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ABSTRACT

NMR spectroscopy is widely used in the field of aquatic biogeochemistry to examine the
chemical structure of dissolved organic matter (DOM). Most aquatic DOM analyzed by proton
NMR (*H NMR) is concentrated mainly by freeze-drying prior to analysis to combat low
concentrations, frequently <100 uM C, and eliminate interference from water. This study
examines stream water with low dissolved organic carbon content by *H NMR with a direct non-
invasive analysis of whole water using a water suppression technique. Surface waters, collected
from the headwaters of the Rio Tempisquito, Costa Rica, were examined directly, and the
spectral characteristics were compared with those of the traditional pre-analysis freeze-drying
approach revealing significant differences in the relative intensity of peaks between the whole
water and freeze-dried DOM. The freeze-dried DOM required less time to obtain quality spectra,
but several peaks were missing compared to the spectra of whole water DOM; notably the most
dominant peak in the spectrum constituting roughly 10% of the DOM. The stream water DOM
showed an increase in the relative intensity of aliphatic methyl and methylene groups and a
decrease in carbonyl, carboxyl, and carbohydrate functionalities after freeze-drying. The results
of this study show that freeze-drying alters the original composition of DOM and thus freeze-
dried DOM may not represent the original DOM. The information gained from whole water
analysis of stream water DOM in a non-invasive fashion outweighs the attraction of reduced
analysis times for pre-concentrated samples, particularly for studies interested in investigating

the low molecular weight fraction of DOM.
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INTRODUCTION

Dissolved organic matter (DOM) is a heterogeneous mixture of high- (HMW) and low-
molecular weight (LMW) organic compounds that fuels microbial metabolism in natural
waters.! The complex heterogeneous nature of DOM has made characterization difficult.!!
About 40 years of research in the field of organic geochemistry have focused on the
characterization of DOM to better understand the driving forces behind microbial metabolism.?!
Many of these studies have employed NMR spectroscopy to obtain information on the average
structural characteristics of the DOM, primarily HMW-DOM.

NMR spectroscopy is a highly versatile tool that can characterize complex molecular
structures and interactions within a variety of sample matrices. The non-destructive nature of
this technique makes it ideal for environmental samples. The chemical structure of natural DOM
has been analyzed extensively with NMR using a variety of solvents and protocols with great
success due to its comprehensive analysis of functional group composition.®! In studies
analyzing aquatic DOM, solution-state *H and **C NMR techniques are commonly applied as
they are best suited to analyzing water samples in their native state.*® ® 1 However, these
studies are limited by sensitivity due to low DOM concentrations. ‘H NMR can potentially
address the issue of low concentrations, as it is more sensitive than **C NMR, but is often limited
by signal interference from water.

As a result, most studies analyzing aquatic DOM often use extensive sample pre-

concentration of the DOM and water removal consisting of several rounds of evaporation and re-
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dissolution in an aprotic solvent.[®® &

In addition to pre-concentration, techniques such as
ultrafiltration,'! solid phase extraction,*® and reverse osmosis coupled to electrodialysis
(RO/ED),!*Y are used to increase signal from DOM and decrease signal from water. It is well
recognized that isolation and/or concentration procedures alter the composition and properties of
DOM.™ Fractions lost during isolation or concentration may include polar LMW compounds
that do not adsorb to XAD resins and Cig sorbents.!*® Some of the resins used for solid phase
extraction, as in the styrene divinyl copolymer found in PPL cartridges, are selective toward non-
polar compounds while only retaining a portion of polar molecules resulting in a partially biased
sample. Furthermore, these resins only retain approximately 40—60% of the initial carbon content
and exclude a significant portion of the DOM from analysis. In the case of RO/ED or
ultrafiltration, these small molecules can be adsorbed onto ion-exchange dialysis membranes
during desalting or pass through the dialysis membranes and are not recovered.!*®!

Of these methods, lyophilization, or freeze-drying, is one of the most commonly used
techniques to pre-concentrate aquatic DOM as it is considered to result in the least alteration of
DOM composition compared with other pre-concentration and isolation methods.!*?"!
Unfortunately, testing the effects of lyophilization on DOM composition is difficult given that
most methods require pre-concentration prior to analysis of DOM. Thus, there is very little
information on the effects of lyophilization on DOM composition. Evidence to date suggests

that lyophilization of natural waters may result in alteration of the structure and/or conformation

of DOM, as well as the formation of aggregates during the lyophilization process.®
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The ideal strategy to examine aquatic DOM composition involves direct analysis without
pre-concentration. Using a water-suppression technique originally proposed by Lam and
Simpson (2008), direct analysis of freshwater DOM can be achieved at low concentration (< 100
1M C) by *H NMR without the introduction of artifacts or other possible contaminants. Despite
the benefits of direct analysis of DOM, drawbacks to this approach have limited its widespread
use. The primary drawbacks to direct analysis using the water-suppression technique are
decreased signal-to-noise and 10-100x longer analysis time, thus limiting the number of samples
that could be analyzed by this approach.

In the current study, a modified version of the WATERGATE water suppression pulse
sequence originally outlined by Adams et al. (2013), was used to saturate the water signal at a
chemical shift of ~4.8 ppm thereby eliminating interference from water and enabling quality *H
NMR spectra to be obtained on whole water DOM without sample pre-treatment.™ ¥ This
approach may allow for analysis of DOM without sacrificing sensitivity and while preserving the
original composition of DOM. Unfortunately, this technique can result in either the loss or
suppression of other signals in and around the resonance region of water (4.2—5.5 ppm).
However, there are only a few structural entities in DOM, such as anomeric protons in
carbohydrates and olefins, that resonate in this region of the spectrum. Signals upfield from the
resonance region of water (3.5-4.2 ppm), such as carbohydrates and methoxyl groups in lignin,

may also be suppressed using this approach.!*”!
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Our use of direct non-invasive *H NMR, used for the first time in studies of stream water
DOM, has led to detection of LMW compounds in these Costa Rican streams, including acetate
and other small organic molecules. This approach provides a stark contrast with other stream
water DOM studies that pre-concentrate the DOM prior to *H NMR analysis, thereby leading to
the loss of some, but possibly not all, LMW components of the DOM. In addition, freeze-drying
potentially introduces artifacts from contamination that can be easily avoided using the direct
whole water approach. We demonstrate these effects by comparing whole water analyses with

analyses of DOM concentrated by freeze-drying.

