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ABSTRACT

Chloroacetamides are commonly used in herbicide formulations, and their occurrence has been reported in soils
and groundwater. However, how their chemical structures affect transformation kinetics and pathways in the
presence of environmental reagents such as hydrogen sulfide species and black carbon has not been investigated.
In this work, we assessed the impact of increasing Cl substituents on reaction kinetics and pathways of six
chloroacetamides. The contribution of individual pathways (reductive dechlorination vs. nucleophilic substitu-
tion) to the overall decay of selected chloroacetamides was differentiated using various experimental setups;
both the transformation rates and product distributions were characterized. Our results suggest that the number
of Cl substituents affected reaction pathways and kinetics: trichloroacetamides predominantly underwent reduc-
tive dechlorination whereas mono- and dichloroacetamides transformed via nucleophilic substitution. Further-
more, we synthesized eight dichloroacetamide analogs (Cl,CHC(=O)NRR’) with differing R groups and
characterized their transformation kinetics. Dynamic NMR spectroscopy was employed to quantify the rotational
energy barriers of dichloroacetamides. Our results suggest that adsorption of dichloroacetamides on black carbon
constrained R groups from approaching the dichloromethyl carbon and subsequently favored nucleophilic attack.
This study provides new insights to better predict the fate of chloroacetamides in subsurface environments by
linking their structural characteristics to transformation kinetics and pathways.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Chloroacetamides (Cl,CH3_xC(=0)NRR’, x = 1,2,3) are widely used
in herbicide formulations (Abu-Qare and Duncan, 2002; Davies and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.150064&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.150064
mailto:wenqing.xu@villanova.edu
https://doi.org/10.1016/j.scitotenv.2021.150064
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

X. Xu, P.D. Gujarati, N. Okwor et al.

Caseley, 1999; EPA; Jablonkai, 2013). For example, the
monochloroacetamide herbicide S-metolachlor is applied at a rate of
approximately 2.5 x 10° kg-yr~! in the U.S. and has been frequently de-
tected in groundwater and soil (Helling et al., 1971; Hladik et al., 2008;
Kolpin et al., 1998; Williams et al., 2014; Woodward et al., 2018).
Dichloroacetamide safeners, such as AD-67 (AD), benoxacor (BD), and
dichlormid (AID), are often paired with a monochloroacetamide or
thiocarbamate herbicide to protect crops from herbicide toxicity (Abu-
Qare and Duncan, 2002). The application rate of dichloroacetamide
safeners in the U.S. is approximately 2 x 10° kg-yr~!(Sivey and
Roberts, 2012). Despite the influx of dichloroacetamides into the envi-
ronment, information on their environmental fate is scarce relative to
herbicide active ingredients, possibly due to the “inert” regulatory sta-
tus of dichloroacetamide safeners (Kral et al., 2019; Ricko et al., 2020;
Sivey et al.,, 2015; Sivey and Roberts, 2012; Su et al., 2019; Woodward
etal,, 2018; Xu et al., 2020). Nonetheless, residual AID has been reported
in the range of 0.01-0.02 mg-kg ! in soils after 21 days of application
(Wilson and James, 1987). Furthermore, AD, BD, and AID have been de-
tected in streams in the Midwestern United States (Woodward et al.,
2018). Due to their moderate-to-high mobility (Acharya et al., 2020;
Acharya and Weidhaas, 2018; Davies and Caseley, 1999; Jablonkai,
2013), chloroacetamides are anticipated to enter subsurface environ-
ments where black carbon and hydrogen sulfide species (HSS) can co-
exist.

Black carbon (e.g., charcoal) is a naturally-occurring geosorbent that
constitutes 1-20% of the total organic carbon mass in soils and sedi-
ments (Lian and Xing, 2017; Middelburg et al., 1999). Black carbon
can sequester chemicals by nonspecific (e.g., van der Waals) and spe-
cific (e.g., m-m) interactions, serving as an important sink for organic pol-
lutants (Keiluweit et al., 2010; Lian and Xing, 2017). HSS (i.e., the sum of
H,S, HS ™, and S?7) often co-exist with black carbon in subsurface envi-
ronments at concentrations up to the mM range (Barbash and Reinhard,
1989b; Dunnette et al., 1985; Heitmann and Blodau, 2006; King et al.,
1982; Kristiana et al., 2010). Previous studies suggest that HSS can act
as a nucleophile or reductant for the abiotic transformation of
chloroacetamides, dihalomethanes, chloroazines, and hexachloroeth-
ane, potentially decreasing their toxicity (Barbash and Reinhard,
1989a; Lippa and Roberts, 2002; Loch et al., 2002; Miller et al., 1998).
However, such reactions are often kinetically slow (Barbash and
Reinhard, 1989a; Roberts et al., 1992; Wu et al., 2006). Nevertheless, re-
cent research demonstrated that the synergy between black carbon and
HSS significantly promoted the abiotic transformation rates of
chloroacetamide herbicides and safeners by 4-200 fold (Xu et al,,
2020). Similar observations were reported for other compounds such
as nitroaromatics, chlorinated solvents, and dichlorodiphenyltrichloro-
ethane (DDT) (Ding and Xu, 2016; Oh et al., 2013; Saquing et al.,
2016; Xu et al., 2010; Xu et al., 2013; Xu et al., 2015). Two of the puta-
tive mechanisms for such enhancement include (1) accelerated elec-
tron transfer by the graphitic regions of black carbon, resulting in
faster contaminant reduction(Xu et al., 2010) and (2) oxidation of
HSS by black carbon to generate polysulfides that are stronger nucle-
ophiles than HSS (Xu et al., 2020; Zhao et al., 2019). Yet, little is
known regarding how contaminant chemical structures affect their
transformation kinetics and reaction pathways in the presence of
black carbon and HSS that are ubiquitous in subsurface environ-
ments.

