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interactions
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Abstract 

Background: The sorption of anthropogenic compounds on clay minerals is a complex molecular process with 
important implications for the fate of agrochemicals and organic pollutants in the environment.

Results: The present study illustrates the use of a water-mediated NOE approach to study clay binding interactions.
This method exploits the interfacial water layer on clay surfaces as a hydrogen reservoir for magnetization transfer. The 
interactions of four different xenobiotics with clay suspension were investigated through this method to demonstrate 
its capability to screen for the clay–xenobiotic molecular affinity. Further, based onthe NOE build-up rates, epitope 
map of clay–xenobiotic interactions can be generated, explaining theorientation and mechanism of the interactions.

Conclusions: The water-mediated NOE approach has the potential to reveal key insights into the role that interfacial 
water plays in the binding process, providing a better understanding of the partitioning of anthropogenic compounds 
from bulk water into aqueous clay suspensions.
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provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
�e enormous number of different xenobiotic substances 
in our environment is becoming a significant health 
concern [1–3]. �ese xenobiotic substances, includ-
ing hormones, antibiotics and numerous pesticides, 
are commonly released to the environment through 
human activities [2–4]. As these substances accumulate 
in our environment, the question of their bioavailability 
becomes increasingly important. For instance, the occur-
rence of hormones, particularly estrogens, has recently 
gained attention due to their toxicological significance 
and their influence on biological activities in aquatic 
organisms [2, 4]. Although the acute health effects of 
these xenobiotics are well documented, the effect of 
chronic exposure remains an open question [1–3, 5, 6]. 
�e intrinsic interactions between these xenobiotics and 
soils hold the key to understanding both their environ-
mental accumulation and their bioavailability [7–11]. 
�erefore, a better understanding as to how xenobiotics 

are sequestered into complex rock, soil, and sediments is 
required [12–14].

Soil is represented by a complex mixture consisting of 
mineral and organic constituents that are in solid, gase-
ous, and aqueous states [15]. Amongst the inorganic con-
stituents in soil, clays constitute the major component 
(often around 30% w/w) and are important in the preser-
vation of labile organic compounds. Clays are inorganic 
materials composed prevalently of layers of SiO4 and/or 
AlO4 [16]. Because of their anionic nature, the surfaces of 
clays are covered with small cations. For instance, a host 
of cations, such as Na+, Ca2+, Mg2+, K+, and NH4

+ are 
capable of binding to clay surfaces, giving them different 
colloidal property [16]. In addition to sequestering cati-
ons from solution, clays are capable of adsorbing water 
molecules on their surfaces through hydrogen bonding, 
allowing them to expand and swell several times their dry 
mass [17, 18]. Due to this excellent colloidal property, 
clay is often been employed in a range of applications, 
from mining to agriculture [19].

So far, most soil–organic interaction studies mainly 
concerned the association of xenobiotic with humic 
substances [13, 20, 21]. �ese studies reveal that the 
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xenobiotics are sequestered into soils through weak inter-
actions driven synergistically by both hydrophobic and 
hydrophilic interactions [21]. Despite the inorganic nature 
of clay, it is able to interact with a number of organic mol-
ecules such as fatty acids and aromatic compounds [22, 
23]. In addition, recent studies have demonstrated that 
soluble organic matters (SOM) from terrestrial source are 
able to bind to clay particles in solution [12, 13]. Although 
the binding between clay and organic matter has already 
been demonstrated, the exact mechanism of interactions 
at the interface remains an open question due to the lack 
of suitable high-resolution structure determination tech-
niques. Since these organic compounds exhibit a range 
of binding affinity to clay particles, traditional high-reso-
lution diffraction techniques, such as SANS and powder 
XRD, are ill-suited to tackle such problems [19, 24]. In 
fact, this requires a technique that can interrogate molec-
ular interactions over a wide range of timescales.