RESULTS

Characterization of DOM by *H NMR— Figure 1 displays the '"H NMR spectra of the
freeze-dried DOM compared to the whole water DOM. The spectra of stream water DOM show
the majority of signal between 0.6—4.2 ppm (aliphatic and carbohydrate regions) with minimal
signal (< 7%) at 6—9 ppm corresponding to olefinic and aromatic hydrogens. Thus, the 0-4.2
ppm range is isolated and amplified in Figure 1, the full spectra (0—10 ppm) can be found in the
supplemental information Figures S1 and S2. The peak at 4.78 ppm is residual water after water

suppression and the peak just before 0.0 ppm is the internal standard (TSP).
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1
Fig. 1. H NMR spectra of stream water DOM analyzed as whole water DOM (blue spectral
lines) and after subject to freeze-drying (red spectral lines): a) stream water collected from

Quebrada Kathia and concentrated 10:1 by freeze-drying in H,0:D,0, due to the difference in

concentrations between the whole water DOM and freeze-dried DOM, the whole water DOM
spectrum was amplified for ease of viewing; and b) stream water collected from Quebrada Rosa

and freeze-dried but not concentrated in H,0:D,0, these spectra are normalized to the internal

standard since they have the same concentration. Chemical shifts of notable peaks are indicated.

TSP is the internal standard. The gray dotted line represents the baseline.

Stream water spectra are dominated by narrow sharp peaks indicating the presence of
small molecules in addition to larger molecules likely associated with broader signals in the
spectra. The observation of multiple sharp signals was surprising given that *H NMR studies of
aquatic DOM typically display broad overlapping peaks with only traces of sharp signals that
have been difficult to interpret [ 8 6d 120, 18] \n/e have previously used the same water
suppression technique for solution state *H NMR to analyze DOM from other non-riverine
sources, such as terrestrial aquatic DOM and water-soluble aerosol organic matter,[”™ ** 1 and
have observed the predominantly broad peaks characteristic of DOM along with sharp peaks.
These sharp peaks may indicate high abundances of small molecules present in this Costa Rican

stream water. The observation of sharp peaks in spectra of other stream water samples indicate
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that sharp peaks are commonly observed in other stream systems (supplemental information
Figure S3).

Most *H NMR spectra of DOM lack well-defined sharp peaks and instead have broad
unresolved peaks with overlapping signals. These broad and overlapping peaks have often been
attributed to the formation of aggregates during the pre-concentration process prior to
analysis.[*? 8¢ 100 18 Agareqgates likely exhibit an increased apparent molecular weight that
imparts decreased spin-spin coupling (T2) which inversely affects signal linewidth. Examining
the spectra in Figure 1, the presence of broad peaks in whole water DOM is apparent at natural
abundance without pre-concentration. This suggests that the broadness observed by others in *H
NMR spectra of DOM is not solely from aggregation during pre-concentration; however, there is
an overall increase in signal broadness after freeze-drying, see Figure 1. Signal broadness has
been suggested to result from heterogeneity of DOM and the interaction of DOM with
paramagnetic metals or a combination of these processes.'™®! The spectra of the freeze-dried
DOM, both concentrated 10:1 and non-concentrated, contain sharp peaks but there was an
increase in signal broadness within the 0.6-1.8 ppm region of the ‘H NMR spectra. This
broadening may be due to the formation of aggregates during freeze-drying which impart higher
molecular weight, or interactions between DOM and metals during the freeze-drying process.'*®
10b, 14b]

Verification of peaks in *H NMR spectra—Given the presence of sharp peaks in the

spectra of DOM, it was possible to resolve specific compounds present in the stream water and,
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in some cases, the identity of these compounds was verified by standards. All identified peaks
were required to have a signal-to-noise ratio greater than 4. From higher to lower field (right to
left): the peak at 1.91 ppm is assigned to acetate, the peak at 3.34 ppm is methanol, and the peak
at 8.44 ppm is formate.l” ®!

In addition to verification using standards, we modified the pH of the stream water using
diluted trace metal grade hydrochloric acid and sodium hydroxide to test the assignment of peaks
to small organic acids and alcohols. The stream water had a pH of approximately 7.5, thus any
small organic acid present should be in conjugate base form. When the stream water was
acidified to pH 3 to protonate conjugate bases such as acetate, we would expect a chemical shift
to 2.08 ppm. Likewise, adjusting the pH of the stream water to pH 10 should not result in
protonation of conjugate bases of acids like acetate and thus no shift is expected at high pH. As
expected, the acetate peak moved from 1.91 ppm to 2.08 ppm at pH 3 and did not shift at pH 10,
thus strengthening our interpretation of this peak as acetic acid/acetate (supplemental
information Figure S4). In contrast to organic acids, methanol is not influenced by pH and
therefore should have the same chemical shift upon pH adjustment. Consistently, the methanol
peak position did not shift with change in pH of the stream water.

The peak at 2.06 ppm was initially attributed to acetic acid. However, upon acidification,
the peak at 2.06 ppm did not shift in position or intensity (supplemental information Figure S4).
Instead, acetate (at 1.91 ppm) disappeared and a new peak appeared at 2.08 ppm creating a split

peak with the peak at 2.06 ppm. This change in the spectrum as a function of pH indicates that

10

This article is protected by copyright. All rights reserved.



the peak at 2.06 ppm is not acetic acid. A difference of 0.02 ppm is significant given that the
instrument collects 16,384 data points per scan yielding 1 data point every 0.0008 ppm. Thus,
there is sufficient resolution to clearly separate these two peaks into acetic acid at 2.08 ppm and a
separate unknown compound at 2.06 ppm. The 2.06 ppm peak was not prominent in the freeze-
dried stream water, suggesting that freeze-drying altered its abundance.

