acetonitrile in water with 0.1% formic acid using a
Phenomenex Kinetex C18 column (2.1 × 150 mm, 2.6 μm).
Synthetic compounds were dissolved to 100 ppm, while DOM
standards were dissolved to 5000 ppm, with both having
injection volumes of 10 μL. Mass spectrometry was performed
using an Orbitrap Q Exactive (Thermo Fisher), with MS2
experiments being conducted at normalized collision energies
of 35 and 75 by HCD experiments using the PRM method.

■ RESULTS AND DISCUSSION
Synthetic Design of CRAM Analogues. Molecules were

designed based on the parameters Hertkorn et al. described for
hypothesized alicyclic CRAM,17 which were proposed to be
fused alicyclic compounds with predominantly reduced carbon
backbones functionalized with several carboxylic acids. These
parameters were also used to design our previously disclosed
analogues30 that were functionalized only with carboxylic acids
(hereafter referred to as COOH-CRAM). Similarity of any
new compounds to the first set was highly desirable, as while
this specific decalin type structure could be poorly represented
in real DOM samples, relative comparisons between different
functional group compositions and orientations are likely to be
transferable between carbon scaffolds. In addition to this, ease
of synthetic access was another priority, as the required
hydrolysis to CRAM products from ester equivalents was
expected to be more problematic with the inclusion of other
potentially synthetically sensitive functionalities, such as
alcohols, ketones, or ethers. As such, synthetic targets were
based predominantly on the chemical transformation of the
triester equivalent of alkene CRAM 1 (Figure 1a) where
possible, minimizing any potential differences in relative acid

regio- and stereochemistry and allowing for bulk modification
of a readily accessible starting material.

Choice of oxygen functional group incorporation centered
on functionalities that have been described within RDOM
chemical classes in the literature, as well as those consistent
with the 1D and 2D NMR spectral data of DOM. Alcohols
were ideal candidates, described as part of CRAM,28 material
derived from linear terpenoids,18 and heteropolysacchar-
ides,19,20 and also frequently identified as contributors from
NMR experiments. Similarly, ketones have been suggested as
minor contributors to CRAM, and while they typically display
little contribution to the 13C NMR spectra of marine DOM,
they are present in riverine samples.17,25,28,36,37 Ethers and
esters seemed straightforward inclusions,38,39 with their
presence in multiple biopolymers known to contribute to
DOM (i.e., tannins and lignin), identification of methyl ethers
and longer alkyl-ethers in marine samples,25 and the virtual
indistinguishability of alcohols from ethers and carboxylic acids
from carboxylic esters in 1H and 13C spectra as complex as
those of DOM. While common in terrestrial and riverine
DOM, phenol and other aromatic functionalities were
excluded, as the requirement for several atoms per function-
ality and low NMR contribution of aromatics in marine DOM
limit the number of aromatic molecules than can contribute to
most molecular formulas within samples.

Thus, compounds 5−16 were synthesized (pages S9−S27)
in addition to previously obtained COOH-CRAM analogues
1−4. Diacids 5 and 6 were included to allow for comparisons
between O/C ratios and functional group compositions, as
well as comparisons between di-, tri-, and tetracarboxylic acid
compounds. Lactone 7, isolated as a transformation product
from the attempted SPE extraction of a large-scale preparation
of 1 (see additional details in pages S4−S5, S22), provides a
cyclic ester with an identical molecular formula to 1. It should
be noted that this compound was isolated using preparative
high-performance LC, and it exists as two closely eluting
diastereomers. Mono alcohols 8 and 9 are regioisomers of one
molecular formula (C13H18O7), providing data for how small
positional changes can affect LC and MS2 experimental
outcomes. Of note, the tertiary alcohol 9 was prepared directly
from the hydrolysis of 7 and as such is a much simpler
diastereomeric mixture than secondary alcohol 8.

