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ABSTRACT: Dew water serves as a temporary reservoir of
dissolved organic molecules that are released in the morning when
the dew evaporates. Many locations allow for direct sunlight on the
dew water in the morning, raising the possibility for photolysis-
driven chemical reactions. The majority of prior works looking at
dew water chemical composition has targeted freshly deposited
dew on clean surfaces like Teflon. However, the dissolved organic
material in dew is a mixture of compounds deposited during the
night, as well as water-soluble compounds already present on the
surface. Here, we analyzed six separate dew or frost water samples
collected off grass and bush leaf surfaces in Southeast Virginia in
the fall of 2020 and found evidence for a water-soluble surface
grime layer that we term biogrime. The chemical composition and
photoactivity of the mixtures were probed using Fourier transform ion cyclotron resonance mass spectrometry, offline-aerosol mass
spectrometry, and UV/vis spectroscopy. Complex organic mixtures were found in all the samples with a total of ~9600 identified
molecular formulae containing C, H, N, O, S, and P. Many samples had strong absorption in the visible region, and all showed an
initially rapid photodecay. The composition varied between samples with possible sources including plant guttation and microbial
waste as well as deposition of atmospheric organic aerosol particles, soil particles, and fog droplets. The composition of organic
molecules, combined with their photoactivity, suggests that dew water may be a complex source for water-soluble gases as it
evaporates.

KEYWORDS: organic film, dew water, deposition, metabolites, FT-ICR, photolysis

1. INTRODUCTION deposition, equilibria can be established, leading to biosphere
surfaces potentially serving as non-permanent sinks for ROC.
This can be especially true if the nature of the surface changes,
as happens when surface water films and dew are present at
night but then evaporate during the day.”

Beyond equilibrium exchange, the surfaces may also act as a
reactive site for the formation of new VOCs. Depending on the
type of chemical reaction, the chemical identity of the “re-
volatilized” ROC may differ compared to what was originally
deposited. This presents a challenge in interpreting fluxes in
the biosphere because volatile reaction products may have
different diurnal patterns compared to direct leaf emissions.
Their formation will also depend on environmental factors
such as the temperature, surface wetness, and pH of the surface
water. Finally, the emissions will also be affected by the

The biosphere is an important source for reactive organic
carbon (ROC) compounds that fuel atmospheric chemistry."”
Many of these organic chemicals are emitted directly from
plants, termed biogenic volatile organic compounds (BVOCs)
and, once in the atmosphere, they can be oxidized by ozone,
OH radicals, nitrate radicals, etc.” In many cases, this chemistry
involves the addition of oxygen functional groups to the
molecules, lowering their vapor pressure to the extent that they
may condense onto existin§ aerosol surfaces or nucleate to
form new aerosol particles.” Aerosol particles formed in this
manner are termed secondary organic aerosol (SOA).?

The total flux of BVOCs and SOA out of any portion of the
biosphere will depend not only on the emission and formation
rates but also on the deposition rate because semivolatile
biogenic organic compounds (SVOCs), oxidized VOCs, and

SOA particles can deposit onto surfaces like leaves, stems, Received: December 26, 2021
trunks, and roots in the biosphere.”” The deposition of VOCs Revised:  February 2, 2022
and SVOCs is important to understand because it may play a Accepted:  February 4, 2022

role in the total aerosol budget; models show that including Published: February 15, 2022

dry deposition of oxidized VOCs onto surfaces will decrease
the SOA predicted to form by ~50%.° In addition, after
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Figure 1. (a) Image of the bush taken before sample collection, (b) image of grass on the William and Mary campus during a heavy dew fall
morning, and (c) image of grass prior to collection of the frost sample.

composition, reactivity, volatility, and water solubility of the
deposited and newly formed ROC.

Here, we term the film that forms on biosphere surfaces
“biogrime,” in analogy to the “urban grime” surface films that
have been characterized in cities.'’"'> Urban grime is a
mixture of dust, metals, inorganic ions, and trace organic
compounds and comes from dry deposition of particles and
SVOCs onto city surfaces.'>'* In contrast, the area in which
these dew water samples were collected has less urban
influence, and leaf surfaces were sampled. Biogrime includes
deposited materials but can also include materials from plants
along with microbial and fungal waste. This organic mixture
can serve as a reactive site for the emission of new ROC:s as the
components in the film age as well as serving as a possible food
source for microbes, which can themselves directly emit
VOCs."*"> The films may also be a reactive site for the
transformation of inorganic compounds into oxidants, as has
been observed for the formation and emission of HONO off
surfaces.'™"*

Biogrime’s role in an ecosystem will depend on its chemical
composition. Biogrime films on leaf surfaces in forests have
been investigated in throughfall experiments where rainwater
that has washed through the canopy is collected and
analyzed.””™** Complex organic mixtures were observed in
these samples, with some evidence for longer range transport
and deposition of anthropogenic organic aerosol particles.”’
Other studies imaged deposited particles on clean substrates
and show large biological particles including fungi and
bacteria.”**® Throughfall experiments provide a good
perspective on biogrime as they target tree leaf surfaces, but
a more complete picture of the composition of natural
biogrime across different ecosystems is needed, as well as a
comparison between dry surface films and wet surface films
such as dew water.