We can speculate as to the identity of other resonances observed in the spectra based on
'H NMR spectra of DOM available in the literature. The sharp peak at 1.24 ppm dominates the
'H NMR spectra of the whole water DOM and is attributed to the CH, proton in a long-chain
methylene.l* %% Short chain organic acids, likely C3 to C10 carbons in length, resonate as broad
signals at 0.86 ppm (CH3), 1.53 ppm (CHZ2), and 2.16 ppm (CHZ2).1*¥# 2°1 Exact assignment of
these short chain organic acids cannot be determined due to the low DOC concentration and
overlapping resonances. The sharp peak at 2.22 ppm is assigned to acetone, a byproduct from the

211 One peak that appears to be consistent in *H NMR

photochemical degradation of DOM.
spectra of whole water DOM, is a sharp single peak at 0.15 ppm. This peak has been observed in
other *H NMR studies of aquatic DOM, though not always acknowledged, and is attributed to a
naturally occurring silicate.[®® *! It has been suggested that this peak results from the increased
concentration of silicate species upon freeze-drying.'?* However, we see this peak at near

constant concentration before and after freeze-drying suggesting that there is a fair amount of

dissolved silicates detectable in aguatic DOM at natural abundance.

11
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Although there is greater uncertainty in the exact assignment of other peaks in the
spectra, information regarding the chemical environment of hydrogens in the stream water can be
obtained based on chemical shift assignments of likely functional groups observed in DOM.
Protons sharing the same chemical environment have similar chemical shifts, and as a result, can
be described using the following 6 regions of the spectrum.!®® 15221 From higher to lower field
we identify the following assignments: region 1) 0.6—-1.3 ppm, hydrogens in aliphatic chains with
0.6-1.0 ppm being terminal methyl groups (CHs) and 1.0-1.3 ppm corresponding to chain
methylene groups (CHy); region 2) 1.3-1.85 ppm, protons bound to carbon that are at least 4
bonds away from the nearest heteroatom (HC-C-C-X) and protons on alicyclic rings with a large
number of methyl moieties; region 3) 1.85-2.1 ppm, acetate (CH3COQ") and acetate derivatives
(CH3COO—R); region 4) 2.1-3.2 ppm, a) aliphatic protons in a-position to carbonyl and
carboxylic moieties (HC—C=Y) and b) protons bound to carbon that are adjacent to either a
nitrogen, sulfur, or halogen atom, (HC—X); region 5) 3.2-4.2 ppm, protons in carbohydrate,
ether, and alcohol functionalities; and region 6) 6.0-9.0 ppm, olefinic and aromatic protons
(Ar—H).

Quantification of *H NMR spectral assignments—Unlike other pulse sequences used in
'H NMR, water suppression yields varying degrees of signal attenuation throughout the *H NMR
spectrum due to J-modulation line-shape distortions and T, relaxation losses %! As a result, *H
NMR spectra collected using water suppression is considered non-quantitative with the majority

of signal suppression occurring near the water region, up to 1.1 ppm on either side 2%,

12
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However, the streams analyzed in this study are similar to each other in DOC concentration and
each displayed a sharp acetate peak at 1.91 ppm. Due to their similar chemical composition (e.g.,
pH, conductivity, DOC concentration, Table S1), *"H NMR can still give semi-quantitative
information. To demonstrate that stream water DOM analyzed without pre-concentration by *H
NMR can vyield quantitative information, the acetate peak at 1.91 ppm in the whole water
spectrum was quantified for one of the streams using standard additions, see Figure 2.

Standard additions were performed using varying concentrations of calcium acetate
(0.5-4.0 uM) on the initial stream water, then analyzed by 'H NMR using the same instrument
parameters. The peak area of acetate increased linearly with each standard addition. The acetate
peak increased in intensity and remained a single sharp peak, see Figure 2b. Addition of acetate
did not influence other peak intensities, shape, or chemical shift in the spectrum. The peak area
of the CH, peak remained constant in all of the spiked samples. Acetate concentrations in the
initial stream water were calculated to be 3.0 + 0.44 uM (R*=0.96). The successful quantification
of acetate using this technique demonstrates that despite the use of water suppression, semi-

quantitative spectra can still be obtained.
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Fig. 2. Standard additions of stream water DOM, collected from Quebrada Kathia, analyzed as

whole water by *H NMR with water suppression. a) Standard curve of the calcium acetate

additions. The black data points are the standard additions and the dotted line is the extrapolated

1
linear regression used to determine the acetate concentration in the stream water. b) H NMR

spectra of the acetate peak in the stream water overlaid with each addition of calcium acetate,

full spectra for the matrix spikes are shown in the supplemental information Figure S5. Due to

limited volume of stream water available for analysis, the stream water used for standard
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additions was collected from the same stream displayed in Figure 1 but 7 days later under similar

baseflow conditions. Both stream water samples have similar pH, conductivity, and DOC.

Comparison of *H NMR spectra: freeze-dried DOM versus whole water DOM—AII *H
NMR spectra were integrated and normalized to the sum of their total peak areas, not the internal
standard, for both the whole water DOM and freeze-dried DOM; see Figure 3. There was a 16%
total change in the relative intensity of integrated regions between the concentrated freeze-dried
DOM collected from Quebrada Kathia and its corresponding whole water DOM. The
concentrated freeze-dried DOM had a 7% increase in the relative intensity in region 1, 6%
increase in region 2, 2% increase in region 3, and a 1% increase in region 6; the corresponding
whole water DOM lost 4% of its relative intensity in region 4 and 12% in region 5 after freeze-
drying. Similarly, there was a 26% total change in the relative intensity of integrated regions
between the non-concentrated freeze-dried DOM collected from Quebrada Rosa and its
corresponding whole water. The non-concentrated freeze-dried DOM showed a 17% increase in
region 1, 7% increase in region 2, and a 2% increase in region 6; while the whole water DOM
lost 1% of its relative intensity in region 3, 3% in region 4, and 22% in region 5. We attribute
the larger percent change shown by the Quebrada Rosa whole water DOM due to Quebrada Rosa
being a smaller stream with a different stream chemistry (i.e. pH, conductivity, DOC) and DOM