Ether 10, ketone 11, and α-hydroxy ketone 12 are the sole
regioisomers of their respective class, with the positional
change in oxygen functionality of ether 10 relative to the other
compounds coming as a result of synthetic challenges. It
should be noted that α-hydroxy ketone 12 proved relatively
unstable in both water and methanol over the course of 24−72
h. This compound was intended to probe how the
combination of an alcohol and a ketone affect retention time
and fragmentation behavior of a single molecule, and its
relative instability should be noted when considering these
structures as part of DOM or CRAM. The final set of
compounds are diols 13−16. Diol 13 is the only diol
containing eight oxygens and was isolated as several single
diastereomers from preparative high-performance LC due to
challenges with extraction into organic solvents during reaction
work-up. Diols 14 are regioisomeric compounds that were
inseparable in prior synthetic steps. Diols 15 and 16 were
present as a mixture, where some portion of the esters
represented in 16 were unhydrolyzable before increasingly
harsh conditions led to complete decomposition of the organic
material. However, extracted ion chromatograms and LC and

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c02665
Anal. Chem. 2025, 97, 18612−18620

18614

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c02665/suppl_file/ac5c02665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c02665/suppl_file/ac5c02665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c02665/suppl_file/ac5c02665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c02665/suppl_file/ac5c02665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c02665/suppl_file/ac5c02665_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


MS2 studies allow for easy differentiation of different
molecular formulas in the context of this work, and the
incorporation of a linear ester functionality (as opposed to
cyclic lactone 7) was seen as a useful comparison.
Retention Time Investigation. Liquid chromatography

(LC) was performed using a 5−100% acetonitrile gradient in
H2O with 0.1% formic acid over 10 min, allowing assessment
of retention time as a measure of polarity. It is important to
note that different molecular formulas have significant
differences in retention profiles within DOM (see, for example,
Figures S23, S25, and S26 and pages S36−37), and critically,
the extracted ion chromatogram for a given formula can vary
drastically from the total ion chromatogram. For this reason,
we present results in the context of the distribution of
retention times for the same molecular formula in TRM
(Figure 1b, page S28). We use a novel metric, percent
cumulative intensity (CI, Figure 1c), which is determined as
the percentage of summed intensity that has eluted for the
equivalent molecular formula in TRM at the retention time of
the compound (Figure 1d,e). CI was also computed for SRFA
for comparison (page S28).

To first provide a benchmark for relative elution profiles, we
examined the retention times of our COOH-CRAM analogues
1−6. Changing the number of carboxylic acid groups on this
scaffold caused only minor difference in absolute retention
time, with all isomers of diacid 5, methyl-diacid 6, triacid
alkene 1, triacid alkane 2, tetraacid alkene 3, and tetraacid
alkane 4 eluting between 4.82 and 6.14 min (Figure 1b) (i.e.,
over less than a 15% change in ACN concentration). These tri-
and tetraacids elute late in their corresponding CI, with
compounds 1 and 2 eluting between 63% and 87% CI, and
compounds 3 and 4 eluting between 76% and 91%.
Conversely, diacids 5 and 6 eluted between 45% and 63%
CI, indicating that for lower O/C ratios, COOH-CRAM elute
near the center of their corresponding molecular formula
elution profile in DOM. While O/C ratios have previously
been used to indicate or characterize relative hydrophobicity
and hydrophilicity in DOM LC studies,40−42 this result
indicates that O/C ratio alone is a poor indicator of retention
time in reverse-phase LC for carboxylic acid rich compounds.
Notably, while a more oxygen rich formula in DOM (i.e.,
Figures S5 and S13, pages S31 and S33) on average elutes
earlier than a less oxygen rich formula (i.e., Figures S6 and S15,
pages S32 and S34), they still show considerable overlap in
their elution profiles. Therefore, the small range in retention of
COOH-CRAM analogues 1−6, but relatively large difference
in the O/C ratio (0.31−0.57), shows that functionality needs
to be extensively considered when examining broad retention
times of molecular formulas in DOM. We are confident that
the use of standards such as those employed here offers an
avenue to determine which functional group compositions
elute early or late within LC experiments, for example in
conjunction with metrics such as CI.

