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ABSTRACT: Dicamba is a semivolatile herbicide that has caused [cr o —Ta o
widespread unintentional damage to vegetation due to its | OH | "%
volatilization from genetically engineered dicamba-tolerant crops. § HNT~NOS 0 \& | // |
Strategies to reduce dicamba volatilization rely on the use of § \ & +DGA Dicamba | Q |
formulations containing amines, which deprotonate dicamba to § Dicambs (Volatile) ggowba
generate a nonvolatile anion in aqueous solution. Dicamba 2 | || (NopdBiaie) |
volatilization in the field is also expected to occur after aqueous [N AN A | |
spray droplets dry to produce a residue; however, dicamba | +BAPMA

speciation in this phase is poorly understood. We applied Fourier 1700 “ 1700 1571,
transform infrared (FTIR) spectroscopy to evaluate dicamba Wavenumber (cm™’) Wavenumber (cm”’)
protonation state in dried dicamba-amine residues. We first

demonstrated that commercially relevant amines such as diglycolamine (DGA) and #n,n-bis(3-aminopropyl)methylamine
(BAPMA) fully deprotonated dicamba when applied at an equimolar molar ratio, while dimethylamine (DMA) allowed neutral
dicamba to remain detectable, which corresponded to greater dicamba volatilization. Expanding the amines tested, we determined
that dicamba speciation in the residues was unrelated to solution-phase amine pK,, but instead was affected by other amine
characteristics (i.e., number of hydrogen bonding sites) that also correlated with greater dicamba volatilization. Finally, we
characterized dicamba-amine residues containing an additional component (i.e., the herbicide S-metolachlor registered for use
alongside dicamba) to investigate dicamba speciation in a more complex chemical environment encountered in field applications.
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H INTRODUCTION

Since the commercial release of glyphosate-tolerant crops in
1996, the use of herbicides on genetically modified herbicide-
tolerant crops has become a crucial approach to control weeds
in agriculture. In recent years, the emergence of glyphosate-
resistant weeds' has spurred the development of new
genetically modified crops that tolerate herbicides with
alternative modes of action to enable continued weed
control.>™* Among these, crops that tolerate the herbicide
dicamba (3,6-dichloro-2-methoxybenzoic acid)®~’ were re-
leased in 20135, after which the use of dicamba in the U.S.
increased from 3 X 10° kg in 2015 to 14 X 10° kg in 2019.°
Unfortunately, this increased dicamba use as a postemergent
herbicide on tolerant crops has also been associated with
unintentional damage to surrounding vegetation. Reports of
off-target dicamba damage to nearby crops documented by the
US Environmental Protection Agency (EPA) rose from none
in 2016 to 3461 in 2021;” the 2021 reports alone represented
damage to over 1.1 million acres of cropland in 29 of the 34
states where postemergent dicamba use on dicamba-tolerant
crops was approved.” Beyond adjacent crops, the off-target
movement of dicamba can damage other vegetation”'’ and
may impact surrounding ecosystems.'' Consequently, under-
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standing and preventing the off-target movement of dicamba
are important for both agriculture and the environment.
Off-target dicamba movement, in principle, can occur
through multiple processes during or after application;”' "
among these processes, volatilization of dicamba has been
identified as an important pathway for off-target dicamba
movement after application.”™"® The role of volatilization has
been specifically elucidated in field trials,'® as well as
emphasized in a 2021 US EPA report on dicamba off-target
movement, which stated that “Officials from numerous states
posit that secondary movement, or volatility, is the cause of the
majority of off-target incidents.”” Although dicamba volatiliza-
tion remains a persistent problem, efforts have been made to
reduce dicamba volatilization by adding additional chemical
agents to dicamba formulations.”'> These agents include
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amines, which deprotonate dicamba to its nonvolatile
anion.'””” Amines in current dicamba formulations approved
for postemergent application include diglycolamine (DGA)
and n,n-bis(3-aminopropyl)methylamine (BAPMA) salts,
which decrease dicamba volatilization relative to dimethyl-
amine (DMA) and isopropylamine (IPA) formulations.”’~*
Recently, pH buffers have also been added to dicamba
formulations to maintain the pH of the formulation solution
above the pK, of dicamba (pK, = 1.9).* Although the
inclusion of these buffers reduces dicamba volatilization
compared to unbuffered solutions,”*® dicamba volatilization
(ie., after spray azpplication) does not consistently correlate
with solution pH,””***” suggesting that other factors beyond
pH control of formulation solutions may affect volatilization.
The need to consider other factors contributing to dicamba
volatilization is further supported by field trials in which
dicamba volatilization remained measurable from DGA and
BAPMA formulations”*** even when a pH buffer was added to
a DGA formulation.”” Additionally, there have been continued
incidents of damage due to dicamba volatilization, including
the 2021 reports detailed above,” despite the required
inclusion of DGA or BAPMA along with a pH buffer in all
postemergent dicamba applications in recent years.”