composition.
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Based on the area integrations, both the concentrated and non-concentrated freeze-dried
DOM experienced the same trends in relative intensity over the six regions of the *H NMR
spectrum. The shared increases in relative intensity indicate that the freeze-dried DOM is more
enriched in aliphatic methyl moieties than the original whole water DOM. The overall loss of
relative intensity in regions 4 and 5 for both whole water samples suggests that the original
whole water DOM has a higher composition of carbonyl, carboxylic, and carbohydrate structural
components which may be lost or altered after freeze-drying. The loss of these oxygenated
groups is unexpected as these functionalities are not considered to be inherently volatile.
Oxygenated species usually facilitate the solubilization of DOM in water; however,
lyophilization has the potential to collapse the structural network of DOM thereby altering its
ability to re-dissolve in water. It is possible these oxygenated functionalities undergo an
alternative form of aggregation creating new tightly agglomerated compounds that may express
different solubility characteristics. Free biopolymers in marine DOM can spontaneously
aggregate forming polymeric gel-like structures with a carbohydrate, protein, and lipid matrix.*!
Although polymeric structures are less commonly studied in freshwater environments,
transparent exopolymer particles have been found in freshwater lakes, streams, and rivers.”? It is
possible that the carbonyl, carboxylic, and carbohydrate structural components in these stream
waters may exhibit similar aggregate characteristics and are not fully re-dissolving in water.

The shift in the relative intensity of regions, shared between the concentrated and non-

concentrated freeze-dried DOM, suggest that these differences are attributed to changes in DOM

16
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composition during the freeze-drying process and not from an increase in concentration of DOC
from freeze-drying. If the freeze-drying process had no effect on the structural composition of
DOM, then there would be no change in the relative intensity of peaks between the whole water

and freeze-dried samples.
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Fig. 3. Comparison of peak area integrations over the six spectral regions of the *H NMR spectra
shown in Figure 1 of a) the concentrated 10:1 freeze-dried DOM and corresponding whole water

collected from Quebrada Kathia; and b) the non-concentrated freeze-dried DOM and
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corresponding whole water collected from Quebrada Rosa. The regions are organized by

chemical shift (ppm). All spectra were normalized to their sum of integrals.

Area integrations give useful information regarding compound class but not individual
peaks. In addition to the area integrations discussed above, individual peaks were integrated and
compared. Comparison of peaks between the whole water and the freeze-dried samples was
straightforward because both were analyzed in the same solvent. Thus, a difference in the
chemical shift of peaks was not expected. The relative intensity and signal-to-noise ratio of
noticeable peaks in the freeze-dried DOM and whole water spectra are listed in Table 1 and
Table 2. Table 1 compares the whole water DOM and the concentrated 10:1 freeze-dried DOM
collected from Quebrada Kathia. Table 2 compares peaks found in the whole water DOM and
non-concentrated freeze-dried DOM collected from Quebrada Rosa. Only peaks that had a
signal-to-noise ratio > 4 and are clearly identified in the spectra are listed.

Comparison of peaks in the spectra reveal that a number of peaks were lost or
substantially decreased in intensity when the stream water DOM was freeze-dried. The majority
of peaks lost upon freeze-drying are in the 0.6 -1.3 ppm reg
hydrogens in terminal methyl and chain methylene functional groups. Of these, the most intense
signal in the whole water DOM , 1.24 ppm, disappears in both of the freeze-dried stream waters.
Other peaks that share similar behavior are the peaks at 2.06 ppm and 2.22 ppm in the whole

water DOM. Their loss after freeze-drying suggests that these compounds are volatile. For
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example, methanol is a prominent peak at 3.34 ppm in the whole water spectrum but is
significantly attenuated in the freeze-dried spectra due to its high volatility. The peaks for acetate
and formate, both small molecules, exhibit different behavior compared to methanol. The peak
for formate, 8.44 ppm, shows an increase in intensity upon freeze-drying in both the
concentrated 10:1 and non-concentrated freeze-dried DOM. Meanwhile, acetate only increased
in the concentrated freeze-dried DOM and remained relatively constant in the non-concentrated
freeze-dried sample (see full *H NMR spectra in supplemental information Figure S1 and S2).
We suspect that these small molecules did not decrease upon freeze-drying possibly because they
exist as anions complexed to metal cations in these streams,® and, as such, would not be
volatilized as acetic acid and formic acid, respectively, during freeze-drying.

In addition to the loss of peaks during freeze-drying, there were also new peaks present in
the freeze-dried spectra that were not observed in the whole water spectra. Peaks unique to the
freeze-dried spectra may not have been detectable due to the lower concentration in the whole
water DOM. These peaks may have been masked by more intense signals in the whole water
spectrum. For example, the triplet at 1.04 ppm in the concentrated freeze-dried sample is not
observed with confidence in the whole water spectrum; but there appears to be a small peak in
the whole water spectrum centered at 1.04 ppm but was not assigned as a peak due to its low
signal-to-noise ratio. In contrast, the peak at 0.75 ppm in the non-concentrated DOM cannot be
the result of increased concentration. It is possible that this peak could be an artifact of the

lyophilization process as a very small amount is also present in the process blank, see
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supplemental information Figure S7. Another possibility for new peaks in the freeze-dried
spectrum is that loss of volatile species can alter the molecular structure of the DOM. This
alteration may cause protons to resonate at different frequencies. When DOM is freeze-dried, it
is concentrated and compacted into a solid; it is possible that this forced interaction may cause
the DOM to further aggregate forming the new peaks observed in the freeze-dried DOM
spectrum. Additionally, any hydrated compound has the potential to be altered once the water is
removed during lyophilization.