To explore this idea further, we examined the alcohol,
ketone, and diol analogues of CRAM triacid 2. The inclusion
of an alcohol in the structures of 8 and 9 significantly
decreased retention time relative to the parent triacid 2, with
the earliest isomers eluting very early at 1% CI for secondary
alcohol 8, the latest eluting by 55% for tertiary alcohol 9, the
average at 15% for 8, and 26% for 9. Similarly, the inclusion of
a ketone in compound 11 decreased retention times and CI
relative to triacid 2 (first isomer = 31% CI, last = 54%, average
= 45%). Finally, the incorporation of a 1,2-diol functionality in

compound 13 led to extremely early eluting compounds, with
all isomers eluting in the first 1% of CI. These isomers of 13
provide a close O/C comparison to tetraacids 3 and 4, with all
three compounds containing eight oxygen atoms, and diols and
acids bearing 13 and 14 carbon atoms respectively (O/C
ratios; 13 = 0.62, 3/4 = 0.57).

To reinforce that functional group composition was a
stronger indicator of retention than the O/C ratio, two
additional diols, 14 and 15, were prepared. These compounds
contained six oxygen atoms and either 12 or 13 carbon atoms,
allowing for more direct comparison to triacids 1 and 2
(C13O6H16 and C13O6H18, respectively). The isomers of 14
and 15 also had very low CI values, with 11 out of 14 isomers
eluting within 5% CI, and the latest eluting at 12% for 14 and
22% for 15. The lower O/C ratios of these compounds
compared to diols 13 (14 = 0.5, 15 = 0.46, 13 = 0.62), but
only slightly increased average CIs (14 = 4%, 15 = 6%, 13 =
1%), reinforce that functional group composition is a far
stronger indicator of retention time in LC than the O/C ratio.
Finally, α-hydroxy ketone 12 was prepared to examine a
molecule containing both a ketone and an alcohol. This
compound again eluted early relative to its tetraacid counter-
parts (isomer 1 = 3% CI, isomer 2 = 34%, average = 19%).

Ultimately, these alcohol and ketone bearing compounds
exemplify the relatively strong effect of functional group
composition versus molecular formula and O/C ratio.
However, even a single alcohol functionality significantly
increases individual molecule LC polarity, indicating that
switching a carboxylic acid functionality for two alcohol groups
and an additional unsaturation is not a viable way to explain
the polarity behavior of the majority of observed isomers in
DOM mixtures. While ketones appear initially as strong
candidates for mid-eluting isomers, their 13C NMR derived
contributions to terrestrial DOM are low (as low as 1 in 38 C
atoms),28 and in marine DOM are very rare (as low as 1 in 110
C atoms).17,25 As such, they can explain some portion of
observed isomers, but additional functionality must be required
to describe the retention profile of any specific molecular
formula within DOM, especially when considering long-lived
CRAM molecules.

Ethers and esters were subsequently examined as the last
prominent oxygen functionalities consistent with the NMR and
MS data of marine DOM. Ether 10 showed a broad diversity in
polarity between isomers, with CI’s between 24% and 84%,
and an average of 55%. This was particularly notable to us, as it
allows for a range of retention times earlier than those of the
COOH-CRAMs 1−6, while not displaying the same
propensity for the drastic retention time reduction seen for
alcohols 8−9 and 12−16. Furthermore, regions that can
indicate ether functionalities are highly prevalent in the NMR
spectra of terrestrial DOM and RDOM, being observed at 1H
NMR chemical shifts between 2.9 and 4.1 ppm, and 13C NMR
chemical shifts between 47 and 90 ppm, with these regions
contain predominantly alcohols, ethers, and esters. Further-
more, methyl ethers have been shown to be prevalent in some
marine DOM samples.25,35 Conversely, less variety in retention
time was observed for lactone 7 in comparison to those for
ether 10. However, only two isomers of 7 were isolated (vs
nine for 10), which limits definitive conclusions.

