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7 Abstract

8  Ciprofloxacin (CIP) is one of the most widely used and environmentally persistent antibiotic
9  compounds, which is increasingly being found in soils, sediments, and natural waters. Because
10 CIP strongly associates with clay minerals, understanding its molecular-scale adsorption
11  energetics, dynamics, and configurations is essential for predicting environmental retention and

12 mobility.

13 For this purpose, a combination of unbiased molecular dynamics simulations, biased umbrella
14 sampling simulations, alchemical free-energy perturbation was used in this study to obtain the
15 free energy of adsorption, orientational and clustering configurations and interlayer density
16  mapping across controlled hydration states. These simulations were applied to the three pH-

17  dependent environmentally relevant CIP species (CIP*, CIP"-, CIP-) interacting with

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

18  montmorillonite (MMT) in its Na*® form, at basal surfaces and within variably hydrated

19 interlayers.

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

20  All CIP species approached similar center-of-mass separations from the MMT surface but

(cc)

21 adopt distinct orientational preferences: CIP" binds predominantly flat, CIP™~ partitions
22 between flat and side-on, and CIP~ samples multiple poses. The potential of mean force profiles
23 revealed that all species adsorb favourably, but with adsorption strengths steeply increasing in
24 the order CIP™ < CIP*/~ < CIP*, having standard adsorption free energies of -2.1, -11.8 and -
25  30.0 kJ/mol, with corresponding sorption Ky values of 6.4, 520, and 1.0x10° cm’/g,
26  respectively. Unbiased open systems simulations further showed that CIP* and CIP*~ could be
27  intercalated into 2W and 3W hydration states, whereas CIP~ failed to intercalate below 4W.
28  The free energy perturbation simulations revealed the highest hydration free energy for CIP~
29  across bulk, mesopore, and surface environments, while CIP*'~ and especially CIP* experience
30 increasingly favourable hydration near the clay surface due to enhanced water structuring and

31 electrostatic potential.
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Overall, this study reconciles flat versus tilted pose hypotheses and links pH-driven speciaf
to MMT retention and mobility. The results explain, on the molecular scale, why clay-rich soils
act as strong sinks and how montmorillonite colloids can promote colloid-facilitated transport

of antibiotics in real soil-aquifer systems.

Keywords: Free energy, Potential of mean force, Hydration energy, Adsorption energy,

Intercalation

1 Introduction
Ciprofloxacin (CIP) is among the most popularly prescribed antibiotics for treating bacterial
infections in the world, and for many years it has been included in the World Health
Organisation’s (WHO) list of essential medicines.! It is a member of the second—generation
quinoline antibiotics containing a fluorine atom, and exhibits a broad spectrum of gram-
negative and gram-positive inhibitory effects.>* Since its discovery in the mid-60s, CIP has
been increasingly used globally in human and veterinary medicinal applications.’ However, its
extensive global use has led to growing environmental concerns, as it does not readily degrade
via natural pathways, such as by sunlight (UV-visible)®’7 and biodegradation®, causing it to
accumulate and become pseudo-persistent in the environment.”~'? Similar to many organic
contaminants, CIP transport in natural systems is governed not only by its aqueous solubility
but also by its strong affinity for mineral and organic colloids. When sorption affinity is high,
particularly clay-rich colloids can mobilise antibiotics over aquifer-relevant distances,
especially at low ionic strength.'314 In fact, samples taken from aquatic environments (rivers,
lakes, and estuaries) and soils have been shown to contain CIP residues.>”%!5-17 Continuous
CIP release into the environment poses a severe public health risk, as long-term exposure to
the drug via polluted food produce or drinking water can lead to antibiotic resistance.!>!® Thus,
to protect public health, most countries impose regulations requiring waste treatment to remove
harmful and toxic substances before they are released into the environment. Among the many
technologies,>!'¥23 adsorption techniques actually involving clay minerals have also been
widely applied and sought after, thanks to a good balance between cost and technical
implications.*