One possible explanation for the continued occurrence of
dicamba volatilization in the field despite the use of robust
strategies to control solution phase chemistry””*°™>" is that
dicamba volatilization may be occurring from a different
phase—specifically, residues generated by the drying of aqueous
spray droplets after application. Across typical environmental
conditions, aqueous spray droplets are expected to evaporate
on the order of minutes.>*™>° In contrast, dicamba
volatilization occurs over several days after application,”"”’
suggesting that dicamba volatilization may continue after spray
droplets have dried to a residue. Laboratory experiments have
demonstrated that dicamba can volatilize from residues formed
by the evaporation of aqueous solutions containing amines
commonly applied with dicamba.”>** Comparable residues
(i.e,, dicamba-DGA and -BAPMA residues dried from
methanol) have been identified as protic ionic liquids
(PILs):* salts above their melting point formed by proton
transfer between a Brgnsted acid (e.g., dicamba) and base (e.g.,
amine)."’ While the underlying proton transfer reaction is
consistent between solutions and PILs, the extent of this
reaction, as well as the factors that determine it, may differ
between these phases. Specifically, for some combinations of
Brénsted acids and bases, proton transfer is incomplete,
resulting in the presence of both neutral and ionic species at
equilibrium in the PIL.**~*® Consistent with solution phases,
neutral molecules volatize from PILs more readily than their
ionic counterparts.*”***” Consequently, the chemical speci-
ation of dicamba, particularly its protonation state, in these
PIL-like residues may play an important role in determining
dicamba volatilization.

In this study, we investigated the protonation state of
dicamba in dicamba-amine residues using Fourier Transform
Infrared (FTIR) spectroscopy, which has previously been used
to assess proton transfer in other condensed organic acid—base
mixtures” > including carboxylic acids (corresponding to the
primary acidic moiety in dicamba) and amines.>>">> After
identifying features indicating the extent of proton transfer
between dicamba and amines in residues, we tested the
correlation of dicamba protonation in the residue phase with
its volatilization using four amines used in commercial dicamba

formulations (i.e, DMA, IPA, DGA, and BAPMA). Using an
expanded set of amines and other structurally related
chemicals, we evaluated the effects of amine properties (e.g.,
steric factors, other functional groups) beyond amine pK, on
dicamba protonation in the residue phase. Because dicamba is
often applied alongside other chemicals (e.g., other herbi-
cides), we also used our technique to investigate the effect of
an additional component (i.e., the herbicide S-metolachlor) on
dicamba protonation in residues containing additional
chemical constituents. Finally, we applied insights gained by
our approach to identifying key factors that determine dicamba
protonation in the residue phase to evaluate how they may be
employed to more effectively control volatilization.

B MATERIALS AND METHODS

Chemicals and Suppliers. A list of chemicals and
suppliers can be found in the Supporting Information (Text
S1). All herbicides and amines were used to generate
concentrated stock solutions, which were subsequently
employed in experiments. Concentrated amine solutions
were handled in fume hoods because amines pose inhalation
hazards.

Preparation of Residues for FTIR Analysis. All residues
analyzed using FTIR were prepared on 25 mL PTFE
evaporating dishes (Fisher Scientific, 02617146). In most
experiments, residues for FTIR analysis were dried from
aqueous solutions (4 mL) containing dicamba and amine at
the molar ratios specified in the figure captions. In each
condition, the specific amounts of dissolved chemical
constituents were adjusted so that the initial masses of all
constituents present summed to S mg. Drying was carried out
over 48 h at room temperature, during which time all visible
water evaporated. The final residues contained residual water,
which affected residue properties, as discussed below.

Exceptions to this protocol were made in two cases. First, a
small number of experiments replaced water with the solvents
acetone or methanol, as discussed below. Second, residues
containing S-metolachlor were dried from larger solution
volumes (5—10 mL), which was required to accommodate the
lower aqueous solubility of S-metolachlor (i.e., 530 mg/L,*® or
1.9 mM, at 20 °C) relative to other constituents used in our
study. In all cases, all visible water or solvent evaporated over
the drying period.

Most dicamba residues behaved as sticky, viscous liquids
(Figure S1). A smaller number instead behaved as solids,
specifically: (i) dicamba free acid (FA), (ii) all dicamba-
ethylene glycol monopropylether (EGME) residues, (iii)
dicamba-DMA residues at 0.25/1 and 0.5/1 DMA/dicamba
molar ratios, and (iv) dicamba-hexylamine (HA) residue at an
equimolar ratio of HA to dicamba.

FTIR Analysis of Residues. FTIR spectra were collected
using a Thermo Nicolet Nexus 670 spectrophotometer
equipped with a Golden Gate diamond attenuated total
reflection (ATR) accessory. Spectra were collected over the
wavenumber range of 400—4000 cm™' at a resolution of 4
cm™. For each residue, 128 scans were averaged to generate
the spectrum. When spectra were overlaid, the baseline was
normalized by subtracting the absorbance at 3999 cm™ from
the entire spectrum. Full FTIR spectra are presented in the
Supporting Information (Figures S2—S14).

To quantitatively analyze FTIR spectra (Text S2), over-
lapping peaks were deconvoluted using Fityk, an open-source

nonlinear peak fitting program.”” Peaks were fit to a Voigt
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Figure 1. (A) Structures of dicamba, DMA, DGA, IPA, and BAPMA. FTIR spectra of dicamba-amine residues including (B) DMA, (C) IPA, (D)
DGA, and (E) BAPMA at 0—1 amine/dicamba molar ratios ([Amine]/[Dic]). The vertical dashed red line at 1700 cm™" indicates the approximate

location of the carbonyl stretching peaks, while the dashed blue lines at 1571 and 1365 cm™

asymmetric and symmetric carboxylate stretching peaks.