Nuclear magnetic resonance (NMR) spectroscopy 
has evolved into an indispensable technique capable of 
providing insights into different intermolecular inter-
actions over a range of time scales (ms to ns) as shown 
in Fig. 1 [14, 20, 25–28]. For a complete review of NMR 
techniques and applications to understand interac-
tions in environmental samples, readers should refer to 
an excellent review by Mazzei and Piccolo [28]. In envi-
ronmental research, NMR is becoming an important 
tool used to highlight specific interactions between dif-
ferent constituents in soils [21, 29–32]. Over the years, 
numerous detailed NMR studies have provided valu-
able information on the underlying factors regarding 
the different binding properties of a number of anthro-
pogenic contaminants [31–35]. Recently, a novel NMR 
technology was introduced, termed as comprehensive 

multiphase (CMP) NMR [38]. �is approach combines 
hardware from solution, gel, and solid-state NMR into 
a single probe and permits environmental samples to be 
investigated in  situ, in their fully hydrated state, and in 
all phases, allowing for all phases to be simultaneously 
investigated [28, 35–38]. A number of NMR techniques 
can be used to investigate interactions between organic 
soil constituents [31, 36, 39]. A brief summary illustrat-
ing the different NMR techniques and the length/time 
scales of interaction is shown in Fig.  1. Most of these 
techniques are based on the transfer of magnetization 
through physical interactions and result in a detectable 
NMR signal. �e magnitude of this magnetization trans-
fer is proportional to the strength of the interactions 
involved. �erefore, NMR becomes the tool of choice to 
unravel the complexity behind various intermolecular 
interactions. Amongst these experiments, magnetization 
transfer through nuclear overhauser effects (NOE) and 
saturation transfer difference (STD) are commonly used 
to determine intermolecular interactions [31, 39–41]. For 
most NMR experiments, magnetization transfer requires 
the ability to saturate an observable NMR signal. Com-
monly this involves interactions between one organic 
material (for example soil organic matter) and an organic 
ligand (for example a contaminant). However, in the case 
of minerals and clays, which do not contain an organic 
phase, this can be more challenging.

NMR has been successfully applied in investigating 
clay–organic exposure in recent studies [21, 42]. Most of 
these studies often involved solid-state NMR (SSNMR) 
techniques with compounds irreversibly bound on clay 
surfaces [21, 43, 44]. For instance, 29Si NMR combined 
with cross polarization (1H–29Si) under magic angle spin-
ning (CP-MAS) was used to investigate the binding of 

Fig. 1 An illustration of NMR observable parameters/experiments and their associated time/length scale dependence. According to this figure, 
NMR is able to probe a wide range of interactions over a range of time/length scales. Importantly, in environmental science, a range of interactions 
exists in soil such that a single NMR experiments will yield only a piece of the puzzle. Therefore, in order to fully understand the dynamics of the 
system, it is important to perform a range of different NMR experiments, allowing for a better view of the system involved
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chemicals on clay surfaces [42–44]. Importantly, SSNMR 
techniques require that molecules to be bound tightly on 
the surface and the samples have to be dry. However, less 
information is available with regards to fully hydrated 
clay and dynamic interactions. To help bridge this gap 
in our understanding of clay–organic interactions, 
water-mediated nuclear overhauser effect (NOE) will be 
investigated in this study. Owing to the hydration layers 
on clay surfaces [18, 45], intermolecular NOE from the 
clay–bound water can be transferred to other molecules 
if they are in contact with each other, allowing their inter-
actions at the atomistic level to be probed. In addition, 
1H-1H NOE can be a sensitive technique used to probe 
weak intermolecular interactions [46]. A diagrammatic 
representation of a hydrated clay–organic system is 
shown in Fig. 2. In the present study, we demonstrate the 
avenue in which water-mediated NOE can be transferred 
to a clay–bound molecules via an NMR radio frequency 
(r.f.) sequence called Water Ligand Observed via Gradi-
ent Spectroscopy (waterLOGSY) [40, 47, 48]. In order to 
illustrate the usefulness of this sequence, a series of xeno-
biotic compounds will be screened for their affinity for 
clay particles, allowing us to evaluate its effectiveness in 
organo-clay research.

Methods
Materials

All chemicals, including pesticides, were purchased 
from Sigma-Aldrich. �e mica-montmorillonite was 
purchased from the Clay society (www.clay.org). �e 

montmorillonite was carefully treated according to the 
procedure outlined in the subsequent section before use.