The comparatively shorter retention times of 7 were
somewhat surprising, as both triacid alkene 1 and lactone 7
share the same molecular formula (C13O6H16), but all
observed isomers of 7 are more polar than all isomers of 1.
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Our initial expectation was that the additional acid of alkene 1
would provide another site for ionization and stronger H-
bonding in solution, and thus lower retention time. However, it
appears that at least for the decalin scaffolds examined here,
that the incorporation of a cyclic ester can lead to decreased
retention time relative to its corresponding acid equivalent.
This may be due to a conformational difference, as the extra
cyclization in the lactone moves the hydrophobic regions
toward the center of the molecule, and positions the oxygen
atoms toward the outside. One additional compound bearing
an ester did exist within our data set; however, it was observed
as an impurity from the hydrolysis to form diol 15. Ester 16, as
such, contains an acid, two alcohols, and an ethyl ester, with
isomers eluting at 5.52 and 5.69 min. It is notable that the
absolute retention times of the diastereomers of 16 are
significantly higher than those for the other diols examined,
indicating that carboxylic acid−alcohol intramolecular inter-
actions may play a key role in the very low LC retention times
of these other diols. However, they still follow the same relative
CI trend of all diols, with isomers of 16 eluting at 20% and
24% compared to the equivalent CI of TRM.
MS2 Investigation. Fragmentation studies were per-

formed using higher energy collisional dissociation (HCD) at
35 V (low energy) and 75 V (high energy). Additional
fragmentation metrics are provided (pages S29−S30) to
reinforce the qualitative trends discussed here through the
observation of various diagnostic fragment peaks. For COOH-
CRAM analogues 1−4, we previously showed that low-energy
fragmentation led predominantly to neutral losses of H2O,
CO2, and minor losses of CO (‘functional group’ fragments),
as well as trace ‘fingerprint’ fragments from decomposition of
the carbon backbone.30 High-energy fragmentation provided
high intensities of functional group fragments, as well as
slightly increased fingerprint fragmentation for alkanes 2 and 4,
and moderate fingerprint fragmentation of alkenes 1 and 3.
Added to this initial set of acid-only compounds, diacids 5 and
6 show comparatively decreased fragmentation, with parent
ions being the dominant peaks at both low and high energy
(Figure 2a; shown for 5). This is in stark contrast with our
previously disclosed CRAM-analogues, none of which retained
their parent ions under high-energy fragmentation, and likely
suggests that intramolecular proximity of functionalities (i.e.,
like in 2 and 4, Figure 2b) promotes the sequential loss of H2O
and CO2 typically associated with the fragmentation of
DOM.34,43,44

Comparison of acids 5 and 6 with TRM highlights similar
trends to the previously examined acids 1-4.30 In DOM, an
increased number of neutral H2O and CO2 losses are observed
during the low-energy fragmentation of the same masses,
alongside moderate fingerprint fragmentation (Figure 2a).
When fragmented at high energy, DOM shows very low or no
intensity of functional group fragments and instead undergoes
extensive fragmentation to fingerprint ions. As we previously
highlighted,30 it is important to note that utilizing an orbitrap
for these types of fragmentations leads to the isolation of ions
across a single unit mass, and the diversity of fragments seen
here arises from the fact that several different parent ions and
isomers are being fragmented. Nevertheless, the stability of the
parent ion and functional group fragments for diacids 5 and 6
reinforces that COOH-CRAM does not fragment in the same
way as DOM.

For triacid alcohols 8 and 9, low-energy fragmentation
showed the sequential neutral losses of two CO2 and one H2O

(Figure 3). Similarly, at low energy, diacid diols 14 and 15
showed sequential losses of up to two CO2 and up to two H2O
(pages S50−S51), while triacid diols 13 showed losses of up to

Figure 2. (a) HCD fragmentation data of 5 at 35 and 75 V vs same
mass in TRM (35 and 75 V). (b) Relative proximity of acids 5 vs 6 vs
2 vs 4 (red = far, blue = near).