! indicate the approximate respective locations of

profile using the Levenberg—Marquardt method for solving
nonlinear least-squares problems (Text S3). Deconvoluted
spectra (Figures S15—524) with corresponding probable peak
assignments (Tables S1—S10) are presented in the Supporting
Information, along with summary compilations presenting the
peaks associated with moieties indicating dicamba protonation
(ie., carboxylic acid and carboxylate moieties) across residue
compositions (Tables S11—S13, Figure S25). Because addi-
tional components (e.g., amines) dilute dicamba in addition to
altering protonation, dicamba protonation was quantified as
the ratio of the heights of these peaks to account for changes in
the concentration of total dicamba in the final residue (Figure
$26). Ratios of peak areas yielded similar results (Figure S27).

Volatilization Measurements. Dicamba volatilization
measurements were performed following procedures described
previously.”® Briefly, dicamba and amine residues for
volatilization measurements were dried for 24 h at room
temperature from a 2 mL solution containing 123 M dicamba
(equivalent to 246 nmol or 54.4 ug), the specified molar ratio
of amine, and (when applicable) the specified molar ratio of S-
metolachlor in a 50 mL glass beaker. After drying, two initial
beakers were extracted with 2 mL of 1/1 (v/v) water/
acetonitrile to determine the initial amount of dicamba,
amines, or S-metolachlor present in the residue. The remaining

three beakers were placed on a hot plate at 40 °C for 48 h
followed by extraction using the same protocol. Chemical
concentrations in the extracts were determined using the
analytical methods described below and multiplied by the
volume of the extract to determine the moles of chemicals in
the two initial beakers and the three final beakers. The
differences in these values were used to calculate the moles of
each chemical lost during the experiment.

A fraction of the extract was analyzed to determine dicamba
concentrations following a published method using an Agilent
1260 high-pressure liquid chromatography instrument with UV
absorbance detection (HPLC-UV) equipped with a Poroshell
120 C-18 column.”® For residues containing S-metolachlor,
this method was adapted to quantify dicamba and S-
metolachlor concentrations in the same method using a flow
rate of 0.35 mL/min with 40% of 0.1% formic acid in water
and 60% of 99% acetonitrile/1% water. Dicamba and S-
metolachlor were eluted at 3.9 and 8.7 min, respectively, and
were detected using 225 and 210 nm wavelengths, respectively.
To quantify amine concentrations, a separate 300 uL fraction
of the extract was derivatized using fluorenylmethyloxycarbon-
yl-chloride prior to HPLC-UV analysis using previously
published methods.”’
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B RESULTS AND DISCUSSION

FTIR Analysis of Dicamba Free Acid (FA). Before
determining how other components (ie., amines) affect the
FTIR spectra of the residues, we first identified the peaks
present in an FTIR spectrum of a residue containing dicamba
alone dried from water (Figure S2). This spectrum agreed well
with FTIR spectra for dicamba available in databases and a
prior publication.’*™® We expected that, without amines or
other bases present, dicamba in this residue would be present
primarily in its neutral form (ie., dicamba free acid, FA),
consistent with neutral dicamba exclusively being present in
the crystal structure of dicamba FA dried from toluene
determined by X-ray diffraction.®’

Examining the FTIR spectrum of dicamba FA allowed us to
identify peaks that could be leveraged to differentiate neutral
dicamba from the dicamba anion (i.e., peaks associated with
the carboxylic acid moiety). Among assigned peaks (Figure
S2), one was present at 1700 cm™', which fell within the
wavenumbers associated with the carbonyls present in
dimerized carboxylic acid moieties (Figure S28) attached to
aromatic rings (1700—1680 cm™').°” A second broad peak at
916 cm™ is likely associated with the out-of-plane wag of
carboxylic acid dimers (960—880 cm™').°* The occurrence of
carboxylic acid dimers in the dicamba FA residue is in
agreement with the crystal structures of dicamba FA®' and
other aromatic carboxylic acids (e.g., benzoic acid).®*%*
Among peaks associated with neutral carboxylic acids,”* we
selected to use the carbonyl stretching peak at 1700 cm™' in
subsequent comparisons to other residues due to the absence
of other peaks in this range in the dicamba FA FTIR spectrum.

FTIR Analysis of Dicamba-Amine Residues. We next
evaluated changes to the FTIR spectra upon inclusion of an
amine in the residue associated with the transfer of a proton
from dicamba to the amine. We included four amines (Figure
1A) used in commercial dicamba products (i.e., DMA, IPA,
DGA, BAPMA)7‘65 at increasing initial amounts up to an
equimolar molar ratio to dicamba. The inclusion of all four
amines reduced the size of the carbonyl peak at 1700 cm™". In
addition, two new peaks appeared near 1571 and 1365 cm™’;
these wavenumbers fall within the ranges associated with
asymmetric and symmetric stretching of carboxylate moieties,
respectively’>*® (Figure 1B—E). On the asymmetric carbox-
ylate stretching peak near 1571 cm™), we also observed
shoulders associated with protonated amine moieties; these
peaks became more apparent upon deconvolution of the
spectra (Figures S16—S24, Tables S1—-S10). The inclusion of
primary amines resulted in two shoulder peaks associated with
NH;" asymmetric and symmetric bending (1625—1560 and
1550—1505 cm™, respectively),”® while secondary amines
contribute a single shoulder peak associated with NH,*
bending (1620—1560 em™).%¢ Together, these changes in
FTIR spectra upon the inclusion of amines in the dicamba
residue are consistent with proton transfer from the carboxylic
acid in dicamba to the amine.