Preparation of colloidal clay particles

Synthetic mica-montmorillonite (<2  µm, NL Indus-
tries) was subject to sodium exchange and saturation 
in order to form a stable suspension. A centrifuge tube 
was filled to approximately 1.5 cm with clay, and to 8 cm 
with 1 M sodium chloride solution. �e centrifuge tube 
was continuously inverted until the clay was thoroughly 
suspended. �e mixture was centrifuged for 5  min at 
2000  rpm. �e supernatant was decanted, and the pro-
cedures stated above were repeated two additional 
times. After the last decantation, the centrifuge tube 
was filled to 8  cm with distilled water and the clay was 
re-suspended. �is mixture was centrifuged for 5 min at 
2000  rpm. �e supernatant was decanted, and the dis-
tilled water wash was repeated two more times in order 
to obtain a supernatant which appeared turbid. �e Na-
saturated sediment was then re-suspended in distilled 
water and two drops of 5  M sodium chloride solution. 
�e mixture was centrifuged for 6 min at 1000 rpm. �e 
turbid supernatant was pipetted into a 500-mL beaker 
with caution to prevent disturbing the sediment. �is 
process was repeated seven more times until the super-
natant was clear. �e bulk supernatant containing Na-
saturated clay was freeze dried.

Preparation of NMR samples

5  mg of pesticide and 10  mg of colloidal clay were dis-
solved in 500 μL of H2O/D2O (90:10). �e mixture was 
stirred on a vortexer for 30  min and was subsequently 
transferred to a 5-mm NMR tube. �e pH of the solution 
was tested via litmus paper.

NMR spectroscopy

�e NMR experiments were acquired on a Bruker Avance 
III NMR spectrometer operating at 11.7 T, observing 1H 
at 499.98 MHz. �e 1H field strength used was 25 kHz, 
with an acquisition length of 4 k data points and 15 ppm 
spectral width. �e 1H waterLOGSY spectra were aver-
aged over 128 scans with a recycle delay of 5 s. All NMR 
spectra were recorded at 297 K using a 4-channel 5-mm 
QXI inverse detection probe tuned to 1H, 13C, 15N, and 
19F. Typical parameters used for waterLOGSY experi-
ment were as follows: 4-ms 180° selective pulse (Φ2) with 
Gaussian shape along with a 5-ms sinc-shaped 90° pulse 
(Φ5) (water flipback) were used for selecting the water 
resonance; 1 ms squared gradient pairs were used at 40% 
of the maximum gradient strength (~54 G/cm) to select 
the water signal; and 2-ms square pulses (Φ6 and Φ8) 
along with gradients at 31 and 11% to dephase the water 
during water suppression. A gradient at 0.2% was applied 

Fig. 2 An illustration of the interaction between pesticides and water 
on clay surface. In this case, we have two different types of water 
molecules with different dynamics. Due to the oxygen-rich surface, 
the clay surface is covered with water due to hydrogen bonding. The 
clay–bound water exhibits correlation time that is significantly lower 
compared to that of free water, leading to a different sign in their 
NOE. If the pesticide is in contact with the water molecules, magneti-
zation from the water will be transferred to the pesticides via NOE

http://www.clay.org
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throughout the mixing time to dephase water magnetiza-
tion. A gradient recovery of 200 μs was used. �e typical 
mixing times used in the waterLOGSY experiments were 
between 10 ms to 1.5 s. �e mixing times used should be 
less than or equal to that of the longitudinal (T1) of water.

Data processing

�e NMR spectra were processed by applying an expo-
nential multiplication of the FIDs by a factor of 5  Hz 
prior to Fourier transform and zero filled to 8  K. �e 
waterLOGSY NOE build-up curve was fitted according 
to the following equation and assumed to be a two-spin 
model for which the NOE intensity is given by [49] 

where σ is the cross-relaxation rate, ρ is the spin lattice 
relaxation rate, and t is the mixing time. �e epitope 
maps based on NOE build-up (Fig.  9) were generated 
through measuring the changes in the cross-relaxation 
rate in either the presence or the absence of suspended 
clay particles for each resolvable 1H resonances in the 
NMR spectrum. �e epitope maps calculated from a 
single mixing time are simply derived from the relative 
change in signal intensity on addition of clay. In both 
cases, the position showing the strongest interaction 
(highest peak) is set to 100%, whereas the other hydro-
gens are progressively scaled accordingly.