Dew forms on cool, clear, calm nights when surface
temperatures drop below the dew point by radiating heat
into the cloudless sky.”® Dew water will usually start forming
after nightfall and surface water films can remain for multiple
hours into the morning before evaporating as the temperature
warms. Frost formation can follow a similar pattern, where if
the temperature is low enough, the water freezes on surfaces.
The chemical composition of dew water is a mixture of gas-
phase and particle-phase materials that deposit into it during
the night, in addition to any water-soluble portion of biogrime
already present on the surface that dissolves.

Previous studies on organic matter in dew water have mostly
involved samples collected on clean surfaces like Teflon or
stainless steel.”’ " This measures ROC from gases and
organic aerosol particles that deposit into the surface films
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during that night, but it does not provide any information on
the mixture of water-soluble chemicals already present on
natural surfaces. Depending on the chemical composition of
the biogrime, there may be differences in the solubility and
reactivity of chemicals that deposit into the dew water. For
example, previous work showed enhanced dissolution of
hydrophobic VOCs, possibly due to the solubilizing effect of
humic-like substances into the dew water.’’*”> Chemical
reactions may be especially prevalent in the morning when
dew water droplets evaporate and can be simultaneously
exposed to sunlight, both of which are known to drive chemical
transformations in aerosol organic matter.””**

Here, we collected dew and frost water samples off natural
surfaces including grass and bush leaves in Southeast Virginia
to probe the chemical composition of the water-soluble
material in biogrime. The samples contained a complex
mixture of organic compounds, with approximately 9600
molecular formulae identified across six samples using Fourier
transform-ion cyclotron resonance mass spectrometry (FT-
ICR-MS). The molecular formulae measured with FT-ICR and
the chemical characteristics measured with offline-aerosol mass
spectrometry (AMS) suggest multiple different sources for the
films including the material exuded from plants, from
microbes/fungi, deposited soil particles, marine influenced
aerosol particles, and fog droplets. The mixtures were also
photoactive, suggesting that chemicals present could drive
aqueous photochemical reactions in the morning, before the
dew droplets completely dry. This work is the first
comprehensive investigation of the complex organic mixtures
present in dew water on natural surfaces and shows that these
biogrime films have a wide range of sources and an evolving
chemical composition.

2. MATERIALS AND METHODS

2.1. Sample Collection and Preparation. Samples were
collected off natural surfaces including grass or bush leaves in
and around Williamsburg, VA, in fall 2020 (Figures 1 and S1).
Samples were collected from the William & Mary Campus in
Colonial Williamsburg and in Sussex which is ~36 miles from
William & Mary. The range of locations and surfaces was
selected to provide comparisons in terms of vegetation type
and location. All samples were collected using a metal spatula
that was gently pulled across the surface of the wet leaves. The
water that pooled in the spatula was tipped into a sample
collection container, and this process was repeated until ~10—
15 mL of water was collected. One sample was collected from
grass that had a frozen water surface film (frost or rime)
(Figure 1c). For its collection, the frost was gently dragged off
the grass leaf surface with the metal spatula and collected in the
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vial in the same manner as the dew. A gentle motion was used
to minimize the damage to the leaf surface and thus extraction
of interior portions of the plant. No changes in appearance
were observed except for the removal of the dew water or frost
from the leaves. The metal spatulas were thoroughly rinsed
with Milli-Q water (Millipore Sigma, 18 Q) before use, and the
glass sample containers were baked at 400 °C for 6 h to
remove organic material. During collection, nitrile gloves were
worn on the collecting hand. Samples were filtered through a
0.2 pum Teflon filter (Thermo Scientific, 0.2 ym PTEFE
Membrane) as soon as possible after collection (within 10—
30 min) to remove microbes. The extract material was then
closed in the vial, and the sample was frozen for storage before
subsequent analysis.

A table listing conditions for the sample collection is
provided in the Supporting Information (Table S1). The
lowest temperature, on the night of the frost sample, was 30 °F.
Fog was also reported that night, so the type of ice is not
known (e.g, rime ice or hoar frost) and will be termed “frost”
here for simplicity. Three other collection mornings also had
fog present at the ground level, and two samples were collected
shortly after rainfall (Bush and Sussex). The two Sunken
Garden samples were collected from different areas of the same
field on the campus of William & Mary on two different dates.
All samples were collected off grass except for the Bush sample
(Figure 1a). During collection, some loose plant material was
also often collected (i.e., small dead fragments of grass leaves).
This material was removed with the filter that was used
immediately after sample collection to remove bacteria. After
filtration, samples had a range of colors from yellow/brown to
transparent.