Clays are ubiquitously abundant across the globe,>*?> forming ~40 % of the
sedimentary rocks, and ~16 % of the total volume of the Earth’s surface.?® Thus, understanding

the surface chemistry and reactivity of clay minerals?®?° can provide valuable insight into the
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64 fate of organic contaminants in the environment, since clay minerals possess intrfisicss oo
65  properties that enable them to adsorb and retain organic contaminants to a high degree.’%-33
66  Montmorillonite (MMT), which was investigated in this study, is a swelling smectite clay
67 mineral and a common secondary mineral component of topsoil in temperate weathering
68  environments.’%37 Due to its high specific surface area, strong capacity for ion exchange, and
69  the relative ease with which the surface reactivity can be modified,®*' MMT have been
70  recognised as suitable adsorbent materials for removing organic contaminants from aqueous
71  environments.’*4>% Several experimental studies have reported good CIP adsorption on MMT
72 across varying pH ranges. At high initial CIP concentrations (1500 and 3000 mg/L) for Ca and
73 Na-rich MMT, adsorption levels of ~290-300 mg/g at pH 2—8 and ~200-240 mg/g at pH 11
74  have been reported.***> However, at lower initial CIP concentrations (180 and 360 mg/L),
75  studies reported much lower adsorption capacity for Na-MMT, particularly at higher pH with
76  adsorption levels falling to ~60—100 mg/g at pH 10.1846

77 Many factors influence CIP adsorption on MMT, as reflected by the variability of
78  adsorption amounts. A key factor is pH-dependent molecular speciation, which strongly affects
79  how an organic contaminant interacts with mineral surfaces.*’ Depending on the solution pH,
80  such compounds may exist in cationic, zwitterionic, or anionic forms, each exhibiting distinct
81  adsorption behaviour. In addition, depending on the origin of the isomorphic substitution

82  (tetrahedra or octahedra), the MMT surface has either diffuse or localised charge sites available

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

83  for adsorption. Thus, variations in the surface charge of organic contaminants affect their

84  ability to compete with other charged species for adsorption sites. Previous static sorption

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

85  studies have reported that CIP adsorption capacity on MMT is high when it is cationic (CIP")
86 at pH < 6. At pH between 6 and 8, for a zwitterion (CIP*-), adsorption is relatively low. For

(cc)

87 anionic (CIP) at pH > 8, adsorption is lower.'3446 Additionally, protonation and
88  deprotonation of the functional groups affect the interaction behaviour of the CIP molecule.
89  The CIP* protonated amine group (NH;) or carboxylic acid (COOH) interacts with the MMT
90 surface mainly via electrostatic interactions. Regarding the transport of organic contaminants,
91 several breakthrough column experiments have shown that MMT colloids are efficient carriers
92  of CIP. '%*8 Compared with quartz or kaolinite, Na*-MMT sorbs CIP two orders of magnitude
93  more strongly and mobilises nearly all pre-sorbed CIP within a few pore volumes via co-
94  transport.*®# Furthermore, while MMT-bound CIP interaction with sand is limited, it remains
95  microbiologically active after transport.'?> Using natural soil colloids, the presence of colloids
96 raised CIP breakthrough from ~4 % to 30—40 %, with stronger facilitation at lower ionic
97  strength (~2 mM), conditions that favour colloid stability and transport.'* Mechanistically,
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desorption hysteresis from MMT (likely due to interlayer fixation/partial intercalatign)and th
high cation exchange capacity (CEC) of smectites explain why MMT >> kaolinite as a carrier;
raising NaCl or Ca*" concentration generally dampens colloidal facilitated transport by
aggregating colloids and reducing their mobility.*

Although MMT is known to adsorb a wide range of organic contaminants, '#31,32,50-57,
the molecular-scale mechanisms governing CIP adsorption, including the influence of ionic
species, hydration, and interlayer diffusion, remain insufficiently understood. Hence, in this
study, we employed both unbiased MD simulations, as well as biased simulations using
umbrella sampling (US) and free energy perturbation (FEP) simulations, to investigate the
adsorption dynamics and energetics, as well as surface configurations of the different CIP

species with Na-MMT.