The goal of this study was to evaluate the relationship between
chloroacetamide structural characteristics and their transformation ki-
netics/pathways by black carbon and HSS using chloroacetamide ana-
logs as model compounds. We used graphite as a model black carbon
with high carbon content (~99.99 wt%) and minimal functional groups
and is non-porous (Ding and Xu, 2016; Xu et al., 2013; Xu et al.,
2020). First, we assessed the impact of the number of Cl substituents
on reaction kinetics and pathways of six chloroacetamides. The contri-
bution of individual pathways (i.e., reductive dechlorination vs. nucleo-
philic substitution; Scheme S1) to the overall chloroacetamide decay
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was differentiated using four model systems (HSS systems, slurries of
graphite + HSS, polysulfides systems, and electrochemical cells),
where both the transformation rates and product distributions were an-
alyzed. Furthermore, we characterized the transformation kinetics of
eight dichloroacetamide analogs containing R groups that differ in size
and chemical identity (e.g., alkyl, allyl, cycloalkyl, and phenyl moieties)
in the presence of HSS and graphite. Dynamic (i.e., variable-
temperature) proton nuclear magnetic resonance ("H NMR) spectros-
copy was employed to quantify the rotational energy barriers of eight
dichloroacetamide analogs in the presence of solvents with different
polarities. The findings from this study enable better predictions of
how chemical structure influences transformations in subsurface envi-
ronments for chloroacetamides and potentially other halogenated
contaminants.

2. Material and methods
2.1. Chemical reagents

All chloroacetamides used in this study were either purchased
from chemical vendors or synthesized. Detailed information on the
sources and purity of these chemicals is provided in Text S1.
Monochloroacetamides included N,N-dipropyl-2-chloroacetamide
(PC) and N,N-diallyl-2-chloroacetamide (AIC). Dichloroacetamides in-
cluded three herbicide safeners (benoxacor (BD), AD-67 (AD), and
dichlormid (AID)) and five structural analogs (N,N-dipropyl-2,2-
dichloroacetamide (PD), N,N-diethyl-2,2-dichloroacetamide (ED), N,N-
dipentyl-2,2-dichloroacetamide (PeD), N,N-dicyclohexyl-2,2-dich-
loroacetamide (ChD), and N,N-diphenyl-2,2-dichloroacetamide
(PhD)). Trichloroacetamides included N,N-dipropyl-2,2,2-trichloro-
acetamide (PT) and N,N-diallyl-2,2,2-trichloroacetamide (AIT).

2.2. Reaction systems

To differentiate the operative reaction pathways, we monitored
chloroacetamide decay kinetics and, for selected compounds, analyzed
the associated transformation products in four experimental setups
(i.e., HSS systems, slurries of graphite + HSS, polysulfides systems,
and electrochemical cells) housed in 14 mL borosilicate vials. Details
for each setup are provided below. We also carried out adsorption kinet-
ics experiments to determine the adsorption rates for all
dichloroacetamides (Fig. S1). The adsorption onto 21 g-L~! graphite
powder reached equilibrium in 30 s for all dichloroacetamides, which
is significantly shorter than their observed transformation half-lives in
slurries of graphite + HSS (e.g., 6.3 h for AID - the shortest among the
dichloroacetamides investigated). Therefore, adsorption is ostensibly
not rate-limiting in slurries of graphite + HSS. MOPS buffer (10 mM,
pH 6.9 + 0.1) was purged with N, for 2 h and stored in a glovebox
(5% Ha, 20% CO,, 75% Ny, O, < 5 ppm, Coy Laboratory Products). HSS
stock solution (70 mM) was freshly prepared by dissolving Na,S-9H,0
in the MOPS buffer. Both graphite powder and graphite sheet were ex-
amined in separate reactors. Chloroacetamide stock solutions (4 mM)
were prepared in N,-purged acetonitrile and stored in gas-tight
amber glass vials in the glovebox. All 14 mL borosilicate vials were
vortexed for ~20 s and then placed on an end-over-end rotator
(30 rpm) in the dark in an incubator (VWR International) at
25.0 4 0.8 °C during the experimental timeframe unless otherwise
specified.

2.2.1. Slurries of graphite + HSS

To 14 mL borosilicate vials were added pre-weighed graphite pow-
der or graphite sheet (21 geL™!), HSS stock solution (1 mL), and a suffi-
cient amount of MOPS buffer to reach ~90% of the total vial volume.
Chloroacetamide stock solution (100 pL) was then spiked into the
vials before the headspace was eliminated with MOPS buffer. The final
concentration for HSS in the slurries of graphite + HSS was 5 mM.
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Final concentrations of chloroacetamide were 20-24 M unless other-
wise specified. Controls were set up in the absence of HSS or graphite
powder.

2.2.2. Homogeneous HSS systems or polysulfides systems

MOPS buffer and 1 mL HSS stock solution were introduced to 14 mL
borosilicate vials in the absence of graphite to achieve a final concentra-
tion of 5 mM HSS. Polysulfides (S2~) were prepared by dissolving
1.2 mM elemental sulfur (Sg) into the 5 mM HSS solution and equilibrat-
ing for 4 weeks (Lippa and Roberts, 2002; Xu et al., 2020); final concen-
trations of HSS, Sg, and S2~ (by S atom) were determined to be 4.8 mM,
500 pM, and 450 pM following the protocols described in the chemical
analysis section (Xu et al., 2020). These concentrations were similar to
the measured concentrations of HSS (4.4 mM), Sg (500 uM), and S2~
(420 pM) in the slurries of graphite 4+ HSS and thus allowed for
comparison of reduced sulfur reactivity across different experimental
setups. Chloroacetamide stock solution (100 pL) was spiked into
14 mL borosilicate vials to initiate the reaction.