(1)η =

σ

ρ
[1 − exp (−ρt)]

Discussion
Numerical simulation of NOE based on clay–bound 

interactions

WaterLOGSY is a commonly used radio frequency (r.f.) 
NMR sequence for screening ligand–protein interactions 
[40, 41, 47, 48]. �e pulse sequence is shown in Fig.  3. 
�is sequence was conceived to exploit the differences in 
the dynamics between bound water on protein surfaces 
and free water in solution. When water molecules are 
bound on a protein, their correlation times will increase 
temporarily to match that of the protein, thus leading to 
a change in the sign of their NOE [40, 47, 48]. Similarly, 
for the case of clay–bound water molecules, the sign of 
their NOE will be opposite of that in free water due to the 
differences in their correlation times. Unlike proteins, the 
water molecules on clay surface are tightly bound such 
that a constant hydrogen reservoir can be assumed to 
be available for NOE transfer [45, 50]. �erefore, in this 
case, we can assume that for NOE transfer to occur, the 
residence time of the xenobiotics on clay surface will be 
comparable to that of clay–bound water. In this case, the 
relationship between the rate of NOE transfer between 
xenobiotics and clay–bound water can be described via 
Eq. (2) [40, 47, 48]
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Fig. 3 A schematic illustrating the radio frequency (r.f.) pulse sequence used for a homonuclear one-dimensional WaterLOGSY experiment. A 180° 
Gaussian shape pulse (Φ2), in combination with a gradient (g1), is used to select for the water signal. During the mixing time (tmix), the NOE from the 
water is transferred to a molecule only if they are in contact with each other. A small continuous gradient is applied during tmix to reduce the effect 
of radiation damping. Lastly, both water flipback [5-ms sinc-shaped 90° pulse (Φ5)] and excitation sculpting (Φ6 and Φ8) are used for water sup-
pression before signal acquisition. (Note The pulse length for excitation sculpting was calibrated to achieve optimal water suppression) The phase 
cycling for each pulse is as followed: Φ1 = 0, Φ2 = 0123, Φ3 = (0)4 (2)4, Φ4 = 0, Φ5 = 02, Φ6 = (2)8(3)8(2)8(3)8(0)8(1)8(0)8(1)8, Φ7 = (0)8(1)8(0)8(1)8(2)8(3)8(
2)8(3)8, Φ8 = (2)4(3)4(2)4(3)4(0)4(1)4(0)4(1)4, Φ9 = (0)4(1)4(0)4(1)4(2)4(3)4(2)4(3)4, and Φrec = 0123012323012301. The gradient amplitudes (%) were set to 
40, 31, and 11 for g1, g2, and g3, respectively. The phase cycle requires at least two transients
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where γ is the gyromagnetic ratio of hydrogen nuclei, ℏ is 
Planck’s constant divided by 2π, μ0 is the permeability of 
free space, r is the distance between the observed 1H on 
the molecules and water, τr is the residence time of the 
molecules, τp is the rotation correlation times of the clay 
particles, and ω0 is the Larmor frequency.

In order to understand the rate of NOE build-up in 
our system, a numerical simulation is performed. In this 
case, we assume the average clay particle to be 0.2 μm in 
diameter and are able to tumble freely in solution. Also, 
the water molecules are assumed to be tightly bound on 
the clay surface where they form a rich hydrogen reser-
voir, facilitating magnetization transfer via NOE. �e 
result of the simulation was shown in Fig. 4. �e simula-
tion demonstrates the dependence of σwc on both r and 
τr. Our simulation illustrates that the effective distance 
on NOE build-up rate is limited to 2 Å. �is is short 
compared to the typical 5 Å range for NOE, indicating 
that physical contact appears to be the primary mecha-
nism for magnetization transfer. Interestingly, the sign 
of the NOE build-up is critically dependent on the resi-
dence time of the molecules on the clay surface. For short 
residence times, we observed a positive build-up rate 
which became negative as the residence time increased. 
�e crossover point is ~2  ns residence time. �erefore, 
this demonstrates that a molecule’s affinity for clay can 

be revealed via the sign of its NMR signals. From our 
simulation, we can conclude the following: (1) the mag-
netization transfer from clay–bound water can only 
occur through contact, (2) the sign of NOE build-up of 
the molecules that are in contact with clay–bound water 
will be opposite compared to those in contact with free 
water, (3) only if the residence time of the molecules on 
clay surface is greater than 2 ns, it is possible to observe a 
change in the sign of their NMR signals.