As proof of concept, we have included *H NMR spectra of three additional freshwater

streams all analyzed as whole water DOM without pre-concentration in 90:10 H,0:D,0, see

Figure 4. Each 'H NMR spectrum displayed in Figure 4 correlates to a stream of low DOC
concentration and is arranged according to stream size, smallest to largest, following Quebrada
Rosa and Quebrada Kathia (streams shown in Figure 1). Spectra have been analyzed under
identical instrumental parameters and are normalized to TSP, the internal standard just before 0.0
ppm. Despite low DOC concentrations, the *H NMR spectra acquired using this method show
clear resolved signals and distinct differences in the spectral characteristics of these Costa Rican
streams. The structural diversity of the DOM among these streams represents a critical part of a
larger question concerning biogeochemical alterations of DOM across a longitudinal transect and
as a function of biodegradation, but is beyond the scope of the current assessment of a direct

non-invasive *H NMR analysis.
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1
Fig. 4. Full H NMR spectra (0-10 ppm) of stream water DOM collected from a) Rio
Tempisquito, b) Rio Tempisquito Sur, and ¢) Confluence of the Rio Tempisquito and Rio
Tempisquito Sur. Stream waters were analyzed as whole water without pre-concentration in

90:10 H,0:D,0. Spectra have been analyzed under identical instrument parameters and are

normalized to TSP, the internal standard just before 0.0 ppm. The gray dotted line represents the

baseline.

DISCUSSION

The characterization of aquatic DOM is a complex analytical challenge that has been
ongoing for decades. The non-invasive approach presented here allows for the direct analysis of
stream water DOM, analyzed as whole water and without pre-concentration. Whole water DOM
yielded *H NMR spectra with well-defined peaks that can be identified and quantified without
difficulty despite having a lower DOC concentration. Concentrating stream water DOM prior to
'H NMR analysis revealed that freeze-drying influences the NMR spectral characteristics.
Comparison of the spectra show that a number of peaks present in the whole water DOM were
either lost and/or altered after freeze-drying demonstrating the effect freeze-drying has on stream
water DOM. In contrast to our findings, Lam and Simpson (2008) have suggested that
lyophilization has no impact on aquatic DOM composition. However, the results of this study
along with more recent NMR studies have suggested that any pre-concentration of DOM could

influence NMR spectra by aggregation of the DOM.P 1]

22

This article is protected by copyright. All rights reserved.



The primary drawback to whole water DOM analysis is the extended instrument run time.
However, this drawback is offset by lack of alteration of DOM during pre-concentration steps
such as freeze-drying. This study suggests that the extra time is worth it especially if the goal of
the study includes characterization of small, volatile fractions of DOM. Even though DOM
concentration by freeze-drying significantly reduces analysis time and increases the signal-to-
noise ratio, the data generated in this study suggests that freeze-drying DOM results in the loss of
an unknown number of volatile compounds and/or alteration to the molecular composition of the
original DOM.

Increasing the widespread application of direct *H NMR analysis of whole water DOM
will enhance the accuracy of DOM characterization in natural aquatic systems. While pre-
concentrating DOM may produce superior spectral qualities in a fraction of the time, one must
consider the study objective. We have shown evidence that the structural information gained
from pre-concentrated DOM is not completely representative of the DOM in the stream water
and could represent a significant portion of DOM that remains either uncharacterized or
mischaracterized in studies that pre-concentrate DOM prior to *H NMR analysis. As such, this
misrepresentation could have significant impact on the current knowledge surrounding the
composition of aquatic DOM with overarching implications for understanding carbon cycling in
natural waters. Future work utilizing 2-D NMR techniques would give useful insight into the
alteration of DOM during freeze-drying but samples must have a higher DOC concentration than

the ones used in this study.
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COMMENTS AND RECOMMENDATIONS

This technique is not only applicable to stream water DOM but can be applied to any
freshwater system. We examined five headwaters streams originating from one watershed; the
spectral characteristics of DOM are likely to change from one system to another depending on
freshwater composition. Employing this technique to multiple freshwater systems will provide a
more comprehensive understanding of DOM as it exists in natural waters. Unfortunately, this
method is not ideal for saltwater matrices. We have tested this method using water samples from
the open ocean with a low DOC concentration (< 100 uM C) and a high salinity matrix (~30
ppt). We found that there was interference from the salts present in solution. However, this
method has recently been used to analyze pore-waters collected from marine sediments with
great success.?”]

We acknowledge that extended analysis times can be costly. Instrument analysis times
can be reduced through the use of a larger or more sensitive probe, such as a cryoprobe.
Cryoprobes have greater sensitivity than the 5 mm BBI probe used in this study, potentially
increasing the signal-to-noise ratio by a factor of 4.1 This would translate to a decrease in
sample analysis time from 49 hours to approximately 3 hours per sample were a cryoprobe used.
However, the use of a larger probe would allow for a larger volume of sample to be analyzed

thus increasing the concentration-based sensitivity. Both suggestions are viable options for those
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that have access to these tools which we unfortunately do not. Another way to further shorten

NMR time is to advance to higher field strengths on systems fitted with cryoprobes.

MATERIALS AND PROCEDURES

Sample description—The stream water DOM used in this study was collected from five
headwater tributaries of the Rio Tempisquito; a pristine watershed with little to no anthropogenic
influence located in a tropical evergreen forest of the Guanacaste Conservation Area, in
northwestern Costa Rica. The five streams ranged in size from smallest to largest included:
Quebrada Rosa, Quebrada Kathia, Rio Tempisquito, Rio Tempisquito Sur, and the confluence of
Rio Tempisquito and Rio Tempisquito Sur.”® Surface waters were collected into organic-
carbon-free (pre-combusted at 450 °C for 8h) 1 L borosilicate glass bottles with pre-cleaned
(10% w/v sodium persulfate) Teflon-backed silicone septa (Schott) under baseflow conditions in
February 2016 during the dry season and returned to the laboratory on ice. Stream waters had a
pH range of 7.6-7.9, conductivity range of 94.4-367.7 uS cm™, and a dissolved organic carbon
(DOC) concentration range of 59.7-163.9 uM; see supplemental information Table S1. In the
laboratory, all samples were filtered through pre-combusted (450 °C for 8 hr) 0.7
filters (Whatman GF/F) and samples for *H NMR analysis were further filtered through 0.2
PES membrane filters (Millex GP), frozen, and transported frozen to Norfolk, Virginia for

analysis.
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DOC data analysis—GF/F-filtered samples for DOC analysis were transferred to
triplicate pre-combusted 40-ml borosilicate vials and stored in the refrigerator at 4 °C until
analysis on site. DOC analyses were performed with UV-promoted, persulfate oxidation and
membrane conductometric detection in an analyzer equipped with an autosampler and inorganic
carbon removal module (Sievers-900 Portable TOC analyzer).