Additional important changes in the spectra were associated
with the disruption of the carboxylic acid dimer identified in
dicamba FA. At higher amine/dicamba ratios, the carbonyl
peak near 1700 cm™ was accompanied by a shoulder or
second peak between 1730 and 1710 cm™' (Figure 1B—E).
Additionally, the broad carboxylic acid dimer out-of-plane wag
peak (960—875 cm™)® was absent in the spectra from
dicamba-amine residues other than dicamba FA and both

dicamba-DMA and dicamba-IPA residues at a 0.25/1 amine/
dicamba molar ratio (Figure S29). These observations agree
with trends previously hypothesized to result from the
preferential formation of solvated carboxylic acid monomers
over dimers when certain carboxylic acids were diluted into
polar solvents,”> which may occur herein when dicamba is
diluted into the amine. The ability of amines to disrupt
hydrogen bonding within the dicamba dimers may influence
dicamba volatilization from the residue phase as well as affect
the quantification of neutral dicamba in the residues (Text S3).

To evaluate the relative effects of the four amines on the
protonation state in the residues, we prepared residues with
lower ratios of amine relative to dicamba so that differences in
the dicamba protonation state could be observed (Figure 1B—
E). We first compared the effects of DMA (Figure 1B) and IPA
(Figure 1C), which both contain a single amine moiety that we
hypothesized would each be capable of deprotonating one
dicamba molecule. The dicamba carbonyl peak remained
visible in all residues prepared with excess dicamba relative to
amine (Figure 1B, C), consistent with a single proton transfer
from dicamba to the solitary amine moiety present in both
DMA and IPA. However, the carbonyl peak was still visible
when DMA was added at an equimolar ratio to dicamba
(Figure 1B), but not when IPA was added at the same ratio
(Figure 1C). This difference may relate to the order of the
amine moieties in DMA and IPA (i.e., secondary vs primary),
as detailed below.

Although DGA, like DMA and IPA, contains a solitary
amine moiety, a visible carbonyl peak was absent even in some
residues prepared with excess dicamba (i.e., 0.75/1 DGA/
dicamba; Figure 1D). To explain the complete deprotonation
of dicamba despite the stoichiometrically insufficient number
of amine moieties to accept the protons, we hypothesized that
another constituent (e.g., another DGA moiety, residual water
in the dried residue) may be acting as a proton acceptor in
these residues. Though limited to other systems, some
literature supports the possibility that residual water in the
residues may accept excess protons from dicamba. In one PIL,
trace water was found to accept a proton from the acid to form
the hydronium ion,”” and water was also protonated when
mixed at an equimolar ratio with a strong acid to generate
another PIL.%®

To test the effect of residual water on dicamba protonation
in residues, we prepared dried dicamba-DGA residues from
methanol and acetone instead of aqueous solutions. We
confirmed that dicamba-DGA residues dried from methanol
and acetone had smaller water OH stretching peaks (3700—
3400 cm™')® than those dried from water (Figure S30A),
indicating that residual water in the residue largely remained
from water used as the solvent rather than taken up as
atmospheric water vapor due to residues acting as hydroscopic
PILs.”” We also confirmed that DGA deprotonates dicamba in
residues prepared from all solvent systems by observing that
the size of the carbonyl peak decreased relative to the
carboxylate peaks in residues prepared with higher amounts of
DGA relative to dicamba, regardless of the solvent (Figure
S30B). When comparing residues prepared at the same DGA/
dicamba molar ratio in different solvents, the carbonyl peaks
were substantially higher in residues dried from methanol or
acetone than in residues dried from water, suggesting that
residual water may contribute to additional dicamba
deprotonation. In particular, at the 0.75/1 DGA/dicamba
molar ratio, the carbonyl peak was observed in the dicamba-
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Figure 2. Comparison of dicamba lost to volatilization to the ratio of the FTIR peak heights of the carbonyl (C=0) and carboxylate (COO™)
peaks for dicamba-amine residues prepared with (A) DMA, (B) IPA, (C) DGA, and (D) BAPMA. Measurements of dicamba volatilization and
FTIR spectra were obtained from two sets of residues prepared at the same amine/dicamba ratios; these values and their corresponding peak height
ratios are plotted in Figure S26. Dicamba moles lost to volatilization were calculated as the difference between the initial amount of dicamba
(nominal value = 246 nmol) measured in the residue after 24 h of drying at room temperature to the final amount of dicamba present in the residue
after 48 h at 40 °C. Error bars represent the propagated error of the range of the two initial dicamba measurements and the standard deviation of

the three final dicamba measurements.

DGA residues dried from methanol and acetone, but not water,
supporting our hypothesis that residual water, if present, may
contribute to deprotonation of dicamba.

Among the amines tested, BAPMA uniquely contained
multiple amine moieties (two primary amines and one tertiary
amine), which we hypothesized would lead to extensive
dicamba deprotonation even at low BAPMA/dicamba molar
ratios. Previously, proton transfer between one BAPMA
molecule and up to three dicamba molecules was observed
using nuclear magnetic resonance (NMR) in dicamba-BAPMA
PILs dried from methanol.”’ Consistent with our hypothesis,
no carbonyl peak was observed in residues at or above a 0.5/1
BAPMA/dicamba molar ratio, while a small peak was visible in
the residue prepared at a 0.25/1 BAPMA/dicamba molar ratio,
which corresponded to a small excess of dicamba carboxylic
acid groups relative to BAPMA amine moieties (Figure 1E).
Consequently, the deprotonation of dicamba in residues
containing BAPMA was consistent with the three amine
moieties in BAPMA acting as proton acceptors.