Figure 3. (a) Top: 35 V HCD fragmentations of secondary alcohol 8,
tertiary alcohol 9, and TRM285. Bottom: 75 V HCD fragmentations
of secondary alcohol 8, tertiary alcohol 9, and TRM285. (b) Idealized
functional group fragments (i/ii) for alcohols 8 and 9.
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three CO2 and up to two H2O (Figure 4). Pleasingly,
fragmentation at high energy for alcohol 8 and diols 13−15

resulted in extensive fingerprint fragmentation (8 and 9 in
Figure 3, 13 in Figure 4; 14, 15 in pages S50−S51). However,
it is important to note that for all of these compounds several
functional group fragments remained, with prominent ions
observed for 8, 9, and 13−15 corresponding to decalin
backbone fragments (ketene anion i/ii in Figure 3b; oxy-anion
iii/iv in Figure 4b). For tertiary alcohol 9, fragmentation was
less extensive (Figure 3a). While this could be due to the
relative instability of a formal or partial negative charge at a
tertiary center relative to a secondary center, investigation of
the well-resolved individual isomers of alcohol 8 (see Figure
S44, page S53) showed significantly fewer fragments compared
with the total HCD spectrum. As such, the relative simplicity
of the high-energy fragmentation of tertiary alcohol 9 is most
likely due to its existence as relatively few isomers compared to
secondary alcohol 8.

Turning to a comparison of the alcohols and diols to DOM
at m/z 285, similar patterns emerge as for the COOH-CRAM
analogues. At low energy, DOM exhibits the same functional
group fragments, while undergoing significantly greater
fingerprint fragmentation across all masses corresponding to
alcohols 8−9 and diols 13−15 (pages S42−S43, S48−S51).
This is true even for triacid diol 13, which, alongside ketone
11, α-hydroxy ketone 12, and diol 16, underwent the most
extensive fragmentation of all our synthetic compounds (page
S29). At higher energy, functional group fragments are again
almost entirely lost for all alcohol and diol masses in TRM (m/
z 285 and 301). This suggests that while the incorporation of
these additional oxygen functionalities may promote the
increased fragmentation seen in high-energy HCD experiments
on natural samples, it does not enable the breakdown extent
seen in DOM. This is highlighted by the presence of decalin-
type fragments of 161.0972 (i) and 179.1078 (ii) for 8 and 9
that are at very low intensity in DOM (Figure 3a). As the LC
data suggested that alcohols are likely present only as relatively
early eluting isomers of any specific formula (vide supra), it was

also examined whether fragmentation data corresponding to
later LC retention led to greater conservation of higher mass
fragments. However, investigation of three separate areas
within DOM for the mass corresponding to diol 13 showed
essentially no variation in average fragment mass, suggesting
that other structural features must contribute to this extensive
DOM fragmentation (page S55).

For lactone 7, ketone 11, and α-hydroxy ketone 12,
analogous trends were observed in the low and high-energy
HCD spectra. Low-energy spectra show functional group
fragments that correspond predominantly to water, CO2, and
CO losses, which are also seen in the low-energy fragmentation
spectra of TRM (along with mild fingerprint fragmentation).
At high energy, smaller functional group fragments are
observed for 7, 11, and 12, while DOM undergoes extensive
breakdown to fingerprint fragments. It should be noted that
ketone 11 emerged as one of the best matches to DOM based
on fragmentation metrics (page S29). It demonstrated one of
the most comparable extents of fragmentation to TRM, and it
exhibited the highest number of fragmentation peaks observed
in the same experiment. This adds to the relative consistency
of the retention profile of 9 to DOM (vide supra). However, it
should be stressed that the relatively high intensity of MS2
peaks corresponding to functional group fragments of 11 (see
Figures S36 and S37), and relative lack of them in the same
nominal mass in TRM (pages S45−S46), limits how much
decalin ketones such as 11 are likely to contribute to the
fragmentation data of marine mixtures.

For ester acid diol 16, the majority of functional group
fragments seen in both low- and high-energy HCD fragments
are absent in the fragmentation spectra of DOM (35 V HCD
shown in Figure 5a). However, it should be noted that for the
fragmentation of 16, a neutral loss of C2H4 (ethene)
corresponding to fragmentation of the ester is observed

Figure 4. (a) HCD fragmentation of diol 13 and TRM301. (b)
Idealized functional group fragments (iii/iv) for diol 13.