'H NMR sample preparation—Frozen stream water was thawed at room temperature and
prepared for *"H NMR analysis following two different approaches: whole water and freeze-
dried. An internal standard of 1 pM 2,2,3,3-d(4)-3-(trimethylsilyl) propionic acid sodium salt
(Alfa Aesar) was added to all samples prior to analysis. Ultrapure water blanks were prepared
and analyzed following the described protocol for each method. All samples had a final volume
of 500 pL and composition of 90:10 (v/v) water:deuterium oxide (H20:D,0).

Stream water DOM for whole water analysis was analyzed directly without any further
preparation. Aliquots (1 mL and 10 mL) of the thawed stream water DOM were transferred into
pre-combusted scintillation vials and frozen. Frozen samples were lyophilized at -80 °C at 200
mtorr until dry (36 hr). Aliquots of freeze-dried DOM were re-dissolved in 1 mL ultrapure water.
The 1 mL aliquot represents the non-concentrated freeze-dried DOM and the 10 mL aliquot
represents the concentrated 10:1 freeze-dried DOM. Due to limited amounts of sample, the
comparison of whole water DOM to concentrated freeze-dried DOM was performed with
aliquots of a sample from Quebrada Kathia, while the comparison of whole water DOM to non-

concentrated freeze-dried DOM was performed with aliquots of a sample from Quebrada Rosa.
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To show that *H NMR analysis of whole water DOM using water suppression is semi-
quantitative, we performed a series of standard additions on the initial stream water. Acetate was
observed in each stream analyzed so the standard additions were performed using calcium
acetate hydrate, 99%, extra pure (Acros Organics). The volumes of sample, internal standard,
and D,0O were kept constant while the volumes of calcium acetate to ultrapure water were varied
giving a final volume of 500 pL. Each standard addition spectrum was compared to the CH,
peak at 1.24 ppm.

'H NMR data acquisition and analysis—Solution state, *H NMR spectra were obtained
on a 400 MHz Bruker AVANCE 11 equipped with a 5 mm broad-band inverse probe housed in
the COSMIC facility at Old Dominion University. All samples were analyzed at room
temperature using a modified water suppression pulse sequence (PEWS5shaperpr) with a 1.57 s
acquisition time and a total 7.22 s relaxation delay (d1 + 2 s delay built in for p20 shaped pulse).
The appropriate value for d1 was chosen following measurements of spin-lattice relaxation times
using the inversion recovery method. *H NMR spectra were acquired with 20,000 scans for
whole water DOM and non-concentrated freeze-dried DOM, 2,000 scans for the concentrated
10:1 freeze-dried DOM, and 600 scans for the standard additions. Spectra for the whole water
process blank were acquired for 2,000 scans instead of 20,000. If any contaminant peaks were
present in the whole water process blank, they would have been observed within the first 1,000
scans. The free-induction decay signal was digitized with 16 K of data and processed with 3 Hz

of apodization. Duplicates of two separate stream water samples were analyzed yielding identical
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spectra and minimal error (standard error + 0.79%) in the relative peak area of integrated
regions. Spectra were processed and integrated using Bruker TopSpin software version 4.0.6.
The integral curves for all spectra can be found in the supplemental information Figures S8 and

S9.

@, D, @, @

[=2]
=

] @2 [
o ‘ o
G G G,

Fig. 5. Depiction of the modified water suppression pulse sequence, PEW5shapepr. The unfilled

G,

shape at the beginning of the sequence represents a soft pulse that has been modified from the
original sequence. The filled rectangles represent hard pulses. G represents gradient pulses. ®
represents the following phase cycles: @1 =X, =X; @2 =y; O3 =X, X, Y, Y, =X, =X, =Y, =Y; Py = X, —
X, =Y, =Y X % Y Vs @5 =X, %, % 6% % X %Y, Y, Vs Vs Vo s Vs Vs =X, =X, =X, =X, =X, =X, =X, =X, =Y, —
Yo Y =Y Y Y Y Y5 @ = =X =X =X X X X X X Y Y Y Y Y Y Y Y XX XX,
XXX XYY Y, V.Y, Y, Y, Y. Time delays are represented by 6 and A. Full pulse sequence and

values are detailed in the supplemental information.
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To ensure that there was no sample degradation during the long analysis time (49 hr), a
time lapse experiment was conducted on whole water DOM collected from Quebrada Rosa.
Spectra were collected every 1,000 scans for a total of 20,000 scans over a 49 hour period using
the same instrumental parameters described above. The 20 spectra were integrated across each
region and showed little to no change over time; see supplemental information Figure S10. These
results indicate the whole water DOM does not degrade during analysis at room temperature.

Process blank assessment—Process blanks were prepared using ultrapure water
following the same procedures as the stream water. *H NMR spectra of the whole water process
blank revealed no contribution from compounds other than the internal standard (supplemental
information Figure S6). A few broad peaks were detected between 0.6—4.2 ppm at low intensity
in the duplicate freeze-dried process blank indicating a low level of contamination obtained
during the freeze-drying process; these peaks accounted for roughly 3% of the total signal
acquired from the freeze-dried DOM (supplemental information Figure S7). Peak area
integrations of the freeze-dried DOM were blank subtracted to account for the signal

contribution from the process blank.
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1
Table 1. H NMR peaks found in the whole water DOM and concentrated 10:1 freeze-dried
DOM collected from Quebrada Kathia. Peaks are arranged according to which region they are
found in the *H NMR spectrum. The chemical shift, relative intensity, and signal-to-noise ratio

(S/N) are given for each peak. Only peaks with a S/N > 4 are displayed.
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Region  Functional

(ppm) Group
R—CH,
06-13 g cm, R
13-1g5 pecex
alicyclic CH,
CH,CO0-
1.85-21 CH,COO-R
HC-C=Y
21-32 g