Relationship of Protonation Measured by FTIR to
Volatilization from Residues. To test our hypothesis that
dicamba protonation correlates to its volatilization from the
residues, we quantitatively compared the size of peaks
associated with the carboxylic acid and carboxylate moieties
on dicamba FA and dicamba anion, respectively, by calculating
a ratio of peak heights to account for dilution of dicamba by
the addition of the amines. As discussed in the prior section,

12066

the height of the carbonyl peak at 1700 cm™" decreased sharply
when the fraction of amine was increased due to disruption of
the carboxylic acid dimer in addition to deprotonation and
dilution; this change was accompanied by formation of a
shoulder or second peak between 1730 and 1710 cm™*
associated with the carboxylic acid monomer that was
quantified alongside the dimer (Table S11, Figure S31).
Because the dimer and monomer represent two distinct states
in which dicamba is present in its neutral form, the heights of
these peaks in the deconvoluted spectra were summed as a
conservative estimate of the extent of dicamba protonation. In
contrast, the carboxylate moiety in dicamba is present in a
single ionic state but results in two peaks corresponding to the
asymmetric stretch near 1571 cm™ and the symmetric stretch
near 1365 cm™" that are highly correlated across the different
residues (Table S11). Both peaks associated with the
carboxylate moiety were used individually to calculate the
corresponding ratios that are presented in all figures; ratios
from each peak resulted in consistent trends and are not
distinguished further in the following discussion. In cases
where the carboxylate peaks were absent after deconvolution,
the ratio was not calculated.

Loss of dicamba due to volatilization from residues over 48 h
at 40 °C was measured at varying initial amine/dicamba molar
ratios corresponding to those used in FTIR measurements (i.e.,
0.25/1,0.5/1,0.75/1, 1/1) (Figure $32). The resultant trends,
as well as the observed variations among replicates, were

https://doi.org/10.1021/acs.est.4c01591
Environ. Sci. Technol. 2024, 58, 12062—12072


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

C
A) H2N NN B) )3 ]
. , * Using COO’ at ~1573 cm™' e — -Using COO" at ~1365 cm’!
HeXyIamlne (HA) 8 osk 'V Dicamba+HA v 8 3 Using c&o at~1573 cm™
Ov\ Q (m] D!camba+DMA * Q D!camba+HA
N Ie) [>Dicamba+APA o <] Dicamba+AEPE
H2N (I_I) YxDicamba+IPA g 25 [>Dicamba+APA
2-Aminoethylpropylether o 0.6 < Dicamba+DGA s, <) Dicamba+DGA
(AEPE) & &
NN 304F VT:I 8 15F
H,N OH 2 e
. < x qF
5-Aminopentan-1-ol (APA)  §o2t 3 1
@ x 0.5
= B |E
Lo . " ok .
7 75 8.5 9 0 0.25 0.5 0.75 1

ApK,

Amine/Dicamba

Figure 3. (A) Structures of the DGA analogues used in this study. (B) Ratio of the FTIR peak heights of the carbonyl (C=0) and carboxylate
(COO™) peaks at approximately 1571 cm™" (labeled with asterisk) or 1365 cm™" (unlabeled) for dicamba-amine residues containing DMA, DGA,
HA, and APA compared against the ApK, values for the different dicamba-amine pairs. (C) Ratio of the FTIR peak heights of the carbonyl (C=0)
and carboxylate (COO™) for dicamba-amine residues initially containing DGA, HA, APA, and AEPE at 0.25—1 molar ratios to dicamba dried from

aqueous solutions on PTFE dishes.

comparable to those obtained for residues prepared with three
of these amines (ie, DMA, DGA, and BAPMA) at slightly
different molar ratios (i.e., 0.1/1, 0.3/1, 0.6/1, 1/1) in a prior
study.”’ Specifically, dicamba volatilization from residues
prepared with DMA increased at lower DMA/dicamba ratios.
Similar trends were seen for residues prepared with DGA,
although dicamba volatilization was lower than that from DMA
residues, while no dicamba volatilization was measured from
residues containing BAPMA at a 0.25/1 molar ratio or higher.
Dicamba volatilization from residues containing IPA at varying
molar ratios had not previously been reported; contrary to our
expectations, we did not find evidence that dicamba
volatilization correlated with the IPA/dicamba ratios. These
updated dicamba volatilization data were used in subsequent
comparisons to the dicamba protonation state in residues
prepared at the corresponding amine/dicamba molar ratio
analyzed by FTIR.

Consistent with our hypothesis, dicamba protonation
appears to serve an important but not exclusive role in
determining dicamba volatilization (Figure 2). Volatilization of
dicamba from residues prepared with both DMA (Figure 2A)
and DGA (Figure 2C) increased as dicamba protonation
shifted toward the neutral form (indicated by a higher ratio of
carbonyl peak height to carboxylate peak heights). Relative to
the DGA residue, more neutral dicamba was detected in the
DMA residue, which corresponded to greater dicamba
volatilization. In contrast, dicamba in the BAPMA-containing
residue primarily occurred in its anionic form, corresponding
to minimal dicamba volatilization (Figure 2D).