Figure 5. (a) 35 V HCD spectra of diol acid ester (top), ether (mid),
and correpsonding DOM mass 299 (bottom); blue dashed line
indicates CO2 and CH3OH loss. (b) Idealized CH3OH losses of ether
10 (v to vi), ethene losses of ester 16 (vii to viii).
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immediately from the parent ion during low-energy HCD
fragmentation, and from the first H2O loss fragment (299.1508
to 271.1189, 281.1379 to 253.1081, Figure 5a, idealized
fragmentation in Figure 5b). Subsequent fragments are more
typical, corresponding to losses of CO2, H2O, and CO.
Enticingly, ether 10 also shows neutral losses of CH3OH
(255.1239 to 223.0978 in 35 V HCD shown in Figure 5a,
idealized fragmentation in Figure 5b) during low-energy HCD
fragmentation, which are also observable in TRM, with
subsequent losses to 205.0872 (−H2O) and 161.0974
(−H2O, CO2) being reliant on the initial loss of CO2 and
CH3OH.

The presence of these methyl ethers in TRM is not
unexpected, with this functionality existing as a clear derivative
of lignin-like structures, and the presence of ethers being
documented at several ocean depths from both 1D and 2D
NMR techniques.25 However, we believe that the neutral loss
of CH3OH for ether 10, as well as the neutral loss of ethene for
ester 16, is an important indicator of why the fragmentation
spectra of our synthetic molecules and DOM differ so
markedly, especially at higher energies. The extensive finger-
print fragmentation of DOM in HCD experiments suggests
that molecules ionized and fragmented from these DOM
samples must have backbones that break into significantly
smaller fragments than the fused alicyclic structures presented
here. Here, the incorporation of esters and ethers into core
carbon backbones would remedy this lack of fingerprint
fragmentation for fused alicyclic structures. Their presence
could enable ring-opening type fragmentations (Figure 6a), or
the possibility for small fragments linked through ethers or
esters to cleave from larger structures (Figure 6b), allowing for
the generation of diverse and plentiful fingerprint fragments
observed in natural DOM samples. To exemplify this, masses
corresponding to small C7HxOy fragments (ix, x, xi, Figure 6c,
ketenes are −H2O loss products of carboxylic acids) that were
seen in all HCD75 spectra gathered in TRM regardless of
parent ion mass (exemplified in Figure 6d, visible in pages
S39−S52 for all masses) have been imagined as idealized
breakdown products of these pathways.

■ CONCLUSIONS
Twelve CRAM analogues with varying oxygen functional
groups and O/C ratios were prepared, analyzed by LCMS and
MS2, and compared with representative freshwater and marine
DOM reference materials (SRFA/TRM0522, respectively).
Notably, we have expanded the range of O/C and H/C ratios
accessible for these types of compounds beyond those
prepared in our previous work.30 LC analysis found that the
addition of alcohol groups significantly increased the polarity
of CRAM-like compounds. As a result, in natural samples
alcohol-containing compounds are likely to appear as early
eluting isomers for a given molecular formula. This effect was
especially strong for 1,2-diol compounds, showing that
replacing an acid group with two alcohol groups and adding
a C−C double bond is unlikely to explain the full diversity of
molecular isomers found in DOM for a given formula. Instead,
functional groups like ketones, ethers, and esters provided
better matches across the full range of relative retention times
observed in natural DOM mixtures, with ketones likely being
less significant in a marine context. Additionally, we have
developed a new metric, cumulative intensity, that is useful for
the comparison of retention times of isolated compounds to
DOM, and we believe it should be useful for documenting and
comparing retention times between individual DOM molecular
formulas and between natural samples.

MS2 data revealed similar functional group fragmentation
patterns between the newly synthesized compounds and
representative DOM molecular formulas during low-energy
HCD experiments. Critical to note is that oxygen functional
group diversity and relative position were the key mediators of
the MS fragmentation of these small-molecule CRAM
analogues. Data from comparisons between di-, tri-, and
tetracarboxylic acids suggest that for reliable functional group
fragmentation, proximity between functional groups is
essential. Notably, at low energies CH3OH and C2H4 losses
were observed from an ether and an ester functionalized
CRAM, respectively. Similar CH3OH fragment losses from the
ether were also observed during the fragmentation of the same
nominal mass in TRM-0522. High-energy HCD experiments