2 Methods
2.1 Modelled clay systems

Two main types of clay systems were used in this study. One single—layered and closed
periodic system and one three-layered open system with hexagonal clay layers being periodic
in the layers’ normal direction, but open in the xy-plane with terminated edges. Both types of
systems and components were built with the atom MATLAB library.’® The closed single-
layered system was constructed by replicating a single Pyrophyllite unit cell 11x6 times along
the a and b unit cell vectors. The layer was subjected to isomorphic substitution in 2/3 of all
unit cells in the octahedral sheet, resulting in an average unit cell stoichiometry of
Nag 66[ Sig(Al3 34Mgo.66)O020(OH)4], with Na* being the counter-cation balancing the negative
layer charge.’” Substitutions of AI¥* for Mg?" sites were performed semi-randomly while
ensuring no adjacent substitution sites, obeying Lowenstein’s rule.>® A separation of 60 A was
introduced above the layer, creating an orthogonal box with initial dimensions of 56.76 A x
53.79 A x 60.00 A. This closed system was used in both unbiased and biased umbrella sampling

simulations, as well as in alchemical FEP simulations.

To investigate CIP intercalation into the interlayers of MMT for different basal spacings
dgo1, open-type systems containing three hexagonal layers having the dimensions 120 x120 x
3dyo1 A was used. The layers were obtained by cleaving MMT slabs along edges parallel to the
(110), (0-10) , and (010) 1attice planes, resulting in a diameter of 7 nm.%%-%3 In order to minimize
the number of oxygen edge atomtypes, which are not defined in CLAYFF, isomorphic

substitution was performed as previously described albeit avoiding octahedral edge sites. Edge
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130  models representing acidic, neutral, or basic conditions in accordance with the systess;. oo
131  involving CIP*, CIP*-, and CIP-, respectively, were obtained by protonating or deprotonating
132 terminating Al(Si)-O sites. Overall, CLAYFF had to be augmented with four additional oxygen
133  atomtypes, whose partial charges were obtained using the charge smearing equation from
134  Lammers et al., 2017 and the existing cationic partial charges in CLAYFF. More in-depth
135 and detailed smectite clay edge models also including SiO(H) and substituted groups have
136  previously been reported by Liu and Tournassat et al., 2023.%° Details on the atom types and
137  example hexagonal MMT layers used in this study can be found in the supplemental

138 information.

139 2.2 CIP-MMT system setup

140  2.2.1 Closed system simulations.

141  To investigate CIP adsorption to the MMT surface using unbiased MD simulations, three
142 closed systems having the same MMT layer but with three different CIP*, CIP*-, and CIP-
143 molecules were used (Fig. 1). The CIP molecules were placed in the centre of the simulation
144  box, with the MMT layer centred at the xy-plane (Fig. S4a). Single CI- and Na* ions were added
145  to the respective CIP* and CIP- systems to balance the system charge, respectively, and 5000

146  water molecules were added to the mesopores.

147  In the biased umbrella sampling simulations in the corresponding closed systems, and to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

148  improve sampling, two identical CIP species were placed diagonally from each other in the

149  middle of the simulation box (Fig. S5a, b).
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Fig 1. Structures of the CIP molecules considered in the simulations. CIP* (a), CIP*~ (b), and
CIP (¢)

To compare the free energy of hydration for the different CIP species subjected to clay surface
adsorption, alchemical FEP simulations of the different CIP species were performed in three
different regions of interest, i) in bulk water (5000 water molecules, without clay), ii) in the
middle of the clay system mesopore, as well iii) next to the clay surface (Fig. S6). For the
system iii) CIP was placed near the MMT surface at a distance corresponding to the position
of the lowest point on the CIP-MMT potential of mean force (PMF) surface obtained from the

umbrella sampling simulations.