1H waterLOGSY NMR spectra of four di�erent 
xenobiotics in the absence and presence of clay 
particles
In order to demonstrate the applicability of waterLOGSY, 
three different pesticides were chosen, namely Diflufen-
zopyr, Imazapyr, and Nicotine. While Nicotine is most 
famous for being a key component of tobacco, it is now 
employed as a pesticide [51]. In addition, DMSO is 
employed as a control/reference as it is known to form 
hydrogen bonds with water and break/compete with 
hydrogen bonds occurring on clay surfaces [52]. Fig-
ure 5 shows the structural assignments for the xenobiot-
ics used in this study. �e observed 1H chemical shifts 
values, and multiplet patterns are consistent with the 
literature values [12]. �e xenobiotics used in this study 
contain different functional moieties that span most of 

Fig. 4 A numerical simulation of the NOE water–clay build-up rate (σwc) as a function of both separation distance (r) and residence time (τr). This 
simulation illustrates that the sign of the NOE build-up rate depends on how long the molecules stay on the clay surface. In addition, NOE build-up 
occurs only within a separation distance of ≈2 Å, which is far less than the typical 5 Å range for NOE. The crossover point in which the build-up rate 
becomes negative is ~2 ns
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the 1H chemical shift range. �ese moieties can influ-
ence the manner in which molecules interact with clay 
surfaces. Importantly, the water-mediated NOE transfer 
may shed new insights into the parameters that dictate 
these interactions.

A series of waterLOGSY spectra was acquired for 
the four different xenobiotics, and it is shown in Fig.  6. 
�ese spectra were acquired in the presence and in the 
absence of clay in order to highlight changes in molecu-
lar interactions, which can be detected via waterLOGSY. 

�e presence of clay particles indeed changes some of 
the 1H spectral features of the xenobiotics in the cur-
rent studies. For instance, a noticeable increase in 1H 
resonance line width of Nicotine is observed in the pres-
ence of clays as shown in the loss of resolution in many 
of the multiplet patterns. �e changes in the linewidth 
in some of the xenobiotics are an indication of interac-
tions. Since linewidth can be a measure of mobility, this 
points to a situation in which the compound temporarily 
binds to the surface of the clay particles, resulting in an 

Fig. 5 1H NMR spectra of four different xenobiotics used in our current study. (Note: Asterisk denotes residual water)
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increase in their correlation times. Notwithstanding the 
changes in the linewidth, the resonances in these spectra 
remain resolved, except for peaks K, L, M, and N as well 
as O and E of Nicotine which overlapped with each other 
(Fig. 6). Based on these spectral features, the interactions 
between the molecules and clay particles are likely in the 
fast exchange regime where waterLOGSY would prove 
to be applicable. Another indication that the system is in 
a fast exchange region is the fact that we only observed 
a small shifts in all hydrogen resonances, indicating that 
the interactions were fast in the chemical shift timescale. 
(Note: if the system is undergoing a slow exchange, two 
resonances, bound and free, are observed.)

�e changes in the sign of the NOE depending on clay’s 
presence confirm that interactions occur for the case of 
Nicotine and Imazapyr. On the other hand, there is no 
change in the sign of the NOE for the case of Diflufen-
zopyr and DMSO; this indicates that their interactions 
with the clay particle were transient at best. Furthermore, 
the aromatic 1H peaks of Diflufenzopyr remain inverted 
despite the absence of clay, while the amide proton 
(~9 ppm) has an opposite phase due to fast exchange. �e 

different intensities for hydrogen in the NMR spectrum 
can be attributed to the clay interactions leading to dif-
ferences in the NOE build-up rate and can be confirmed 
through experiments with varying mixing times. Epitope 
maps, which provide information on the binding orien-
tation, can be generated from the data in Fig.  6 as well 
as from NOE build-up curves. Both these approaches 
are discussed later in the paper. In conclusion, the results 
of these experiments confirm our numerical simula-
tions that indeed, clay–bound water-mediated NOE 
can be used to discriminate binding interactions on clay 
surfaces.