Figure 6. (a) Hypothetical DOM cyclic ester and ether fragmentations; (b) hypothetical DOM linear ether and ester fragmentations; (c) idealized
DOM fragments from masses observed in all TRM HCD fragmentation spectra gathered in this work; (d) zoomed-in HCD75 fragmentation
spectra showing masses 107.0502, 109.0659, and 111.0815, with repeating mass set from 119 to 125 m/z also shown.
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caused extensive fragmentation of DOM into low m/z masses,
indicative of carbon backbone breakdown. In contrast, the
synthetic compounds retained fragments of some functional
groups even at higher energies, and the extent of backbone
fragmentation varied greatly among the synthesized com-
pounds. Among the synthesized compounds, diols and an α-
hydroxy ketone broke down into the smallest average fragment
masses, most closely resembling DOM fragmentation.
However, these compounds still did not fragment to the
same extent as DOM under either low- or high-energy HCD
conditions.

Critically, this work suggests that the commonly used trap-
based collision induced dissociation experiments, especially in
negative mode, are not suitable for examining carbon backbone
differences between molecules in DOM and should be
carefully scrutinized when performed as the only fragmentation
technique.1−3,31 Using them in this context has the very real
possibility to lead to misinformed conclusions based on the
most labile functional groups that are near-ubiquitous in
DOM, while ignoring the carbon backbone differences that are
crucial in defining molecular origin and subsequently DOMs
fluxes. As a consequence, we strongly recommend that future
work includes the use of techniques like HCD, which can
further break down generated fragments within one experi-
ment.

In a wider context, this work shows that the alicyclic
structures proposed as potential CRAM candidates in prior
decades17 can no longer be considered as viable to explain any
meaningful portion of the molecules present within RDOM.
The incorporation of oxygen atoms to the backbones of DOM
molecules is almost certainly fundamental in enabling the
extent of fragmentation observed in corresponding high-energy
HCD experiments. We propose that ethers and esters are
excellent candidates to explain the difference in fragmentation
data between the synthesized compounds and RDOM, while
also having comparable LC properties. A single one of either of
these functionalities incorporated into the carbon backbones of
CRAM-like molecules would enable more extensive fragmen-
tation than for all-carbon alicyclic systems at relatively low total
abundance within any given DOM sample.

Recent work has highlighted the prevalence of quaternary
oxygenated carbons within DOM as potential contributors to
CRAM in the environment and theorized about a potential
oxidative dearomatization−spirocyclization reaction cascade
for their formation from phenols.28 In light of this, it should be
noted that spirocyclic lactone 7 fragmented relatively
extensively, but not as extensively as our nonspirocyclic
quaternary oxygenated diols or alcohol. Importantly, our
study was not designed to test for diversity in these types of
spirocycles directly and, as a result, can only draw relatively
limited conclusions. However, it does highlight that within the
confines of MS2 fragmentation, both nonspirocyclic (i.e.,
alcohol) and spirocyclic (i.e., ester) oxygenated quaternary
centers are excellent candidates for DOM-like chemical
functionality and are a critical avenue for future synthetic
design.

Outside of these oxidative dearomatization-type pathways,
the degradation of lignin by reactive oxygen species45 and
photodegradation of terpenoids/carotenoids18,46 are two viable
and commonly invoked mechanisms for the environmental
production of polycarboxylic acid molecules with backbone
ethers or esters. However, it is important to note that the use
of single molecules in the work we have performed here cannot

alone confirm these pathways and is better suited to supporting
or challenging the prevalence of structural motifs within DOM.
Another key advantage of this work is its ability to provide
accurate fragmentation data for library matching,16 as
carboxylic acid rich molecules that match CRAM or other
commonly invoked RDOM models remain exceptionally rare
in the synthetic or isolative literature. These compounds also
represent opportunities to develop the stability47 and response
factor48 relationships we have begun to explore with our initial
synthetic CRAM molecules. Future synthetic investigations
will focus on the preparation of compounds suitable to test
whether fused cyclic ethers and esters, as well as ether or ester
linked carbocyclic systems, more accurately align with the
HCD fragmentation data of DOM. Additional work will also
seek to expand the range of these compounds to test whether
other spirocyclic scaffolds behave like RDOM during LC
elution and under MS2 fragmentation.
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