2.2.3. Electrochemical cells

We followed previously established protocols in setting up electro-
chemical cells (Ding and Xu, 2016; Xu et al., 2015). Specifically, two
pieces of 0.13-mm thick graphite sheet (21 g-L™') were used as the
cathode and anode, respectively, separated in two 14 mL borosilicate
vials and attached to a copper wire with conductive NEM tape through
a Teflon septum (Ding and Xu, 2016; Xu et al.,, 2015). The electrical cir-
cuit was completed by a salt bridge (1 M K,S0,) in Teflon tubing. The
anodic and cathodic cells contained 5 mM HSS and 15-20 pM
chloroacetamides, respectively. The mixing in the electrochemical cells
was accomplished by a 3-mm magnetic stir bar (100 rpm).

2.3. Chemical analysis

At various time intervals, samples were collected for chemical anal-
ysis. Samples of the slurries of graphite + HSS were first centrifuged
(Forma Scientific 5678) at 3000 rpm for 3 min. Aqueous supernatants
were directly analyzed using a C18 column on a Shimadzu HPLC-PDA.
Solid phases were extracted by shaking with 5.0 mL of acetonitrile for
3 min; the extracts were subsequently analyzed on HPLC. Extraction ef-
ficiencies for all chloroacetamides investigated were 84%-102%. De-
tailed information regarding extraction efficiency, elution time,
wavelength for detection, and mobile phase composition for
chloroacetamides are summarized in Table S1.

We also analyzed transformation products for trichloroacetamides
PT and AlT. Briefly, chloride was analyzed using a Dionex ICS-500 ion
chromatography with a Dionex lonPac AS22 column (4 mm x 250 mm).
The eluent was comprised of Na,CO3 (4.5 mM) and NaHCO3 (1.4 mM) at
a flow rate of 1.2 mLmin~". HSS was quantified colorimetrically (CLINE,
1969; Xu et al., 2020). Elemental sulfur was measured by HPLC-PDA
with a mobile phase of 100% methanol and a monitoring wavelength
of 254 nm. The elution time for elemental sulfur was 9 min. The aqueous
phase was analyzed directly for elemental sulfur on HPLC. The solid
phase was extracted using dichloromethane, and the extraction effi-
ciency of elemental sulfur from graphite was determined as 102 4 4%
in controls in the absence of chloracetamides (McGuire and Hamers,
2000; Xu et al., 2020; Zheng et al., 2015). Polysulfides were quantified
by the total S atoms in dimethyl-polysulfanes formed by methylation
of S2~ with neat iodomethane using a modified gas chromatography-
mass spectrometry (GC-MS) method (Ding et al., 2019; Kristiana
et al,, 2010; Xu et al., 2020; Zeng et al., 2012). More details of this
method are provided in Text S2. Ultra-performance liquid chromatogra-
phy interfaced with a high-resolution, quadrupole/time-of-flight mass
spectrometer (UPLC-qTOF-MS) was used to analyze organic transfor-
mation products in aqueous phase and solid phase-extracts of selected
systems. Detailed methodology is provided in Text S3 with UPLC mobile
phase composition shown in Fig. S2.
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2.4. Dynamic "H NMR

Dichloroacetamides have restricted rotation about the C—N amide
bond; if the two N-substituents are different, then each conformer (cis
and trans) is anticipated to experience different steric hindrance and
Sn2 reactivity at the dichloromethyl group (Carlson et al., 2006;
Chupp et al., 1969). The exchange rate between cis and trans
conformers corresponds to the rotational energy barrier (AG*) of the
C—N bond (Biechler and Taft, 1957; Carlson et al., 2006; Chupp and
Olin, 1967). A higher AG* indicates a more geometrically rigid (less flex-
ible) structure. For dichloroacetamides with identical N-substituents,
restricted rotation may also attenuate steric hindrance at the
dichloromethyl group (Santos et al., 2014). To permit AG* calculation
for 5 dichloroacetamides, dynamic 'H NMR spectra were obtained on
a JEOL 400 SS spectrometer at 400 MHz. Samples of each compound
(10-15 mg) were dissolved in 1.0 mL of a deuterated solvent (obtained
in sealed ampules from Cambridge Isotope Laboratories), immediately
transferred to NMR tubes, and then sealed with Parafilm. Although
DMSO-ds was used for most experiments, alternative solvents
(i.e., toluene-dg and D,0) were also investigated for AID, noting that
AG™ values can vary with the solvation environment (Bichenkova
et al.,, 2017; Gasparro and Kolodny, 1977; Pluth et al., 2008). Chemical
shifts were reported in parts per million (8), and all spectra were
referenced using the residual monoprotic solvent peak (2.50 ppm for
DMSO-dg, 2.09 ppm for the methyl signal of toluene-dg, and 4.79 ppm
for D,0). Spectra were obtained at temperatures spanning from
293.15 to 423.15 K (20 °C to 150 °C), typically at 10 K intervals,
depending on the boiling point of the solvent.