After thawing, some samples had a trace amount of material
that did not stay in solution. This precipitate has not yet been
characterized, but it was not crystalline. This material was
removed before subsequent sample preparation by a second
round of filtration. For each sample, four aliquots were
separated out to measure the pH and UV/vis, FT-ICR, and
offline AMS spectra. Measurements of pH were carried out
using a Hatch HQI11D pH meter on 2.5 mL of the sample. For
UV /vis analysis, ~1—2 mL fractions of the sample were diluted
with Milli-Q water as needed to generate solutions that were
optically transparent enough for the measurements. The need
for dilution was due to the concentration of the absorbing
chemicals in the solution, there were no observed precipitates
present during UV/vis analysis. For MS analysis with FT-ICR,
~7—10 mL of the sample was extracted and desalted using
cartridges filled with styrene divinylbenzene copolymer
(Agilent Bond Elut PPL, S00 mg). Samples were loaded
onto the cartridges, washed with ~2 mL of Milli-Q water, and
then eluted with ~2 mL of methanol. This extract of dissolved
organic matter (DOM) was then dried under ultrapure
nitrogen and shipped on ice to the Cosmic Lab at OIld
Dominion University for FT-ICR analysis. The extraction of
aqueous dissolved organic mixtures with PPL cartridges will
lead to a fractionation of the sample, but this preparation has
been demonstrated to provide high quality samples for FT-ICR
analysis.”> >’ For MS analysis with offline-AMS, approximately
50 uL of dew water samples was used to nebulize into a high
resolution (HR)-time of flight (ToF)-aerosol mass spectrom-
eter’® using the small volume nebulizer (SVN).>” An internal
standard was added for quantification, but no other sample
preparation was used to enable direct comparison with the
UV/vis measurements.
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2.2. MS Analysis. FT-ICR analysis was performed at Old
Dominion University in the COSMIC lab on a Bruker
Daltonics 12 Tesla Apex Qe FT-ICR mass spectrometer in
negative ion mode using an Apollo II electrospray ionization
(ESI) source. Methanol was used to reconstitute the sample,
and mass spectra were collected in the range of m/z 100—
2000. Mass spectral peaks were picked using DeCON 2LS
(https://pnnl—comp—mass—spec.github.io/DeconTools/) with a
peak to background ratio of S and a signal to noise threshold of
3. An internal calibration was carried out using carbon-,
hydrogen-, and oxygen-containing peaks, and then peaks were
picked in the range of Cy_;00Ho_200No_5O0_100S0_3Po_; within
a +1 ppm window using the Molecular Formula Calculator
vl.1l (https://nationalmaglab.org/user—facilities/icr/icr-
software). 2D Kendrick mass series (CH, and H,) in
combination with a 1D Kendrick of oxygen were used to
assign peaks. A threshold assignment was applied to the
samples with DBE steps greater than five ruled as too large to
be classified within the same 2D Kendrick family. Two blanks
were generated, one using Milli-Q water and the other using
Milli-Q water run over the same type of nitrile gloves used for
collecting the dew water. Both blanks were prepared with the
PPL cartridges. Any peaks within +3 ppm of a blank peak were
removed. Additional cleaning was carried out by removing any
peaks that do not match bonding criteria for organic
compounds: O/C > 1.9, 0.33 < H/C < 2.25, N/C > 0.5, S/
C > 02,P/C > 0.1, and (S + P)/C > 0.2.*° Here, a slightly
larger threshold for O/C than that for previous work was used,
due to the possible presence of phosphates on sugars. A total of
9958 molecular formula were identified across all the samples.
Double bond equivalence (DBE) was calculated using

1
DBE=1+E(2C—H+N+P)

Statistical analysis was carried out using hierarchical
clustering with the Wards method*' using IBM SSPS. The

peak intensities (z) were standardized using
x—p

o

where x is the peak intensity, y is the average intensity of the
mass spectrum, and ¢ is the standard deviation in peak
intensity within the sample.”® If no peak was present, the
intensity was set to O prior to standardization.

Offline AMS analysis was performed by nebulizing samples
into an HR-ToF-AMS instrument using the SVN.* An
internal standard containing ~0.25 g/L isotopically labeled
ammonium nitrate (NH,'*NO;) and ~0.25 g/L ammonium
iodide was mixed with the samples (~50/50) prior to
nebulization to enable quantification. Three replicate injections
were performed for each sample, and the glove blank was used.
All samples were run without solid-phase extraction. The data
were processed using Igor 7, ToF-AMS Analysis Toolkit 1.62A,
and HR Analysis 1.22A. For elemental ratios, the average mass
spectrum was calculated and the Improved-Ambient correction
was used.*”

2.3. UV/Vis Spectroscopy and Photolysis. UV/vis
spectra were collected using a PerkinElmer LAMBDA 3§
UV/vis spectrometer with a quartz cuvette (Thorlabs). Spectra
were collected from 200 to 800 nm, and samples were diluted
as needed with Milli-Q water to produce spectra with
absorbance less than 1.5 across the full spectrum (230—800
nm). Photolysis was carried out by placing quartz cuvettes ~14
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Figure 2. Mass spectra for dew water extracts colored by the molecular formula type (key bottom right). Inset pie charts show the relative number
of each type, with the three phosphorus-containing compounds combined into one color (light blue) to aid visualization. The colors for the other

classes match between the mass spectra and pie charts.

cm away from the front of a xenon arc lamp (Figure S2).
Photobleaching was tracked by measuring the absorption at
semiregular intervals over ~50 h, and photolysis rates were fit
from the decay in the average signal from 360 to 365 nm using
a biexponential fit

y = Ale_m1 + Aze_m2

where ¢ is the time in front of the xenon arc lamp and 7 is the
lifetime for photodecay.