While dicamba volatilization from the DMA-, DGA-, and
BAPMA-containing residues was consistent with dicamba
protonation in the residue phase playing a major role, dicamba
volatilization from the IPA-containing residue did not increase
in residues containing a higher proportion of neutral dicamba
(Figure 2B). In addition, dicamba volatilization was measured
from some residues in which no neutral dicamba was detected
(i.e., a ratio of peak heights equal to 0). One factor that might,
in principle, contribute to dicamba volatilization in the absence
of measured neutral dicamba is the higher temperature (i.e., 40
°C) used for volatilization experiments relative to the room
temperature (i.e., ~20 °C) condition used for FTIR measure-
ments. However, although the amount of neutral species in
PILs has been reported to increase at higher temperatures,*””
the magnitude of this effect is expected to be very small over

the relevant temperature range (i.e, < 1% change in
protonation state, Text S4). Another possibility is that anionic
dicamba volatilized as an ionic pair or aggregate with other
molecules (i.e., IPA), as has been observed to occur for other
PILs.”"”* Because more IPA was lost than dicamba during
volatilization (Figure S32), this possibility cannot be excluded.
Along with possible interactions between neutral molecules
(e.g., hydrogen bonding within dicamba dimers that may
influence volatilization from dicamba FA residues), these
factors may contribute to cases in which dicamba volatilization
cannot be solely attributed to its protonation state in the
residue phase.

Relationship between Amine Properties and Dicam-
ba Protonation in Residues. After confirming that dicamba
protonation correlated with volatilization in most residues, we
next aimed to investigate how amines influence dicamba
protonation in the residue phase. In solution, dicamba
protonation is expected to relate to the strength of the
amine base (i.e., lower pKy, corresponding to higher pK, of the
conjugate acid). While proton transfer in PILs can also
correlate with the solution-phase pK, values of the acidic and
basic constituents,*’ prior work has demonstrated that
dicamba volatilization from residues did not correlate with
amine pK,” suggesting that other factors may also affect
dicamba protonation in the residue phase. This deviation is
exemplified by DGA, which contains a solitary amine moiety
that has a relatively low pK, value (9.6) among amines
included in our study (Table S14), yet is able to completely
deprotonate dicamba even when dicamba was in excess of
DGA (Figure 1D). Therefore, in addition to testing the effects
of amine properties like pK, on dicamba protonation, we
selected additional amines, as well as one non-amine
compound, to characterize the effects of specific moieties in
DGA beyond the amine (i.e., ether, hydroxyl) on dicamba
protonation (Figure 3A) as detailed below.

Using this expanded set of compounds, we first evaluated
the effect of amine pK, (Table S14) on dicamba protonation in
residues prepared with 1/1 molar ratios of amine/dicamba.
The extent of proton transfer in PILs has previously been
correlated with the difference in the pK, values of the acid and
base (ApK,), with ApK, > 10 considered to suggest near-
complete proton transfer.*” In all combinations of dicamba and
amines included in our study, ApK, values were <10,
suggesting that complete proton transfer may not be assumed.

https://doi.org/10.1021/acs.est.4c01591
Environ. Sci. Technol. 2024, 58, 12062—12072


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c01591/suppl_file/es4c01591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c01591?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c01591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

A) B) C)
07F | [[SMYDic] \ 07F | [[SMDic] \ 140F __ ! ODicamba-DGA+SM
| 2.0 | | 2.0 | m | ODicamba-BAPMA+SM
0.6f ‘ 18 ‘ 0.6} ‘ ik ‘ S120f | X Dicamba FA
0 0’5 ‘ 0 0’5 E1oof T 1
05')]\ | — 05-)]\ | — I{ £ !
g oH 3 OH| il % gof L |
€04 €04 S !
2 | 2 ! » 6of !
go3 203 \ S :
< < \ N = !
0.2 0.2 ‘ 8 !
[ |
0.1 0.1 ‘ 8 :
o i
!
0 0 : L L L L L

1750 1650 1550 1450 1350 1750 1650
Wavenumber (cm'1 )

L
1550 1450 1350 FA 0 0.5 1 1.5 2
Wavenumber (cm‘1 )

[S-Metalochlor]/[Dicamba] Molar Ratio

Figure 4. Spectra of dicamba-amine residues containing S-metolachlor at 0—2 S-metolachlor/dicamba molar ratios including (A) DGA and (B)
BAPMA (all at 1 amine/dicamba molar ratios) dried from aqueous solutions on PTFE. The vertical dashed red line at 1700 cm™ indicates the

approximate location of the carbonyl stretching peaks, while the dashed blue lines at 1571 and 1365 cm™

! indicate the approximate respective

locations of asymmetric and symmetric carboxylate stretching peaks. (C) Dicamba moles lost over 48 h at 40 °C from the dicamba FA and
dicamba-amine residues containing S-metolachlor at 0—2 S-metolachlor/dicamba molar ratios, including DGA and BAPMA dried from water on
glass. The nominal initial amount of dicamba was 246 nmoles. Error bars represent the propagated error of the range of the two initial dicamba
measurements and the standard deviation of the three final dicamba measurements.

We found that ApK, did not predict dicamba protonation in
the residue phases (Figure 3B). Most residues prepared in our
study had similar ApK, values spanning a narrow range (8.7—
8.8); however, the amount of dicamba in its neutral form
(indicated by higher peak height ratios) varied widely among
these residues. Dicamba-DGA had a lower ApK, value (7.7),
which is expected to correlate with less proton transfer but still
did not contain measurable amounts of neutral dicamba. These
results are consistent with our earlier finding that solution-
phase amine pK, did not predict dicamba volatilization,”’
suggesting that other factors contribute to determining
dicamba protonation in and volatilization from the residue
phase.