3. Results and discussion

3.1. Transformation of trichloroacetamides in slurries of graphite + HSS vs.
electrochemical cells

Decay of trichloroacetamides (PT and AIT) was observed in the slur-
ries of graphite + HSS and electrochemical cells (Fig. 1), coupled with
the generation of chloride. Controls in the presence of graphite or
MOPS buffer (but no added HSS) showed negligible decay of PT or AlT.
Similarly, no decay of PT or AIT was observed in the presence of HSS
without graphite (data not shown). As shown in Fig. 1A and B, transfor-
mation of PT generated its dichloroacetamide analog, PD, with a A[PD]/
A[PT] ratio of approximately 1:1 for the first two sampling points in
both the slurries of graphite + HSS and electrochemical cells. PT trans-
formation also generated chloride at a molar ratio of 1:1 at early sam-
pling points and increased to approximately 1:2 in slurries of
graphite + HSS, while chloride was generated at a ratio of 1:1 through-
out the experimental timeframe in the electrochemical cells. The con-
centration of PD increased and then decreased in slurries of
graphite + HSS but continually accumulated in the electrochemical
cells.

Similarly, as shown in Fig. 1C and D, AIT transformation in the slur-
ries of graphite + HSS and electrochemical cells yielded its
dichloroacetamide analog AID, with a A[AID]/A[AIT] ratio of approxi-
mately 0.4 for both types of systems. Like PD, the measured concentra-
tion of AID in the slurries of graphite + HSS first increased and then
decreased, while AID continually accumulated in the electrochemical
cells. AIT decay generated chloride at a molar ratio of 1:1 at early sam-
pling points and increased to approximately 1:3 at the end in the slur-
ries of graphite + HSS, while chloride was generated at a ratio of 1:1
throughout the experimental timeframe in the electrochemical cells.
The overall mass balance of chlorine, defined as the sum of 3*
[trichloroaceatamide] + 2*[dichloroacetamide] + [Cl™], is compared
in Fig. 1. Specifically, over 85% of the chlorine was recovered at each
sampling time for the transformation of PT in both electrochemical
cells and the slurries of graphite + HSS (Fig. 1A&B), as well as for the
decay of AIT in the slurries of graphite + HSS (Fig. 1C). The missing
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Fig. 1. Transformation of PT and the generation of PD in (A) slurries of graphite + HSS and (B) electrochemical cells; Transformation of AIT and the generation of AID in (C) slurries of
graphite + HSS and (D) electrochemical cells. Reaction conditions: [HSS]o = 5 mM in slurries of graphite + HSS or the anodic cell of electrochemical cells, [graphite powder] =
21 g-L7 " in slurries of graphite + HSS, [graphite sheet] = 21 g-L™! in electrochemical cells, pH = 6.9 + 0.2 (10 mM MOPS buffer), T = 25 °C. m: trichloroacetamide;
dichloroacetamide; 4: chloride; x: mass balance on chlorine (3[trichloroaceatamide] + 2[dichloroacetamide] + [CI™]).

15% of the mass balance on chlorine may be a result of intermediate
products that are difficult to capture. In comparison, chlorine mass bal-
ance decreased to 60% during the decay of AT in the electrochemical
cell (Fig. 1D).

Additional transformation products of PT and AIT in slurries of
graphite + HSS, in polysulfides systems, and in electrochemical cells
were characterized using UPLC-qTOF-MS. In the slurries of graph-
ite + HSS, the transformation of PT and AIT generated sulfur-
substituted products and their respective dichloroacetamide analogs
(Table 1). PD was observed from the transformation of PT, while AID
and two additional dichloroacetamide isomers were detected from the
transformation of AIT. By contrast, no sulfur-substituted products
were observed in the electrochemical cells for either PT or AIT; only
their respective dichloroacetamide analogs were observed. In
polysulfides systems, the transformation of PT and AIT generated
sulfur-substituted products. Trace amount of dichloroacetamide prod-
ucts for both PT and AT, namely PD, AID, and the isomers of AID were
detected by the UPLC-qTOF-MS (Table 1 and S2). Quantification of
these products were subsequently carried out on a HPLC-PDA as previ-
ously described in the chemical analysis section. However, their concen-
trations were below the MQL (1 pM). Detailed elution times and m/z
data for the transformation products of PT and AIT in the slurries of
graphite + HSS and in polysulfides systems are provided in Table S2.

For both PT and AlT, the generation of dichloroacetamides indicates
that reductive dechlorination is an important pathway affecting the fate
of these contaminants in systems containing HSS and graphite. Accu-
mulation of dichloroacetamides in the electrochemical cells further sup-
ports the reductive dechlorination pathway (Ricko et al., 2020; Sivey
and Roberts, 2012), where electron transfer from HSS (cathodic cell)
to trichloroacetamide (anodic cell) ostensibly occurred. Collectively, a
A[PD]/A[PT] ratio of approximately 1:1, a A[CI™]/A[PT] ratio of 1:1,
and a chlorine mass balance of over 85% indicates that the transforma-
tion of PT proceeds via reductive dechlorination in the electrochemical
cells. A lower AID yield was observed together with the generation of
AID isomers in electrochemical cells, consistent with a previous study
where intramolecular cyclization isomers of AID were postulated to
form during reductive dechlorination of AIT with Fe(Il) adsorbed on
goethite or hematite (Sivey and Roberts, 2012). Due to the lack of au-
thentic standards, we could not quantify AID isomers, which may ac-
count for the lower chlorine mass balance (~60%) for AIT (Fig. 1D).