3. RESULTS AND DISCUSSION

3.1. Molecular Characterization of DOM in Natural
Dew Water. Detailed characterization of the molecular
composition of DOM in dew water samples can provide
information on the types of sources contributing to biogrime.
DOM was measured in each sample with negative ion mode
ESI and FT-ICR MS after solid-phase extraction. Ions
observed with negative ion mode ESI have functional groups
like carboxylic acids and alcohols which have weakly bound
protons that can be removed to form the negative ions. Figure
2 shows FT-ICR mass spectra for each of the dew water
samples with the peaks colored according to the elements
present in the identified molecular formula. The inset pie
charts show the total number of unique molecular formula
identified for each ion type; for clarity, all phosphorus-

containing molecules were combined into one color (light
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blue). In all samples with larger numbers of phosphorus-
containing compounds (Figure 2a—d), CHOP contributed
more than 80% of phosphorus-containing molecular formulas,
making them the largest contribution to the light blue wedges
in the pie charts (Table S2), and possible sources for these ions
are discussed below. Ions were observed between ~200 and
800 m/z, and the dominant chemical classes for most of the
samples were compounds containing carbon, hydrogen, and
oxygen (CHO, black) and/or those containing carbon,
hydrogen, oxygen, and nitrogen (CHON, red). The frost
sample contained slightly higher numbers of CHOS (green)
than CHON compounds (Table S2). The higher number of
CHOS compounds in this sample has an unknown source but
may indicate differences in the soil that deposited to form the
biogrime. Future work is needed to determine the sources for
the CHOS compounds in different biogrime samples.

In general, a higher intensity in the ESI mass spectrum does
not directly correlate to a larger relative abundance due to
matrix effects. However, the observed intensity distributions
suggest differences in the chemical composition of the mixtures
collected shortly after rainfall compared to the rest of the
samples. Samples collected off grass in Williamsburg (Figure
2a—c) and the frost sample (Figure 2d) have a broad
distribution of peaks with different ion types distributed
relatively evenly across the mass range. The broad intensity
distribution observed in the top four mass spectra (Figure 2a—
d) is similar to distributions observed for complex organic
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Table 1. Parameters for the Six Dew Water Samples”

sample name
Sunken Garden 1
Sunken Garden 2
Colo. Williamsburg
Frost
Bush

Sussex

sample date (2020)

Oct. 22
Nov. §

Nov. 11
Nov. 19
Oct. 27
Oct. 26

pH
6.1
6.5
6.0
5.8
5.3
5.5

rain/fogb
N/Y
N/Y
N/N
N/N
Y/Y
Y/Y

# formula

6115
4525
4666
2622
1738

737

N,

<
24
22
23
21
27
24

o/C
0.47
0.52
0.51
0.65
0.35
0.39

H/C
14
15
1.6
14
1.5
1.6

N/C
0.031
0.045
0.044
0.0051
0.0060
0.0096

mass (amu)

511
493
518
508
520
469

“Elemental ratios, number of carbons (N,), and average molecular weight (atomic mass units) are all intensity-weighted averages from the FT-ICR
data. bY for rain indicates rainfall occurred 1 day prior to collection and Y for fog indicates fog during collection.
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Figure 3. Van Krevelen diagrams for dew water extracts colored by the molecular formula type. The markers are sized by the log of the intensity,
and the colors correspond to the molecular formula type. Approximate ranges for different compound classes are given as gray circles with labels in
(a). Compounds below the solid line correspond to condensed aromatics.

. . . . 35,43,44
mixtures found in some soil organic matter extracts. In

contrast, the samples collected off the bush and in Sussex
(Figure 2e,f) were collected shortly after rainfall and both had
fog in the morning. These samples show fewer peaks overall
(Table 1) and more clustering of the peaks with a central
CHO distribution around 500 m/z (black). The narrower
intensity distributions observed for the CHO compounds in
Figure 2ef are more similar to the intensity distributions
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observed for oligomers found in aerosol particles and suggest
that the mixtures have a larger contribution from dry deposited
aerosol particles or occult deposition of fog droplets.*>~*

All of the samples had pH values between ~5.3 and 6.5
(Table 1). These values are in the same range as reported for
dew collected off clean surfaces around the world.”*”**~>!
The pH values here were measured after samples had been
filtered, frozen, and melted again, so there may be small
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changes compared to values measured for droplets in the field.
The pH of the dew may be influenced by partitioning of
ammonia, and it may change as the dew droplets evaporate in
the morning. Future work will target pH measurements of dew
droplets in situ in the morning to evaluate this. Lower pH
values were measured in the cleaner samples (Bush and
Sussex), which also had fog during the mornin§. The pH range
for fog water can be lower than dew water,”*"” suggesting that
these samples may have more influence from occult deposition
of fog or less influence from more basic components of soil, or
both.

Additional insights into the types of chemicals found in the
mixtures can be observed in the van Krevelen plots in Figure 3.
Prior work on DOM samples has shown that specific types of
chemicals are typically observed in certain regions of the van
Krevelen space. For example, carbohydrates tend to fall at
higher O/C and H/C values, and chemicals with structures
like lignin fall in the middle.”> Approximate ranges for these
chemical classes are indicated by overlaid ovals with labels in
Figure 3a. All ions within an oval do not necessarily belong to
that compound class, but they have elemental ratios that match
that type of compound.

Figure 3a—c shows data from dew water collected oft grass
in the Williamsburg area. All three samples show many CHO
and CHON compounds that fall in the same van Krevelen
space centered around lignin, with some ions at the edges into
carbohydrates and proteins. The large number of peaks in the
lignin range suggests that the water-soluble portion of
deposited soil particles may contribute to the organics in
these films. Some CHON peaks also fall in the protein region
of the van Krevelen space, and some of these also have
molecular formula consistent with small peptides. The
presence of intact proteins was not observed in the mass
spectrum, but the trace insoluble material that was found after
the freeze/thaw cycle during sample preparation could
correspond to protein aggregates or other cellular materials.