Among other contributing factors, we hypothesized that
factors like amine order and other substituent effects that
influence electron density and steric interactions may have
increased importance in PILs due to tighter packing of
molecules relative to the solution phase. Previous research on
PILs found that, when combined with acetic acid, primary
amines had greater extents of proton transfer compared to
tertiary amines with similar pK, values,**>® which was
attributed to the ability of primary amines to form more
stabilized bonding networks than tertiary amines.”* A similar
effect may explain the greater extent of proton transfer
observed in residues prepared with IPA (a primary amine)
than with DMA (a secondary amine), despite their comparable
ApK, values (Figure 3B). These bonding networks may be
significant for other amines (e.g, BAPMA) as well. Beyond
amine order, other structural features may sterically affect the
ability of amines to deprotonate dicamba in the residue. For
example, the long alkyl chain on hexylamine (HA) may disrupt
the interactions required for proton transfer, reducing its ability
to deprotonate dicamba relative to IPA (Figure 3B) despite
both being primary amines with similar ApK, values. This
effect may contribute to the decreased ability for amines with
long alkyl chains to prevent dicamba volatilization from
residues.”’

In addition to steric effects, we hypothesized that another
factor that may affect dicamba protonation is the presence of
additional polar functional groups (i.e., the ether and hydroxyl
moieties in DGA). In other PILs, the inclusion of hydroxyl
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groups on amine molecules increased proton transfer between
the amine and an acid.”>** In agreement with our hypothesis,
we observed that HA, which is a stronger base than DGA but
lacks the ether and hydroxyl moieties (Figure 3A), is much less
able to deprotonate dicamba than DGA across all amine/
dicamba molar ratios (Figure 3C). To evaluate the individual
contributions of the hydroxyl group and the ether group in
DGA on dicamba protonation, we obtained FTIR spectra of
residues prepared with two additional DGA analogues, 5-
aminopentan-1-ol (APA) and 2-aminoethylpropylether
(AEPE, also called 2-propoxyethylamine), that each contains
only the hydroxyl or the ether moiety, respectively (Figure
$33). When added at equimolar ratios to dicamba, both APA
and AEPE reduced the height of the peak associated with
neutral dicamba to almost nondetectable levels, resulting in
peak height ratios similar to those obtained with DGA (Figure
3C). However, at lower amine/dicamba molar ratios, the peak
height ratios obtained with APA and AEPE were either similar
to those obtained with HA or fell between those obtained with
HA and DGA (Figure 3C). The similar results for residues
prepared with APA and AEPE, which fall within the bounds for
residues prepared with HA and DGA, suggest that both the
hydroxyl and ether moieties contributed to DGA’s ability to
deprotonate dicamba.

Further experiments using ethylene glycol monopropylether
(EGME), which contains the ether and hydroxyl groups but
not the amine, confirmed that these groups were enhancing the
ability of the amine to deprotonate dicamba but do not appear
to deprotonate dicamba themselves. The addition of EGME to
the residues did not affect the size of peaks, including those
associated with carboxylic acid protonation, in the 1800—1300
cm™! range (Figure S33) nor the 1000—800 cm™ range
(Figure S34). Because carboxylate peaks were not generated,
the peak ratio was undefined and could not be plotted. Further
analysis suggested that though EGME was added to the
residues, it did not remain present, likely due to volatilization
during the drying process. Specifically, peaks associated with
EGME’s ether and hydroxyl moieties (CH,—O—CH,: 1150—
1085 cm™!, CH,—OH: 1075—1000 cm™')°> were not
observable in the residue (Figure S3S). In contrast, peaks
attributed to ether and hydroxyl moieties were observed in
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residues prepared with AEPE and APA at 1119 and 1057 cm ™/,
respectively, while residues prepared with DGA contained both
peaks (Figure S35). Consequently, the hydroxyl and ether
groups appear to enhance the ability of the amine in DGA to
deprotonate dicamba but do not deprotonate dicamba
themselves. A possible explanation is that these polar groups,
if maintained in the residue by dicamba-amine interactions,
increase the retention of residual water in the residue phases,
which may contribute to additional deprotonation as discussed
above (Figure S30). This effect may contribute to the reported
ability of polar moieties in amine molecules to contribute to
reduced dicamba volatilization from the residue phase.”’

Dicamba Protonation in and Volatilization from
Residues Containing S-Metolachlor. In addition to
dicamba and amines, in practice, dicamba spray solutions
frequently contain other components, including other
herbicides.” These additional components are also expected
to become incorporated into the residue upon drying, where
they may alter the protonation and volatilization of dicamba.
Among possible additional components that might occur in
dicamba-amine residues, we selected to investigate the impact
of the herbicide S-metolachlor on dicamba protonation and
volatilization in residues due to its known application alongside
dicamba. Specifically, one dicamba-DGA product includes S-
metolachlor at a ~1.6 S-metolachlor to dicamba molar ratio,”
while two other low-volatilization dicamba products are
approved to be mixed with various S-metolachlor products
prior to a}pplication.ﬂ’75 Because S-metolachlor is non-
ionizable,”® we hypothesized that the inclusion of S-
metolachlor would have little impact on both dicamba
protonation and volatilization in the residues.