The increase and subsequent decrease in PD and AID concentrations
in slurries of graphite + HSS suggest that they are susceptible to further
transformation. Completely dechlorinated sulfur-substituted products,
including (multi) sulfur-bridged dimers and monomers, were observed
for both PT and AIT (Table 1) in the slurries of graphite + HSS, suggest-
ing that nucleophilic substitution occurred (Xu et al., 2020). These
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Table 1
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Comparison of the products from trichloroacetamide transformation in electrochemical cells, polysulfides
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results are consistent with previous findings indicating that
dichloroacetamides can be transformed to sulfur-substituted mono-
mers and sulfur-bridged dimers in the slurries of graphite + HSS (Xu
et al, 2020). We acknowledge that the concentrations of
dichloroacetamides are likely to be lower in natural systems and the
dimerization and trimerization might proceed to a lesser extent. None-
theless, our results demonstrated that black carbon can concentrate
adsorbed dichloroacetamides and subsequently favor dimerization
and trimerization on black carbon surface. Overall, our results suggest
that both reductive dechlorination and nucleophilic substitution are
possible for the abiotic transformation of trichloroacetamides by
slurries of graphite and HSS.

3.2. Effect of Cl substituents on abiotic transformation of chloroacetamides

To understand how the number of chlorine substituents affects
transformation pathways and kinetics, we characterized the reaction
rates of six mono-, di-, and trichloroacetamides (Table 2) in four exper-

imental setups as previously described: HSS systems (no added

Table 2

graphite), slurries of graphite + HSS, polysulfides systems, and electro-
chemical cells. The transformation of all parent compounds followed
pseudo-first-order kinetics; rate constants (k) are summarized in
Table 2. In general, the addition of graphite significantly enhanced the
decay rates of chloroacetamides by HSS regardless of chlorine numbers.
For example, reactivity of PD was negligible in HSS systems but was
greatly accelerated in slurries of graphite + HSS (k = 0.067 +
0.002 h~!) with a half-life of (10 + 0.3 h).

Moreover, in slurries of graphite + HSS, the reactivity of
chloroacetamides was influenced by the degree of chlorine substitution.
Specifically, transformation rates of chloroacetamides in the slurries of
graphite + HSS (Kswrries of graphite + pss) decreased from PT (0.18 +
0.01 h™'; 3 chlorine atoms) to PD (0.067 4+ 0.003 h~'; 2 chlorine
atoms) and increased from PD to PC (3.5 + 0.2 h™!; 1 chlorine atom).
By contrast, in the electrochemical cells, PT showed the highest reactivity
(Ketectrochemicat cetis = 0.034 4= 0.004 h—') while PD and PC demonstrated
no appreciable reactivity. Similar trends were observed for the N,N-
diallyl-containing compounds AIT, AID, and AIC (Table 2). In the homoge-
neous polysulfides systems, rate constants of chloroacetamide

Effects of chlorine substituents on the observed pseudo-first-order rate constants of chloroacetamide decay in HSS systems, polysulfides systems, electrochemical cells, and slurries of

graphite + HSS.*

Chloroacetamides kss (™) Kpolysulfides (h™h) Ketectrochemical et (N71) Ksturries o graphite + pss (h™h)
PT Clg NDP 0.013 + 0.004 0.034 + 0.004 0.18 £ 0.01(powder)
0y ¢i (sheet) 0.043 + 0.003 (sheet)
AN~
PD Cl ND" 0.034 + 0.003 ND 0.067 £ 0.003(powder)
oﬁ)\cl
AN~
PC ojl 0.50 + 0.02 29 £ 0.1 ND 3.5 + 0.2(powder)
AN
AIT Clg, ND 0.010 + 0.002 0.046 + 0.003 0.21 £ 0.01(powder)
0L X¢i (sheet) 0.063 & 0.007 (sheet)
AN
AID Cl ND 0.044 + 0.002 ND 0.110 £ 0.002(powder)
Oy e
AN
AIC OJI 0.48 + 0.06 27 £ 04 ND 2.8 + 0.2(powder)
AN~

2 Reaction conditions: [HSS]o = 5 mM in slurries of graphite + HSS or in the anodic cell of the electrochemical cells, [graphite powder] = [graphite sheet] = 21 g-L~', pH = 6.9 + 0.2
(10 mM MOPS bulffer), polysulfides contained 4.8 mM HSS, 500 M elemental sulfur, and 450 pM polysulfides in sulfur atoms after 4-week equilibration, T = 25 °C.

b ND denotes reactivity not detectable.



X. Xu, P.D. Gujarati, N. Okwor et al.

transformation (Kpoiysuisides) consistently increased as the numbers of
chlorine substituents decreased from 3 to 1 for AIT (0.010 & 0.002 h™1),
AID (0.044 + 0.002 h™'), and AIC (2.7 + 0.04) h™!, or PT (0.013 +
0.004 h™"), PD (0.034 + 0.003 h™ "), and PC (2.9 & 0.1 h™ ). In homoge-
neous HSS systems, no reactivity was observed for tri- and
dichloroacetamides, whereas degradation of monochloroacetamides
was observed, albeit at much slower rates compared to that observed in
polysulfides systems.