The O/C values for the CHON compounds and many of
the CHOS compounds are generally lower than what is
observed for negative ion mode ESI mass spectra for aerosol
particles that contain organosulfates and organonitrates.”*>
The lower O/C here suggests that the dew water CHON
compounds may contain more reduced nitrogen functional
groups like amines or imines. For the lower O/C CHOS
compounds, many may be reduced sulfur, or if these are sulfate
or sulfonate groups, they are formed on organic precursors
with a lower initial O/C.

All samples, but especially the top four (Figure 3a—d) show
the presence of phosphorus-containing ions (CHOP, purple;
CHONP, orange). As mentioned above, the CHOP ions are
the dominant form of phosphorus-containing compounds.
This suggests that intact DNA, which would be expected to
contain both nitrogen and phosphorus (CHONP), was not a
large fraction of the ionized chemicals. Two main groups of
CHOP ions are observed, one at a lower O/C in the region of
the “protein derived” oval and one at a higher O/C in
“carbohydrates.” It is likely that these are predominantly
coming directly from plant materials or microbes on the plants.
The CHOP ions at a lower O/C do not contain nitrogen and
are thus not from proteins/peptides. Instead, they could
correspond to phospholipid fragments as they have only
slightly higher O/C than the lipids. Some of these ions are in
the same mass range as observed for negative ion mode ESI of
Escherichia coli,”® but others are observed at a lower m/z than
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expected for intact phospholipids, suggesting fragmentation,
possibly due to aging on the leaf surface. The CHOP ions in
the carbohydrate region may be from the photosynthesis
process which uses phosphorus in multiple steps and could
reach the plant surface via guttation, where xylem or phloem
sap is exuded when there is increased water pressure at the
roots and the stomata are closed at night.”’

The bottom two spectra (Figure 3ef) are from samples
collected after recent rainfall and show a smaller range of
elemental ratios. Both spectra show a cluster of ions in the
carbohydrate region with the majority falling at lower O/C and
H/C ratios, close to lignin. These ions may be from deposited
soil, residual organics left on the surface after the rain dried, or
they may be from deposited organic aerosol particles or fog
droplets, as suggested by the patterns in the intensity discussed
above (Figure 2e,f). Given that many of the peaks are in the
same region of the van Krevelen space as the other samples, it
is also likely that soil particles and guttation are additional
sources, but there is less of that material on the surfaces. The
overall smaller number of ions in the samples collected after
rainfall suggests that many of the compounds found in the
other samples build up on the leaf surface over time, and that
some of this material may wash away with rain.

Only 255 molecular formulae are common across all the
samples, indicating a large variety of chemicals in the mixtures.
However, hierarchical clustering shows greater degrees of
similarity between certain groups of samples. Figure 4 shows
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Figure 4. Dendrogram from hierarchical clustering of the FT-ICR
data sets using Ward Linkage.

the dendrogram for these samples with a higher degree of
similarity between the two samples collected after recent
rainfall (Bush and Sussex) and a similar composition between
the two samples collected in November in Williamsburg
(Sunken Garden 2 and Colonial Williamsburg). These two
samples were not collected in the same field, and the sample
collected in the same field a month earlier (Sunken Garden 1)
has a lower degree of similarity compared to those two. The
frost sample is also more similar to the other grass samples
than to the recent rainfall samples. In general, there are two
main groups: samples that have had time to build up a film
versus samples collected shortly after rainfall. This is also
consistent with the visible differences in the spectra shown in
Figures 2 and 3. In the future, a wider range of samples,
covering more locations and times after rainfall, will provide
additional insights into the sources and chemical variability
present in biogrime.
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Figure S. Offline-AMS spectra for the four more concentrated samples (a—d) as well as a raffinose standard (f). The data are colored by the type of
fragment ion. (e) van Krevelen space for the full FT-ICR data set (small gray circles) with the average elemental ratios from the offline AMS
spectral data overlaid on top (solid black circles); the range for carbohydrates is included (blue circle).

Taken together, all of the characterizations of the FT-ICR
data sets (Figures 2—4) show that biogrime in the dew water
samples appears to have three to four dominant sources:
deposited soil, plant sap/microbial waste, and deposited
organic aerosol particles/fog droplets. These different sources
will have different accumulation rates in the film. Metabolites,
amino acids, peptides, and other biological materials can come
from microbes and fungi on the leaf surfaces or be exuded from
the plant. Sugars and proteins in the sap may remain on the
leaf surface after the guttation droplets dry. Dry deposition of
soil particles in addition to organic aerosol particles and occult
deposition of fog droplets onto the surfaces is likely another
important source for the biogrime. Soil and organic aerosol
particles will have different size distributions with different
total mass and will also deposit on the surface at different
rates.””® Depending on the wind speed, soil moisture, and
sources for organic aerosol particles and fog droplets, there will
likely also be differences in the times when each of these are
the dominant mass components depositing. Taken together,
the composition of organic materials on leaf surfaces appears to
be dynamic and appears to be dominated by soil dust and
plant/microbe waste for surfaces that have not been freshly
washed by rainfall.