To test this hypothesis, we generated dicamba-DGA and
dicamba-BAPMA residues from solutions containing S-
metolachlor at molar ratios to dicamba spanning 0.5/1-2/1
(Figure 4A, B), which encompasses ratios used in practice.73 In
all residues, the amine/dicamba molar ratios were maintained
at 1/1. The addition of S-metolachlor to dicamba-amine
residues decreased the height of the dicamba carboxylate
peaks; however, the peak associated with the carbonyl in
neutral dicamba was not visible. Consequently, the decreasing
size of the carboxylate peaks was likely due to the dilution of
dicamba by the addition of S-metolachlor rather than a change
in its protonation state. A new peak was observed near 1665
cm™" that is present in the spectrum of pure S-metolachlor;”’
this peak is likely associated with the carbonyl group (1740—
1650 cm™')®” present on the S-metolachlor structure.

Consistent with no change in dicamba protonation, S-
metolachlor had little impact on dicamba volatilization (Figure
4C). The addition of S-metolachlor also did not change the
amounts of DGA and BAPMA that volatilized (Figure S36).
Surprisingly, we found that S-metolachlor, which was
completely recovered in the initial residues after drying, was
almost completely absent from residues after the volatilization
period of our experiments (Figure S36); subsequent analysis
indicated that this loss was most likely attributable to the
volatilization of S-metolachlor itself (Text S5). S-metolachlor
has a comparable pure phase vapor pressure (1.7 X 1076
kPa)*° to dicamba (4.5 X 107° kPa)”® but is nonionizable,”®
which may facilitate its greater volatilization from the residues.

Environmental Implications. In this study, we demon-
strated that FTIR can be used to assess the dicamba
protonation state in dried residue phases, which is a key
factor determining dicamba volatilization.” Increasing amounts

of neutral dicamba relative to the anion correlated with
increasing dicamba volatilization from residues prepared with
some amines (i.e, DMA, DGA, and BAPMA). However, this
correlation was not seen with other amines (ie. IPA),
suggesting that other secondary factors must be considered
to explain the volatilization of dicamba from some residues.
For example, intermolecular interactions involving neutral
dicamba (which likely determine dicamba volatilization from
dicamba FA residues) may prevent dicamba volatilization in
the neutral form. In addition, deprotonated dicamba, in
principle, may volatilize as an ion pair or aggregate with
amines.”"”* Consequently, our method to measure dicamba
protonation in residues is applicable not only to evaluate the
ability of amines to suppress dicamba volatilization via
deprotonation but also to identify the cases in which dicamba
volatilization from residues cannot be explained by protonation
alone. This insight into chemical interactions in the residue
phases may benefit the future development of formulations to
suppress dicamba volatilization in the field. Our approach
might also be applied to investigate residue chemistry
throughout the volatilization process (e.g., changing compo-
sition due to volatilization of dicamba and/or aminesB).

Notably, the solution-phase pK, of the amine does not
predict the dicamba protonation state in the residue, consistent
with prior observations that this parameter does not predict
dicamba volatilization.”® Additional properties of the amine
that may impact dicamba protonation in residues include the
number of amine groups (i.e, multiple amine groups on
BAPMA), amine order (ie., the primary amine IPA vs the
secondary amine DMA), steric factors (i.e., the alkyl chain on
HA), and the ability to form complex bonding networks. In
particular, dicamba is deprotonated to a greater extent by
amines containing additional polar groups (e.g., the hydroxyl
and ether moieties on DGA), which may explain the
contribution of these groups to suppressing dicamba
volatilization.”® Alone, as in EGME, these moieties do not
affect the dicamba protonation state directly, suggesting that
they instead allow the amine to more effectively deprotonate
dicamba. A possible explanation for this effect is that these
moieties increase the amount of water remaining in the dried
residue. Dicamba-DGA residues dried from water had higher
extents of proton transfer compared to residues dried from
solvents (e.g, acetone), consistent with lower extents of
volatilization.”” Trace water has been shown to affect the
properties of other PILs (e.g., viscosity, conductivity,
diffusivity, and hydrogen bonding).””~** Consequently, the
hygroscopicity of residue constituents®” may play an important
role in controlling dicamba protonation and volatilization. In
addition, other factors (e.g, humidity, temperature) likely alter
water content in the dried residue, which may contribute to the
observed effects of these factors on dicamba volatiliza-
tion, 161584

Beyond dicamba, amine, and residual water, authentic
residues generated in practice may contain other chemical
constituents, including additional compounds commonly
added to dicamba-containing spray solution (i.e., other
herbicides, surfactants, adjuvants, volatilization, and drift-
reducing agents),7 some of which have been observed to
influence dicamba volatilization.”***>% The impact of these
additional constituents on dicamba protonation in residues
may be employed to characterize their influence on dicamba
volatilization. We demonstrated that one of these constituents,
the herbicide S-metolachlor, did not affect dicamba proto-
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nation in the residues, which was consistent with its negligible
effect on dicamba volatilization. This approach may be applied
to assess dicamba protonation in residues containing other
constituents; however, peaks associated with dicamba species
must be able to be differentiated from peaks contributed by
other constituents for accurate analysis. Consequently,
constituents like the herbicide glyphosate and acetate buffers,”
each of which contain carboxylic acid moieties, may require
alternative techniques (e.g, NMR, computational model-
ing)*>! to assess their impact on dicamba protonation and
ultimately volatilization of dicamba in the field.***%*!
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