The above trends can be rationalized by competing reaction path-
ways between reductive dechlorination and nucleophilic substitution
in the slurries of graphite + HSS. Specifically, as the number of chlorine
substituents increased from 1 to 3 (e.g., PC, PD, to PT), steric hindrance
at the chlorine-substituted carbon increases (Anslyn and Dougherty,
2005; Bordwell and Hughes, 1983; Fernandez et al., 2009), thereby at-
tenuating nucleophilic attack at the chlorine-substituted carbon. This
hypothesis is supported by observations from both HSS and polysulfides
systems, where reaction rate constants decreased in the order of
PC > PD > PT and AIC > AID > AIT. Our results align with previous find-
ings that the reaction between chloroacetamide herbicides
(e.g., metolachlor, acetochlor) and dichloroacetamide safeners
(e.g., AID, BD) with HSS and polysulfides systems followed a nucleo-
philic substitution pathway in the absence of graphite(Loch et al.,
2002). The observed reactivity in the electrochemical cells increased
in the order of PC < PD < PT and AIC < AID < AIT, which can be ex-
plained by the increasing electrophilicity of the chlorine-substituted
carbon as the number of chlorine substituents increases, thus increasing
susceptibility to reductive dichlorination (Sivey and Roberts, 2012).
Overall, our results suggest that the numbers of chlorine substituents
on chloroacetamides can affect their transformation rates and the com-
petition between reductive dechlorination and nucleophilic substitu-
tion pathways, with reductive dechlorination playing a predominant
role in the decay of trichloroacetamide and nucleophilic substitution
contributing to transformations of the di- and monochloroacetamides.

3.3. Effects of R group identity on transformations of dichloroacetamides in
homogeneous HSS and polysulfides systems

To interrogate how R group identity affects transformation path-
ways and kinetics, we characterized the transformation rates of eight
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dichloroacetamide structural analogs (Cl,CHC(=O)NRR’) in
homogenous polysulfides or HSS systems. The transformation of all
eight dichloroacetamide analogs followed pseudo-first-order kinetics
(Fig. S3), where rate constants (k) are summarized in Table S3. Overall,
dichloroacetamides showed reactivity toward both polysulfides and
HSS (Fig. 2A). Specifically, the decay rates of dichloroacetamides by
polysulfides (kpoiysuiide) decreased following the order: BD (0.104 +
0.004 h™') =~ AD (0.100 + 0.004 h™') > ChD (0.059 =+
0.002 h™') > ED (0.052 + 0.001 h~') > AID (0.044 +
0.002 h™') > PD (0034 + 0.003 h™') > PeD (0.030 +
0.001 h™!) ~ PhD (0.026 & 0.003 h™'). Although the transformation
rates by HSS were slower, a similar reactivity trend among
dichloroacetamides was observed (Table S3).

We also measured the rotational energy barrier (AG*) for the amide
C—N bond in several dichloroacetamides using variable temperature 'H
NMR. The values of AG* are shown in Fig. 2A. For ED, PD, PeD, AID, and
ChD, AG* values were calculated based on the temperature-induced coa-
lescence dynamics of the "H NMR signal of the analogous protons on each
R group (Gasparro and Kolodny, 1977; Macomber et al., 1998). When ro-
tation is restricted for the amide bond, the analogous protons on each R
group result in distinct "H NMR chemical shifts. Taking AID as an example,
the four methylene protons adjacent to N (64 = 3.97 and 6g = 3.85) were
used as the analogous protons. These peaks broadened with increasing
temperature and subsequently merged at 100 °C (Fig. 2B). This
temperature was defined as the coalescence temperature and was used
to calculate AG* values as described in Text S4. We employed an
identical approach to calculate AG* values for ED, PD, PeD, and ChD and
their "TH NMR spectra are summarized in Fig. $5-513.

Structural complexities of AD, BD, and PhD precluded precise calcula-
tion of their AG* values; nevertheless, these AG* values could still be es-
timated as described in Text S4. Our results suggest that AG* values of
AD and BD were higher than ChD, while the AG¥ of PhD was similar to
PeD. Thus, we grouped the eight dichloroacetamides into two categories
based on their AG* values: high AG* values (AD, BD, and ChD with AG*

> 18.6 kcal-mol™") vs. low AG* values (ED, PD, PeD, AID, and PhD with
AG¥ values <16.3 kcal-mol™!). The highest AG* values for AD and BD
are likely due to the hindered rotation of the bulky bicyclic moieties
and/or steric repulsion involving the dichloroacetyl group (Bisz et al.,
2018; Krishnan et al., 2017). The lower AG* values for ED, PD, PeD, and

(A) (B)
0.15 | | 1 1 1 |
mmm HSS =186 =186 o cl
kealemol! kealmol” ﬁ/\m
0.10_ - POIYSUIﬁdeS 15.7 kc;ﬁlﬁow kc;iljo\"‘ ] "In /\T/N\T/\ 100 OC
‘T 0 05_ <16.3 16.2 kc;fﬁo\'1 bl | 90 OC
= : kcalmor!  kcalsmol! |_| . P
=3 = |;| 1 7_/.‘{“‘.\,,/;\\_‘1 ___80°C
é 0.015 T SN\ gpec
0.010- - 50°C
0.005- - i i 40 °C
0.000- H =0 B . . M 3(5) (CJ
PhD PeD PD AID ED ChD AD BD T \ T ‘ﬁl T | T T T |
O‘T)\C' °YLC| Ofm Orm °ch| "%u Oaﬂm °I’C“Icl T4 0 T 3.8
@ @ H’ H AN AN N U ‘O C[oj/ aH (ppm)

Fig. 2. (A) Effect of the R-group identity on the transformation kinetics of dichloroacetamides in HSS and polysulfides systems. AG* values in kcal-mol~! are shown on the top of each bar in

red. Reaction conditions for (A)

: [dichloroacetamide] = 20-24 pM, [HSS]o = 5 mM, pH = 6.9 + 0.2(10 mM MOPS buffer), polysulfides contained 4.8 mM HSS, 500 uM elemental sulfur,

and 450 uM polysulfides in sulfur atoms after 4-week equilibration, and T = 25 °C. (B) 'H signals for the methylene protons adjacent to nitrogen, demonstrating coalescence at elevated
temperature. NMR conditions: 400 MHz variable temperature 'H NMR spectra of AID in DMSO-dg at temperatures ranging from 25 to 100 °C. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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AID can be explained by the relatively lower steric repulsion between n-
alkyl or allyl groups and the amide bond, as well as more favorable solva-
tion compared to cyclic structures (Pluth et al., 2008). The lower AG*
value of PhD can be rationalized via an electronic effect in which the
amide resonance is less effective due to a competing resonance interac-
tion with the aromatic rings (Bisz et al.,, 2018; Pros and Bloomfield, 2019).