Strength of clay–bound interaction revealed through NOE 

build‑up

�e rate of NOE build-up can provide a qualitative meas-
ure on the strength of the interactions between clay par-
ticles and various xenobiotics. Since most of the clay 
particle sizes are in the range of microns, the key factor 
in determining the NOE build-up rate will be the resi-
dence time of a molecule on clay surfaces. In essence, the 
length of time a molecule spent on clay surfaces reflects 

Fig. 6 1H NMR WaterLOGSY spectra of four different xenobiotics. The four different compounds used in this current study are Nicotine, Imazapyr, 
Diflufenzopyr, and dimethyl sulfoxide (DMSO). Top WaterLOGSY spectra in the presence of clay. Bottom WaterLOGSY spectra in the water. The mixing 
time used to acquire waterLOGSY spectra was 800 ms. The differences in the intensity between the spectra were attributed to the different NOE 
build-up rates
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the strength of their interactions. A series of NOE build-
up curves was collected (Fig.  7), and the build-up rates 
were extracted for each of the resolvable resonances. �e 
build-up rates for each compound were summarized as 
in a bar graph in Fig. 8. An overall increase in the build-
up rates was observed in the presence of clay irrespec-
tive of their affinity for clay surfaces. Importantly, this 
increase in the build-up rate can be attributed to their 
weak transient molecular interactions with clay particles. 
�is is consistent with our simulation results that even 
at short residence time, an increase in the NOE build-
up rate will be observed. However, only when the resi-
dence time exceeds 2 ns does a change in NOE build-up 
rate along with a change in the sign occur. For molecules 
showing an affinity for clay particles such as Nicotine and 
Imazapyr, we observed a significant increase in the NOE 

build-up rate. On the other hand, for DMSO and Dif-
lufenzopyr where their interactions with clay surfaces are 
weak, we observed only a slight change in their respec-
tive NOE build-up rate. Interestingly, DMSO indiscrimi-
nately formed hydrogen bonds with water and most 
likely interacted with bulk water molecules. �us, these 
experiments provide a qualitative explanation into which 
the differences of 1H resonance intensity were observed 
between the presence and absence of suspended clay 
particles. 

Water NOE‑driven epitope map of clay–xenobiotic 

interactions

An epitope map of clay–xenobiotic interactions (Fig.  9) 
was generated via changes in the NOE build-up rate due 
to contacts with clay–bound water. �e value for the 

Fig. 7 A series of NOE buildup curves for the various hydrogen resonances in different pesticides. The filled circle denotes the NOE buildup in the 
presence of clay particles, and open circle  denotes the NOE buildup in the absence of clay. The NOE buildup in the hydrogen of nicotine is shown in 
Graph (a–c). The NOE buildup in the hydrogen of imazapyr is shown in Graph (d–f). The NOE buildup in the hydrogen of Diflufenzopyr is shown in 
Graph (g–i). a–c Nicotine: hydrogen chemical shifts 8.51, 7.88, and 2.15. d–f Imazapyr: hydrogen chemical shifts 8.75, 7.74, and 0.94. g–i Diflufenzo-
pyr: hydrogen chemical shifts 8.43, 7.20, and 2.26
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Fig. 8 Bar graphs illustrating the differences in NOE at different 1H chemical shifts in the presence of clay suspension (black) and in water (gray). In 
all cases, a general increase in NOE build-up was observed in the presence of clay

Fig. 9 An epitope map of changes in the water-mediated NOE build-up rate in the presence of suspended clay particles for each of the xenobi-
otics used in this study Nicotine, Imazapyr, and Diflufenzopyr. Most of the changes in the NOE build-up rate reside in the aromatic region of the 
molecules
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hydrogen peak showing the largest interaction (i.e., larg-
est relative change in presence of clay) is set to 100%, 
whereas the other hydrogens are progressively scaled 
accordingly. Such epitope mapping provides an overview 
of the average molecular orientation of the molecule with 
respect to the clay. For the case of Nicotine and Imazapyr, 
most significant changes in the NOE build-up rate were 
observed in the aromatic moiety. Interestingly, the 
changes in the NOE build-up rate for aliphatic moieties 
seem to be moderate as compared to the aromatic coun-
terparts. �is can be attributed to a hydrophobic effect, 
which led to only a moderate change in the water-medi-
ated NOE build-up rate. �is was consistent with the lit-
erature according to which polycyclic aromatic carbons 
may bind to clay surfaces [16, 22, 23, 53–55]. In addition, 
the pyridine moiety, which contains a lone pair of elec-
trons on the nitrogen, is readily available for hydrogen 
bonding with the water and the hydroxyls groups present 
on clay surfaces. �erefore, the main contributor to the 
NOE build-up rate continues to be the close proximity of 
the hydrogens to the interfacial water.