3.2. Offline-AMS Spectral and Chemical Character-
istics. The previous section focused on organic materials in
dew water prepared using solid-phase extraction. This method
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is widely used for DOM analysis and provides a samé)le
mixture that can electrospray well for FT-ICR analysis.”>****
However, this sample preparation is not expected to extract all
materials in the sample at the same efficiency.”” Given that ESI
of complex mixtures without a prior separation is not
quantitative, the data discussed above provides a limited
perspective on the concentrations of different chemicals
present in the mixture. For a more quantitative view on the
composition of the starting material, we used offline-AMS. In
this instrument, pyrolysis/El generates mass spectra for all
non-refractory materials in the sample. Here, SVN-AMS was
used to nebulize the samples into the instrument because of
the limited sample volume. This technique has a lower
concentration limit of ~0.1 g/L organic for aqueous samples.*”
The organic concentrations in the two cleaner samples (parts e
and f in Figures 2 and 3) were below this cutoff, and the
following discussion will focus on the four more concentrated
samples.

Figure 5 shows offline-AMS spectra for the top four samples
from Figures 2 and 3. AMS is a quantitative technique, and
fragmentation patterns can be compared to standards to
determine the dominant components present in the mixtures.
In Figure Sa—d, the dominant ions in all four spectra are CO,*
(m/z 44), CHO" (m/z 29), and CO* (m/z 28). The CO" ion
has an overlap in mass with N, so it is set to be equal to CO,*
during analysis and will not be discussed further. Two samples
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Table 2. Elemental Ratios from AMS Measurements as Well as Concentrations Measured by AMS“

sample name o/C H/C N/C
Sunken Garden 1 0.90 1.5 0.045
Sunken Garden 2 0.86 1.7 0.062
Colo. Williamsburg 0.75 1.5 0.052
Frost 0.94 1.7 0.045

OM/0C [organic] g/L [chloride] g/L
2.3 0.20 + 0.02 0.047 + 0.003
2.3 0.52 + 0.04 0.025 + 0.002
2.1 0.24 + 0.05 0.012 + 0.003
2.4 0.43 + 0.08 0.014 + 0.003

“Errors on the concentration measurements are the standard deviation of three replicate injections.

(a and c) also show a strong fragment intensity at CH;SO,*
(m/z 79), which will be discussed further below. The high
intensity of CO," in the dew water samples suggests the
presence of oxidized functional groups like carboxylic acids.
Figure 5f shows the offline-AMS mass spectrum for a
trisaccharide, raffinose. The highest intensity ion from the
sugar is CHO", and this ion has been previously linked to OH
groups.”” The relatively high intensity CHO" ion in the dew
water samples suggests that sugars/carbohydrates may be a
large mass fraction of the mixture. This also matches the O/C
and H/C average ranges for the samples, which fall in the
carbohydrate region of van Krevelen space (Figure Se). The
relatively lower observed intensity for sugars/carbohydrates in
the FT-ICR data sets (Figures 2 and 3) is likely due to a lower
extraction efficiency and a lower ionization efliciency in the
negative ionization mode, especially compared to chemicals
with acid functional groups in the mixture.

The AMS spectra also show intensity at CH;SO,"* (m/z 79)
for Sunken Garden 1 and Colonial Williamsburg (Figure Sa,c).
This ion has been used as a tracer for methane sulfonic acid
(MSA), which forms from the oxidation of marine
dimethylsulfide emissions.”” The area where these samples
are collected is on a strip of land between the York River and
the James River (about 6 miles away on each side), both of
which empty into the Chesapeake Bay (Figure S1). Thus,
marine-influenced particles are a possibility at this site. MSA
would not be visible in the FT-ICR spectrum due to the mass
range the instrument was tuned to. The chloride concentration
in the samples was quite low (~0.02 g/L), and no correlation
is observed between the samples with the CH;SO,"* ion and
higher chloride concentrations (Table 2). However, AMS is
not quantitative for many alkali and alkaline earth salts due to
their higher melting temperatures, so some chloride may not
be measured well with this method. In addition, chloride has
also been observed to volatilize out of dew water, and so it may
be a poor tracer for marine influence.”’ Chorine has also been
observed in surface grime from road salting.10’62’63 However,
there had been no snow fall in Virginia since the previous
winter; thus, this is not expected to be an important source for
these samples.

The CH,;SO," ion has also been found to form from
organosulfates,”* so it could be indicative of a larger total mass
fraction of CHOS compounds in those samples. It may also be
formed from other types of sulfonates like the ones that can be
found in soil,”* suggesting a different source for soil particles
for those samples. Another difference between the FT-ICR
data and the AMS spectra is the lack of any phosphate-
containing ion fragments in the AMS spectra. This could
indicate that the phosphate ions observed with FT-ICR are a
small mass fraction of the sample. Future work will include ion
chromatography to see if MSA is a component of these
mixtures, or if other sulfates/sulfonates contribute to the
CH,SO," fragment. It will also include a characterization of

782

other phosphate-containing samples (organophosphates and
phosphate salts) to better understand the instrument response.