Previous studies suggested that reduced sulfur species (e.g., HSS and
polysulfides systems) can react with mono- and dichloroacetamides via
a bimolecular nucleophilic substitution (Sy2) pathway (Loch et al.,
2002; Xu et al., 2020). The observed differences in dichloroacetamide
reactivity toward HSS or polysulfides can thus be rationalized by their R
group identity. We hypothesize that the lower reactivity of ED, PD, PeD,
AID, and PhD (Fig. 2A) can be explained by their relatively low AG* values,
associated with less geometrically rigid R groups that enable them to
adopt conformations in closer proximity to the dichloromethyl carbon
(Chupp and Olin, 1967) and thus disfavoring nucleophilic attack by an
Sn2 pathway. The reactivity trend of ED > PD > PeD likely results from
increasing steric hindrance with increasing alkyl chain length.

PhD is less reactive than ChD toward HSS and polysulfides systems,
which may be attributed to the m electrons in phenyl groups of PhD
that could disfavor the approach of an anionic nucleophile (e.g., HS™)
and the subsequent accumulation of negative charge in the Sy2
activated complex. A previous study found that PhD was more reactive
than ChD in reactions with Cr(H,0)2 ™", in which case the phenyl groups
of PhD could ostensibly promote interactions between Cr(H,0)2" and
dichloroacetamides, thereby enhancing rates of dichloroacetamide
reduction (Sivey and Roberts, 2012). By contrast, despite possessing
larger R groups, ChD was more reactive than PeD, which may be attrib-
uted to its geometrically rigid cyclohexyl groups (Santos et al., 2014).
The higher reactivity of ChD, AD, and BD might result from their higher
AG* values (Fig. 2A), consistent with more geometrically rigid R groups
that were restricted from approaching the dichloromethyl carbon and
thus favoring nucleophilic attack by an Sy2 pathway.

3.4. Effect of R group identity on transformation of dichloroacetamides in
the slurries of graphite + HSS

The presence of graphite significantly enhanced the reactivity
of dichloroacetamides and altered the relative reactivity of
dichloroacetamides toward HSS. Decay rates of dichloroacetamides in
slurries of graphite + HSS (Ksuries of graphite + pss, Fig. 3A) decreased in
the order: AID (0.110 & 0.002 h—!) > BD (0.083 4 0.003 h—!) > PhD
(0075 + 0003 h™!) = AD (0.075 + 0.003 h™') > ED (0.068 +
0.007 h=!) > PD (0.067 & 0.003 h~!) > ChD (0.065 4 0.007 h~!) > PeD
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(0.060 & 0.002 h™1). To quantify the effect of graphite on accelerating
dichloroacetamide transformation rates, we defined the enhancement
factor as the ratio of the rate constant from the slurries of
graphite + HSS (Ksumies of graphite + pss) over those from the
homogeneous HSS systems (kyss). The trend in enhancement factors is
shown in Fig. 3A, where AID (134 + 15) = PeD (136 4+ 30) > PhD
(98 +7)>PD (72 &+ 5) > ED (60 & 7) > ChD (24 4+ 3) > BD (7.0 &+
0.3) > AD (6.3 £ 0.3).

The observed enhancement in dichloroacetamide reactivity can be
explained by conformational changes upon adsorption onto graphite.
Low enhancement factors were observed for BD, AD, and ChD (6.3 to
24), which can be attributed to their geometrically rigid R groups
(higher AG* values) that constrained conformational changes upon ad-
sorption. By contrast, high enhancement factors (60 to 134) were ob-
served for ED, PD, PeD, AID, and PhD, which can be rationalized by
their less geometrically rigid R groups (low AG* from 15.7 to
16.3 kcal-mol ~!) when dissolved in solution. As a result, the interaction
between dichloroacetamides and graphite likely constrained their R
groups from approaching the dichloromethyl carbon and subsequently
favored nucleophilic attack via an Sy2 pathway.

The observed enhancement factors increased from ED < PD < PeD.
We postulate that the longer alkyl chains (ED < PD < PeD) increased
the adsorption affinities due to non-specific (e.g., van der Waals) inter-
actions between dichloroacetamides and graphite. This is further sup-
ported by the increasing fraction of ED < PD < PeD on graphite
surface (Fig. S1) and the positive correlation between the HPLC reten-
tion times of ED, PD, and PeD and their enhancement factors
(Fig. S4A). However, no correlation was observed when all eight
dichloroacetamides were compared together (Fig. S4B), suggesting
that other factors, such as specific (e.g., m-1) interactions, should also
be considered. Notably, enhancement factors were significantly higher
for AID (134 + 15) vs. PD (72 + 5) and for PhD (98 + 7) vs. ChD
(24 £ 3). Similarly, as shown in Table 2, a higher reactivity was ob-
served for AIT compared to PT in slurries of graphite + HSS and in elec-
trochemical cells. These observations can be rationalized by the stronger
interaction between the graphitic region of the graphite and the allyl
groups of AID or AT, or the phenyl groups of PhD. We propose that spe-
cific (e.g., m-mr) interactions between allyl or phenyl groups and the gra-
phitic region of graphite (Zhu and Pignatello, 2005) further restricted
the R groups of AID, AIT, and PhD from approaching the dichloromethyl
carbon in comparison to PD, PT, and ChD, respectively, and thus favored
nucleophilic attack by an Sy2 pathway.