32-42 HC-O-R

60-90 Ar-H

‘Whole water DOM

Chemical Relative

Shaft Intensity
(ppm) (%0}
0.62 03
0.64 02
0.86 1.9
0.88 13
094 08
095 1.0
1.04 0.4
1.13 1.0
1.15 1.0
1.18 11
1.24 13.5
126 53
133 1.0
1.53 20
191 31
206 52
222 22
239 09
2.86 08
335 2.0
364 22
3.70 1.3
8.44 02

SN

20
18
15
17

13
12
18
151
32

17
11

34

22
11

36
10
12

Freeze-dried DOM (conc 10:1)

Chemical Relative
Shift Intensity

(ppm) (%)
0.74 09
0.85 21
0.86 5.0
0.88 29
1.02 0.7
1.04 09
1.06 0.7
1.18 12
1.20 11
1.28 12.0
1.50 11
1.52 18
1.53 21
1.55 1.6
1.76 20
191 8.7
1.99 04
2.14 15
2 23
218 1.7
220 1.0
221 14
235 05
247 1.0
257 0.6
270 02
272 02
324 0.6
335 0.3
358 03
359 03
3.61 0.3
3.66 03
368 02
370 04
8.44 38

SN

33
428
625
496
106
151
102
167
194
548

155
238
268
210
87

1515

234
352
262
188
137
66
53
72
35
29

36
52
39
45
44
44
38

733
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1
Table 2. H NMR peaks found in the whole water DOM and non-concentrated freeze-dried

DOM collected from Quebrada Rosa. Peaks are arranged according to which region they are

found in the *H NMR spectrum. The chemical shift, relative intensity, and signal-to-noise ratio

(S/N) are given for each peak. Only peaks with a signal-to-noise ratio > 4 are displayed.

Region
(ppm)

0.6-1.3

1.3-1.85

1.85-2.1

6.0-9.0

Functional
Group

R-CH,
R-CH,-R

HC-C-C-X
alicyclic CH,

CH,COO-
CH,COO-R

HC-C=Y
HCX

HC-O-R

Chemic
Shift
(ppm)

0.85
0.88
1.18
1.24
1.27
1.28

1.31
1.33
1.39
1.53

g
[T =]
(=3

b b =
[= s}

[SE TR S R S B 1S )
ra

(7]
o

w
s
=

8.44

Whole water DOM

al  Relative
Intensity

(%)

L5
0.9
L4
9.9
1.4
L1

0.9
0.7
0.6
0.7

0.4
0.8
2.0
0.6

0.6

SN

13
12
12
113
19
17

13
10

29
10

20

243

Freeze-dried DOM (not conc)

Chemical
Shift

{(ppm)

0.75
0.86
1.13
1.19
1.27

1.31
1.32
1.53
1.76

1.91
2.05

2.16
2.19

222

2.47

3.34
3.37

7.63
8.09
8.10
8.44

Relative
Intensity (%o)

5.0
14
2.6
1.0
6.0

2.0
1.8
0.8
1.1

1.4
0.3

0.7
0.8
0.6
0.3

0.4
0.3
0.3
0.8

SN

35
52
72
41
78

58
25
16

30
13

16

el
25

12

105
38

33
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Direct non-invasive '"H NMR analysis of stream water DOM: Insights into the effects of
lyophilization compared to whole water

Stephanie D. Whitty, Derek C. Waggoner, Jennifer C. Bowen, Rose M. Cory, Louis A. Kaplan,
and Patrick G. Hatcher’
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Low carbon containing stream water DOM is analyzed directly as whole water without pre-
treatment prior to analysis. This non-invasive approach provides a more accurate representation
of the DOM in its native state when compared to spectra obtained from the traditional freeze-
drying approach. The freeze-dried DOM required less time to obtain quality spectra, but several
peaks were missing compared to the spectra of whole water DOM; notably the most dominant
peak in the spectrum constituting ~10% of the DOM.
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Direct non-invasive 'H NMR analysis of stream water DOM: Insights into the effects of
lyophilization compared to whole water
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a) Freeze-dried DOM

b) Whole water DOM

Chemical shift (ppm)

Fig. S1. Full '"HNMR spectra (0—10 ppm) of stream water DOM, collected from Quebrada Kathia,
analyzed after subject to different methods of preparation: a) 10:1 concentration by freeze-drying
in H,0:D,0, and b) whole water without pre-concentration in H,0:D,0. Both spectra have been
analyzed under identical instrument parameters and normalized to TSP, the internal standard just
before 0.0 ppm
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a) Freeze-dried DOM

b) Whole water DOM

Chemical shift (ppm)

Fig. S2. Full 1H NMR spectra (0—10 ppm) of stream water DOM, collected from Quebrada Rosa,
analyzed after subjected to different methods of preparation: a) freeze-dried but not concentrated
in H,0:D,0, and b) whole water without pre-concentration in H,0:D,0. Both spectra have been

analyzed under identical instrument parameters and normalized to TSP, the internal standard just
before 0.0 ppm
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a) White Clay Creek DOM

b) Great Dismal Swamp DOM
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Fig. S3. '"H NMR spectra (0—10 ppm) of other freshwater DOM acquired using water
suppression. Both spectra have sharp peaks indicating peak sharpness is not an artifact from
water suppression. Neither sample was optimized for quantification and were run 5 years apart.
a) White Clay Creek in Pennsylvania, USA was obtained with 48,000 scans, d1=0.001s, and a
DOC value of 142.0 pM C. b) Great Dismal Swamp in Virginia, USA was obtained with 2,000
scans, d1=2s, and a DOC value of 1.7 mM C.
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a) Whole water DOM — original 1.24 |

2.06
N 191

b) Whole water DOM — pH 10 2.06 1.24

¢) Whole water DOM — pH 3 2.06 T\

3 2.8 2.6 24 2.2 2 1.8 1.6 1.4 1.2 1
Chemical shift (ppm)