AMS can also be used to measure the total concentration of
organic matter in the samples. The concentrations of organics
listed in Table 2 correspond to DOM, which includes all
material in the samples (carbon, hydrogen, nitrogen, oxygen,
and sulfur). For comparison with previous work, the
concentration of dissolved organic carbon, or DOC, can be
estimated using the measured organic mass to organic carbon
ratio (OM/OC). The observed concentrations in Table 2
correspond to DOC concentrations of ~100 mg C L™". This is
on the high end of DOC measured in dew water off clean
surfaces®” and is similar to DOC concentrations in polluted
cloud water.”® The DOM measured here is the lower volatility
material in the biogrime, most of which would be expected to
remain on the surface after the dew dries in the morning. The
concentration of the DOM is also expected to change as the
dew droplets dry in the morning. Future work will target the
volatile fraction for comparison with the lower volatility
portion analyzed here and will include measurements of dew
mass versus time.

Table 2 also lists the average values for the O/C, H/C, and
N/C elemental ratios measured with AMS.%” Compared to the
FT-ICR data (Table 1), the O/C ratio is ~1.4—2 times larger
in the AMS method, the H/C value is a little lower, and the N/
C values are similar between the two methods. The application
of offline-AMS to this type of sample is new, and it shows that
the original dew water samples have a higher amount of
oxidation compared to the extract measured with FT-ICR.
One reason for this difference may be smaller molecules (less
than 100 amu) which are not measured well with FT-ICR.
Another option is the possibility that the original dew water
may have a large mass fraction of sugars/carbohydrates. Prior
work with DOM and offline-AMS demonstrated very good
overlap between the elemental ratios measured via combustion
analysis,”” so it is likely that there are differences in the
chemicals sampled and ionized here between the two methods.
Here, insufficient sample was collected to compare the SPE
extracted sample between both techniques (ESI/FT-ICR vs
offline-AMS), but this comparison will be targeted in future
experiments.

From the standpoint of dew water, it will be important to
consider whether the DOM from the biogrime can enhance
the dissolution of volatile organic compounds that deposit
overnight. This enhancement has been observed for dew water
samples off Teflon surfaces,”"*> which can have a lower overall
DOC concentration due to the lack of a biogrime film. Much
lower sorption would be expected for VOCs to chemicals like
sugars compared to lignin due to the higher water solubility for
sugars. The analysis presented here demonstrates that applying
the total concentrations to the chemical properties measured
with FT-ICR could overestimate the sorption behavior of these
samples. Techniques like offline-AMS, which provide quanti-
tative chemical properties of the full mixture, improve our
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ability to model and predict the role biogrime plays in
enhanced dissolution of ROC into dew water and other surface
water films in the biosphere.

3.3. UV/Vis Absorption and Photodecay. Organic
chemicals found in dew water on leaf surfaces may experience
multiple hydration/drying cycles, depending on when they are
deposited/exuded. They can also be exposed to sunlight in the
morning in the aqueous dew droplet, as well as throughout the
day on the leaf surface. Many of the collected dew water
solutions were brown/yellow in color, indicating that the
material in the samples contained chromophores, or light-
absorbing chemicals. UV/vis spectra for fresh dew water are
shown in Figure 6a. Some samples had large enough

0.8 a |
— 1:1  Sunken Garden 2
S5 0.6 1:1  Colonial Williamsburg |-
&S‘, 1.8:1 Frost
c - Bush
o --  Sussex
-oév_ 0.4 L
o
D
0
< 0.2 L

OO T T L T

300 400 500 600
Wavelength (nm)

o) 1.0 1 1 1 1 1 1
£
£
®©
IS
o
©
c
Ry
)
o
[0}
N
©
£
(e}
pd

Photolysis time (hours)

Figure 6. UV/vis data for the dew samples. (a) Initial absorption
spectra with dilution volumes (mL) indicated in the label (sample/
water), no dilution was needed for Bush or Sussex. (b) Decrease in
absorption between 360 and 365 nm as a function of time. Lines
represent biexponential fits for each sample.

absorption that dilution with Milli-Q water was necessary
(see volumes in the figure legend). The two samples with
cleaner mass spectra, collected after rainfall, had the lowest

average absorptions (Bush and Sussex). This is consistent with
the results from the offline-AMS analysis, showing concen-
trations below 0.1 g/L organic. The four other samples all have
moderate absorption in the visible region (>350 nm) with the
frost sample (purple) showing the most distinct absorption
peak in this region. All four also show a peak around 280 nm,
likely due to aromatics and carbonyls in the mixtures. The
identities of the chromophores in these mixtures is unknown,
but there may be contributions from dissolved soil organic
matter and amino acids. The absorption features above 300 nm
are larger than what was observed in Kroptavich et al. 2020,
suggesting that the light-absorbing chemicals in these samples
differ from those observed in urban grime samples.'’

Any groups contributing to absorption in the visible region
may be photoactive during sun exposure in the morning.
Figure 6b shows the decrease in absorption measured from 360
to 365 nm for all six samples during photolysis with a xenon
arc lamp. All data sets were fit with biexponential decays and
showed initially rapid photodecay with lifetimes of ~0.5-2 h
(Table 3). The light flux from the xenon arc lamp used here is
very comparable to the solar light flux estimated with a solar
zenith angle of 75° (Figure S2). This is approximately the
angle expected in Williamsburg in the later fall months around
7 am, so the times observed here relate to what would be
expected for dew droplets in these samples in the morning.
The remaining color photobleached much more slowly in the
cuvettes, indicating that some of the chromophores might be
found on leaf surfaces for longer periods of time. The
photolysis rates in dew water may not be the same as the rates
for dry biogrime films under direct sun during the day, so the
total lifetime for the more photoresistant chromophores
cannot be estimated here. In the cleaner samples (Bush and
Sussex), a larger fraction of the signal decayed, suggesting that
more photoresistant chromophores can build up with time
after rainfall.