Furthermore, nitrogen groups, aromatic rings, halo-
gens, and carboxyl group may all represent important 

contact points with clay, whereas unsubstituted aliphat-
ics appear to have less influence. In addition to calculat-
ing the epitope maps from the full NOE build-up curves, 
it is also possible to calculate maps from a single mix-
ing time, as shown in Fig. 6. Using a single mixing time 
is advantageous in that only two experiments need to be 
measured, one in the presence and one in the absence 
of clay. In turn, this permits molecular binding to be 
screening in more challenging natural samples or at very 
low concentration where running multiple experiments 
across a range of mixing times (i.e. full NOE build-up 
curves) would be time prohibitive. Figure  10 shows the 
epitope maps calculated from the data in Fig. 6 collected 
at a single mixing time. �ese epitope maps are gener-
ally similar to those in Fig. 9 with the main exception of 
the methyl groups which tend to be over-emphasized in 
Fig.  10. In Fig.  9, the data are derived from NOE only, 
which is itself influenced by both exchange and dipo-
lar interactions. Rotational exchange of methyl groups 
leads to dipolar fluctuations which in turn contribute 
to NOE. Conversely, the method of calculation used in 
Fig. 9 is based on cross-relaxation rate (σ) and therefore 
the interaction itself. In simple terms, a method based on 

Fig. 10 An epitope map derived from the changes in the intensity of nicotine (a), imazapyr (b) and diflufenzopyr (c) via waterLOGSY in the pres-
ence and absence of clay.  The diameter of the circles represents the relative strength of interaction at that position in the structure. The largest 
circle (i.e. strongest interaction) is normalized to 100%, and all other positions set relative to this (see scale on right). Most of the changes take place 
in the aromatic regions or in the vicinity of the basic moiety of the molecules. The interactions at the methyl positions are over-emphasized as 
discussed in the main text
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cross relaxation derived from a full NOE build-up (i.e. 
Fig.  9) will give the most accurate mechanism of inter-
actions. Conversely, epitope maps from a single mixing 
time (Fig. 10) will also provide the dominant mechanism 
signals, albeit groups with fast rotational exchange may 
be over-emphasized. However, the fact that the latter 
method requires only two experiments enables interac-
tion-based studies at low concentration and permits the 
studies of relatively rapid changes in interactions during 
processes such as swelling, drying, and remediation.

In summary, NOE-based approaches outlined here 
should provide a key tool to study the dynamic interac-
tions of organic molecules with mineral surfaces. Further 
studies using a wider array of structures, different clay, 
cations, and pH will be needed to fully elucidate the rela-
tive influence of functional groups and structural motifs 
on clay binding. Many of the NMR applications currently 
present in the literature mainly focus on the irreversible 
binding of anthropogenic compounds with clay particles. 
However, the water-mediated NOE approach introduced 
in this study should represent a further complimentary 
approach to enable interrogation of systems involving 
reversible binding in the fast exchange regime. In addi-
tion, it allows a better understanding of the role played 
by interfacial water in the thermodynamics of xeno-
biotic interactions. Importantly, it has been suggested 
over the years that this interfacial water, namely vicinal 
water, provides a favorable environment for organic com-
pounds to partition from bulk aqueous environments 
[53]. Although none of these models have been verified 
through high-resolution spectroscopic means, a com-
prehensive interrogation into these models will provide a 
better understanding of how clay particles facilitate the 
partitioning of organics from bulk water environments, 
which is fundamental to the question of transport, bio-
availability, and bioaccessiblity of anthropogenic contam-
inants and agrochemicals [53].

Conclusion
�e water-mediated NOE approach was successfully 
applied to study the interactions established between 
several xenobiotics and a model clay. �is approach takes 
advantage of the differences in the NOE build-up rate 
developing when a compound is in contact with the clay 
vicinal water, which leads to a change in the sign of NOE. 
�e latter effect manifests itself only when the molecule 
resides on clay surfaces for longer than 2  ns. �erefore, 
this is a tool to screen compounds as a function of their 
affinity with clay. Importantly, the sorption of anthropo-
genic compounds on clay minerals is a complex multi-
variable problem with intricate interacting parameters 
that warrant an in-depth investigation. �e water-medi-
ated NOE approach can provide insights into the role 

that vicinal water played in the binding process whether 
it is kinetically or thermodynamically driven. �erefore, 
this further validates the incorporation of this approach 
in the current repertoire of NMR experiments used in 
organo-mineral research.
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