Fig. S4. pH confirmation of acetate at 1.91 ppm. 'H NMR spectra of a) the original whole water
DOM at pH 7.5 and aliquots of the same sample modified to b) pH 10, and c¢) pH 3. The original
stream water DOM was analyzed for a full 20,000 scans while the pH modified samples were only
analyzed for 2,000 scans to confirm the peak shift. All spectra have been normalized to the CHz
peak at 1.24 ppm since the internal standard, TSP, can move with pH.
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Fig. SS. Standard additions of stream water DOM, collected from Quebrada Kathia, analyzed as
whole water by "H NMR with water suppression. Spectra shown were analyzed following the
same instrumental parameters, except the number of scans (ns=600), described in the methods
section of the main manuscript. Spectra are as follows: a) stream water DOM + 4 uM calcium
acetate; b) stream water DOM + 3 uM calcium acetate; c) stream water DOM + 1 uM calcium
acetate; d) stream water DOM + 0.5 uM calcium acetate; and e) stream water DOM.
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Whole water process blank

Whole water DOM

10 9 8 7 6 5 4 3 2 1
Chemical shift (ppm)

Fig. Sé6. Full 1H NMR spectra (0—10 ppm) of a) whole water process blank compared to the b)
whole water DOM collected from Quebrada Kathia. The whole water process blank (a) was
acquired for 2,000 scans and the whole water DOM (b) was acquired for 20,000 scans. All other
instrumental parameters were identical. If any contaminate peaks were present in the whole water
process blank, they would have been observed within the first 1,000 scans.
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Freeze-dried process blank

Freeze-dried DOM
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Fig. S7. Full 1H NMR spectra (0—10 ppm) of freeze-dried process blank compared to the freeze-
dried DOM collected from Quebrada Kathia. Both spectra were acquired under identical
instrumental parameters and normalized to the internal standard, TSP, just before 0.0 ppm.
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Stream Str'eam DOC pH Conducti_vity
Size (uUM) (uS cm)
Quecbrada Rosa Smallest 163.9 7.87 356.3
Quebrada Kathia 99.8 7.64 94 4
Rio Tempisquito 59.7 7.94 130.6
Rio Tempisquito Sur. 86.8 7.65 367.7
Confluence Largest 89.3 7.80 176.4

Table S1. Dissolved organic carbon (DOC), pH, and conductivity measurements for all of the

streams sampled in this study.
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Fig. S8. Integral curves of the 'H NMR spectra for a) Quebrada Kathia freeze-dried DOM
concentrated 10:1; b) Quebrada Kathia whole water DOM; ¢) Quebrada Rosa freeze-dried DOM
not concentrated; d) Quebrada Rosa whole water DOM.
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Fig. S9. Integral curves of the '"H NMR spectra for a) Rio Tempisquito whole water DOM; b)
Rio Tempisquito Sur whole water DOM; c) confluence of the Rio Tempisquito and Rio
Tempisquito Sur whole water DOM.
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Fig. S10. Area integrations of stream water DOM analyzed as whole water over the course of 49
hours. Spectra were acquired every 1,000 scans for a total of 20,000 scans.
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Pulse Sequence
PEW5shapepr
Perfect Echo Watergate Sequence with train of shaped 180 deg pulses on water during
relaxation delay. PEWS described in Ralph W. Adams, Chloe M. Holroyd, Juan A.
Aguilar, Mathias Nilsson and Gareth A. Morris Chem. Commun., 2013,49, 358-360

Based on water suppression using watergate W5 pulse sequence with gradients using
double echo train of shaped pulses on water during relaxation delay added by Jim Hall at
the COSMIC facility.

M. Liu, X. Mao, C. He, H. Huang, J.K. Nicholson & J.C. Lindon, J. Magn. Reson. 132,
125-129 (1998)

#include <Avance.incl>
#include <Grad.incl>

1 ze

2 30m
d1l

3 p20:sp6:f1 ph28
4u
lo to 3 times 16
10u pll:f1
pl phl

50u UNBLKGRAD
pl6:gpl

d16 pl18:fl
p27*0.087 ph3
d19*2
p27*0.206 ph3
d19*2
p27*0.413 ph3
d19*2
p27*0.778 ph3
d19*2
p27*1.491 ph3
d19*2
p27*1.491 ph4
d19*2
p27*0.778 ph4
d19*2
p27*0.413 ph4
d19*2
p27*0.206 ph4
d19*2
p27*0.087 ph4

13
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135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179

50u

pl6:gpl
d16 pll:fl

pl phl0

50u

pl6:gp2

d16 pl18:fl
p27*0.087 ph5
d19*2
p27*0.206 ph5
d19*2
p27*0.413 ph5
d19*2
p27*0.778 ph5
d19*2
p27*1.491 phS
d19*2
p27*1.491 ph6
d19*2
p27*0.778 ph6
d19*2
p27*0.413 ph6
d19*2
p27*0.206 ph6
d19*2
p27*0.087 ph6
pl6:gp2

d16

50u BLKGRAD

go=2 ph31
30m mc #0 to 2 FO(zd)
exit

ph1=02

ph3=00112233

ph4=22330011

ph5=0000000011111111
2222222233333333

ph6=2222222233333333
0000000011111111

ph10=1

ph28=0
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180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

ph31=0220022020022002

;pll : f1 channel - power level for pulse (default)

;pl18: f1 channel - power level for 3-9-19-pulse (watergate)
;pl : f1 channel - 90 degree high power pulse

;p16: homospoil/gradient pulse

;p20: shaped 180 degree pulse (use 4ms square 100.1000 for most samples; use 2ms
square 100.1000 only for very challenging samples)

;p27: f1 channel - 90 degree pulse at pl18

;sp6: power level for shape pulse p20

;d1 : relaxation delay; 1-5 * T1

;d16: delay for homospoil/gradient recovery

;d19: delay for binomial water suppression

;d19 = (1/(2*d)), d = distance of next null (in Hz)

;16: loop counter to define irradiation period. For a 2s period use 500 if your pulse is 4ms.

(i.e. 500 x 4ms = 2s)
;NS: 8 * n, total number of scans: NS * TDO
:DS: 4

;use gradient ratio: gp 1 :gp2
; 34:22

;for z-only gradients:
;gpzl: 34%
;gpz2: 22%

;use gradient files:

;gpnaml: SINE.100
;gpnam?2: SINE.100
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