The impact of adsorption on the conformational changes of
dichloroacetamides was further investigated by variable temperature
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Fig. 3. (A) Effect of the R-group identity on the transformation kinetics of dichloroacetamides in the slurries of graphite + HSS. (B) Variable temperature '"H NMR spectra of AID in
toluene-dg. Reaction conditions for (A): [dichloroacetamide] = 20-24 uM, [HSS]o = 5 mM, pH = 6.9 =+ 0.2(10 mM MOPS buffer); [graphite powder] = 21 gL', and T = 25 °C. NMR
conditions for (B): 400 MHz variable temperature 'H NMR spectra of AID in toluene-dg at temperatures ranging from 25 to 80 °C.
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TH NMR in the presence of solvents with different polarities, including
D,0, DMSO-dg, and toluene-dg. AID was selected as a model compound
for investigations of such solvent effects. Fig. 3B demonstrates the 'H
NMR coalescence dynamics of the analogous methylene protons of
AID in toluene-dg. The coalescence temperatures of AlID decreased
from 100 °C to 80 °C when dissolved in DMSO-dg and toluene-dg,
respectively, corresponding to a decrease of AG* from 15.7 kcal-mol !
in DMSO-dg to 14.9 kcal-mol~! in toluene-ds. Peak coalescence was
not observed for AID in D,0 as the temperatures approached the
boiling point of D,0 (Fig. S13), thus preventing us from calculating a
precise value of AG*,

Similar to previous studies (Cox and Lectka, 1998; Moriarty, 1963;
Pluth et al., 2008), we postulate that the decrease in AG* of AID when
switching from DMSO to toluene was due to differential solvation in a
less polar solvent and/or m-m interactions between the amide/allyl
groups and toluene. The results of the variable temperature NMR exper-
iments in toluene-dg could be particularly relevant to the reaction of AID
in slurries of black carbon + HSS. In changing from the polar, aprotic
solvent DMSO to the less polar solvent toluene, the energy barrier for ro-
tation about the amide C—N bond decreased by 0.8 kcal-mol~'. As a 1i-
rich aromatic solvent, toluene should more closely approximate the
chemical properties of graphite (Zhu et al., 2004). Therefore, it is possi-
ble that similar -donor interactions between AlD and the graphite sur-
face may help to explain why AID exhibited the highest enhancement
factor among the eight dichloroacetamides investigated.

4. Conclusion

Our study demonstrated that the number of chlorine substituents
could shift the predominant reaction pathway from nucleophilic to re-
ductive dechlorination, which may result in products with different tox-
icity and biodegradability (Heckel et al., 2018; Palau et al., 2017; Palau
et al,, 2014). Further studies on the effect of halogen substituents in re-
action pathways and their ecotoxicity profile are merited given the
ubiquitous presence of halogenated organic contaminants in the
environment. Additionally, this study pioneered the use of dynamic
TH NMR spectroscopy to quantify the geometrical rigidity of
environmentally-relevant dichloroacetamides, elucidating the potential
impact of conformational changes during the adsorption processes on
the reactivity of these compounds. The application of dynamic NMR
can conceivably be extended beyond dichloroacetamides as the reactiv-
ity and transformation pathways of other contaminants can also possess
constrained conformations. For example, the cis conformers of amides
are more reactive toward hydrolysis (Biechler and Taft, 1957; Carlson
etal., 2006). Moreover, dehydrohalogenation of alkyl halide conformers
can generate haloalkenes isomers with different reactivities toward
subsequent reductive dichlorination (Seeman, 1983).

Furthermore, our finding that adsorption of dichloroacetamides on
graphite significantly altered their relative reactivity (e.g., up to an en-
hancement factor of 134-fold) has important environmental implica-
tions. Compared to graphite, a model black carbon with minimum
functional groups, naturally occurring black carbon maybe more reac-
tive in facilitating dichloroacetamide transformation due to their abun-
dant functional groups. Moreover, adsorption is a ubiquitous
environmental process that controls the fate and transport of many pol-
lutants. Further studies are needed to evaluate whether enhanced reac-
tivities of contaminants occur in mineral systems upon adsorption and
possibly explore the synergies between the black carbon and mineral
systems (Kappler et al., 2014; Lian and Xing, 2017; Ricko et al., 2020).
These endeavors could help uncover a largely overlooked pool in the
environment for sequestering and transforming contaminants. Addi-
tionally, chloroacetamides are widely used as herbicide constituents
(Abu-Qare and Duncan, 2002), preservatives (Perrenoud et al., 1994),
pharmaceutical precursors (Fitzpatrick et al., 2018), and active pharma-
ceutical ingredients (Brock, 1961). Recent studies also indicate the for-
mation of chloroacetamides as disinfection byproducts during the
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chloramination of acetaldehyde and dissolved organic matter (Kimura
et al.,, 2013; Kimura et al,, 2015; Le Roux et al,, 2016; Plewa et al.,
2008). Thus, the findings from this study could inform industries be-
yond the agricultural sector and communities that are impacted by
the application (or formation) of chloroacetamides. Lastly, the diverse
roles of sulfur species elucidated by this study and their interaction
with black carbon and contaminants could inform other areas of
study, including systems where H,S/HS™ serve as biological signaling
compounds, or sensor developments using sulfur-based ligands (Pluth
and Tonzetich, 2020).
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