2.2.2 Open system simulations.

To investigate the CIP ability for intercalation and overall mesopore/clay interlayer
partitioning, 6 CIP molecules were placed in the mesopores of the 120 x120 x 3dyy; A open-
type clay systems on each side outside the hexagonal layers (Fig. S4b). The hexagonal layers
were separated by dyo; of 12.5, 15.5, 18.7, and 21.7 A, corresponding to experimentally
reported values for the IW, 2W, 3W, and 4W hydration states,% where nW denotes the number
of pseudo-monolayers of interlayer water. The corresponding systems contained 13000, 18000,
23000, and 28000 water molecules, respectively. In addition to accounting for the CIP charge

balance, extra Na* or ClI- were added to maintain electrical neutrality from edge termination.

2.3 MD simulations

All MMT-water-ion interactions were modelled with ClayFF using the SPC water
model.®7-%° Partial charges for the new atom types in MMT (resulting from the cleaving) not
included in the original ClayFF were calculated following the work of Lammers et al. 2017.70
In addition to the non-bonded interatomic potential parameters of ClayFF, additional angle
terms from the Interface force field (IFF) were used in the MMT hexagonal layers, as it

improved the overall stability of the modelled unit cells and layer edges in particular.’®7!


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04597e

Page 7 of 34

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

180
181
182
183
184

185
186
187
188
189
190
191
192
193
194
195
196
197

198
199
200
201
202
203
204
205
206
207
208
209
210
211

Physical Chemistry Chemical Physics

The geometries of the different CIP molecules were optimised by DFT at the B3 Y P/65:31
G(d) level based on initial CIP structures obtained from the ZINC 15 database.”? They were
modelled with forcefield parameters from the General Amber Force Field (GAFF) as obtained
from the Bio2byte Acpype server,3!:> with atomic partial charges derived via the RESP-A1

protocol using the PyRED server.’+75

All MD simulations were performed using GROMACS, with a 12 A cutoff distance for van
der Waals (VdW) and Coulombic (Coul) short-range interactions. Long-range electrostatics
was handled by the Particle-Mesh Ewald (PME) summation method. The Verlet cutoff scheme
was employed to update the short-range neighbour list of 12 A and a tolerance accuracy of
0.005 kJ mol-'ps~!, All MD simulations used the velocity-rescaling (V-rescale) thermostat
maintained at a temperature of 298 K, using the linear constraint solver (lincs) algorithm to
constrain all H-bonded interactions in the simulations. An initial energy minimization step in
each simulation system was initiated using the steepest descent algorithm with a convergence
criterion of 500 kJ mol™! nm! and a step size of 0.001 A. Subsequently, a 0.5 ns equilibration
run was performed in the canonical NVT ensemble with a 0.1 fs time step. Both the CIP and
MMT layers were position-restrained during the energy minimization, while only CIP was
restrained during system density equilibration in an isobaric-isothermal (NPT) ensemble for

2.5 ns with a time step of 0.5 fs, using the C-rescale barostat set to 1 bar.

2.3.1 Unbiased MD simulations.

Productions run for each system containing different CIP molecules were simulated in the
NVT ensemble with a 1 fs timestep for 200 ns. Using the generated trajectories, clustering of
CIP molecular configurations was performed on pairwise 2D root-mean-square displacements
(RMSD) projections relative to distinct reference structures representing flat, side, and cross
orientations. The centre of density clusters were then identified by applying a local maximum
filter (window size = 20 bins) to the 2D density map, with peaks exceeding 30 % of the
maximum density designated as centres. Cluster-to-frame assignment combined spatial
proximity and density compatibility approach, where: 1) only frames with local density pgame
> 0.15 X pmax Were eligible for assignment (frames below classified as transient and un-
clustered configurations). 2) A cluster was deemed compatible only if the local density of the
frame met the criterion peame > 0.50 X Pepusters Where peuster 18 the peak density at the centre of
the cluster. Among density-compatible clusters, the frame was assigned to the spatially nearest

cluster centre.