The rapid initial decays suggest the possibility for photolysis-
driven chemistry in the dew droplets in the morning. Some of
the longer-lived chromophores in the dew may be able to
continue to drive indirect photolysis through excited triplet
states in the chromophoric dissolved material.”® Photoaging
may influence the composition of the material dissolved in the
droplets and could change the chemicals that volatilize after
the dew droplets dry. The photobleaching observed here
demonstrates one possible mechanism for the transformation
of deposited ROC in the surface water films exposed to
sunlight in the early morning.

4. CONCLUSIONS

Dew water collected off natural surfaces contains a very
complex mixture of organic compounds with C, H, O, N, §,

Table 3. Biexponential Fits for the Photolysis-Driven Decrease in Absorption between 360 and 365 nm for Dew Water

Samples”
sample Ay
Sunken Garden 1 0.10 + 0.02
Sunken Garden 2 0.12 + 0.008
Col. Williamsburg 0.10 + 0.007
Frost 0.15 + 0.007
Bush 0.21 + 0.04
Sussex 0.29 + 0.02

“Errors are + 1 standard deviation for the fits.

7, (h) Ay 7, (h)
13 +£02 0.89 + 0.005 65 +1
0.47 + 0.09 0.88 + 0.006 47 £ 0.7
0.41 + 0.08 0.90 + 0.00S 40 £ 0.5
1.7 £ 0.2 0.85 + 0.007 S8 +1
14 + 0.6 0.72 + 0.04 24 +2
0.38 + 0.06 0.71 + 0.01 20 + 0.6
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and P in the molecular formulas. FT-ICR spectra show
intensity patterns characteristic of both DOM and aerosol
particulate matter, and the elemental formulas found match
chemicals from deposited particles/fog droplets and from
metabolites (plant or microbiota). The different sources will
vary in their contribution over time leading to a leaf surface
“biogrime” layer that builds and evolves after rainfalls. Offline-
AMS provides a quantitative perspective on dew water
composition and shows that sugars/carbohydrates are an
important component by mass and that deposited marine-
influenced aerosol particles may contribute to some of the
films.

Samples collected at least a few days after rainfall were more
complex than those collected after fresh rainfall, indicating that
the material in the biogrime films can wash off with rainfall.
The dirtier samples contained chemicals with strong
absorption in the visible region of the solar spectrum. All
samples showed an initially rapid photodecay for absorption
from 360 to 365 nm when irradiated with a xenon arc lamp,
indicating that some of the organic material is photolabile.
Depending on the composition of the dew water and the
fragments produced during photolysis, photochemistry that
occurs in the morning when the sun shines may be able to
influence the composition of the volatilized material from
drying dew droplets. The ability for these samples to absorb
visible light suggests that they may also be able to drive
photochemical reactions on the surface after the dew dries via
processes such as photosensitization.®’

The composition of this material is important to understand
because it may play a role in ROC flux out of the biosphere.
Previous work has shown that dew can serve as a temporary
reservoir for HONO or small volatiles like ammonia or
isocyanic acid.”*”’®”" Given the photoactivity of these
mixtures, it is possible that some of the chemicals would be
broken down and volatilized as the dew ages in the morning. In
particular, the large number of nitrogen-containing compounds
found here suggests that this type of material could be a source
for volatile amines. Many of the chemicals in this mixture may
also be bioactive and serve as a food source for microbes which
can themselves emit VOCs." "

Future work will target a wider range of natural surfaces,
including those closer to urban areas and in forested
environments, and will compare the organics and inorganics
in natural surface samples to clean PTFE surface collections.
More urban areas may have increased deposition of organic
aerosol particles as well as increased NO, and ozone, and
forests may have increased deposition of OVOCs and
hydrogen peroxide from BVOC oxidation products.’ Analysis
of the mixtures with positive ion mode ESI will be carried out
in addition to negative ion mode to provide more information
on the nitrogen-containing ions. The chemical composition of
samples during photolysis aging in the laboratory will also be
measured and compared to the changes in the spectral shape
with time in order to determine what types of chemicals are
photoactive/photodegraded. The volatile organics released
when either fresh or photoaged dew droplets dry on a surface
will be characterized to provide more insight into the role
biogrime can play in the volatilization of material from surface
water films.

This study provides a detailed characterization of the
chemical composition, chemical properties, and photoaging
rate for six dew water samples collected off leaf surfaces in
Southeast Virginia. Previous studies in urban areas show that
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outdoor surfaces can build up an “urban grime” layer of
organic and inorganic compounds.'”'' In the biosphere,
surfaces show a similar type of film, but there are additional
sources from the plants themselves, as well as possibly
microbes/fungi living on the leaf surfaces. We show that this
biogrime is a very complex mixture of organic compounds, and
some components are photoactive, suggesting that this mixture
can be a reactive site for transforming deposited ROC. In
addition, components in the mixtures from plants/microbiome
could fragment and volatilize, acting as a source for VOCs or
amines/ammonia. Field and laboratory studies that investigate
the role of these films in the partitioning and possible
transformations of deposited compounds are needed to better
understand the role surface biogrime films play in biosphere/
atmosphere exchange of ROC.
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