cle Online
P04597E
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212 2.3.2 Biased umbrella sampling simulations. NPT prdirinigprs
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213 The free energy of adsorption of CIP to MMT was obtained as potential of mean force
214  (PMF) profiles by umbrella sampling simulations. Configurations for the different umbrella
215  sampling simulations were obtained from centre-of-mass (COM) pulling simulations using
216  equilibrated systems, by applying a constant rate of change of positive or negative 0.5 nm/ns
217  along the z-direction starting from the centre of the simulation box. Given a timestep of 1 fs
218  and a simulation box of ~60 A in the z-direction, a total simulation time of 6 ns was used to
219  pull the two CIP molecules halfway across the box z-dimension. The molecules were allowed
220 to rotate to assume any thermodynamically preferred configuration. Even though the CIP
221  molecules were placed such that they could not influence each other, a cylindrical flat-bottom
222 potential with a force constant of 1000 kJ mol! nm2 and a radius of 5 A was introduced at the
223 beginning of the simulations (in the middle of the mesopore) to prevent CIP molecules from
224  approaching and becoming entangled. Unique tethering locations were selected using an
225  umbrella window with a separation of ~1.0 A.
226 To speed up the umbrella sampling simulations while accurately capturing the most
227  probable adsorption configurations, the umbrella window simulations were extended in four
228  steps (5, 10, 20, 50 ns) based on the distance to the MMT surface (Fig. S5¢). Each umbrella
229  window simulation used a 2 fs time step and a biased harmonic potential with a force constant
230  of 1000 kJ mol™ nm™.
231 The free energy profiles from all windows were combined using the Weighted Histogram
232 Analysis Method (WHAM), with an iterative convergence tolerance of 107°. The first 1 ns of
233  each umbrella window simulation was discarded from the WHAM analysis to ensure
234 equilibration and eliminate transient effects.”®’’
235  For each PMF profile, the standard adsorption free energy for the different CIP species binding
236  to the MMT was computed, using the equilibrium constant for association (K4 in units of
237  length) to the unit cell of surface area A, along the z-direction, as:
238 Ky= jbulkewdz

surf
239  From K4 the corresponding free energy of adsorption at a 1 M standard state per unit cell area
240  becomes AG, s = — RT In[C"AycK 4], where the term in brackets is K~ and where C*= IM =
241 1/1660 A3 and A, .= 0.466 nm2.787 To further relate the PMF to the sorption coefficient K4
242 we also computed the interfacial adsorption coefficient K;, being in principle a Henry surface—
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243 excess length (under dilute conditions) as K; = J_ f RT — 1] dz (unit§Of1engthy 04597

244 80 K, is related to the Gibbs surface excess as I' = CK; mol/m?, where C is the molar
245  concentration. From the specific MMT surface area S, of ~750 m?/g, this Henry surface—
246  excess length then also gives the distribution coefficient by multiplication with the specific
247  surface area (S,,) as Kg = SpK;, (in cm?/g). A similar derivation can be found in previous

248  works.02:80

249  2.3.3 Alchemical FEP simulations.

250 The free energy of hydration for the different CIP ionic species in three molecular
251  environments was computed using FEP simulations. The CIP species hydration energies were
252 obtained by scaling the potential energy functions across 15 lambda steps. In the first ten
253  windows, the coulombic interactions were kept at a non-interacting state (A=0) while turning
254 VAW from a non-interacting to a fully interacting state (A=1) by perturbing the Lennard-Jones
255  parameter at 0.1 (6A=0.1) steps. From steps 10—15, the CIP VdW interaction was maintained
256  at the A=1 state while perturbing the coulombic interaction by varying the partial atomic charge
257  at dA=0.2 from the A=0 to the A=1 state. Reverse coupling steps were performed from windows
258  15-30, which correspond to the inverse of the free energy of hydration. A Bennett Acceptance
259  Ratio (BAR) method was employed to estimate the hydration-free energy over the last 4 ns of

260 simulation time.””8!

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

261 3 Results and discussions

262 3.1 CIP interlayer density profiles and configurations

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

263 3.1.1 CIP-MMT density profiles.

(cc)

264  Density profiles of the different CIP species along the z-direction and their preferred binding
265  configurations from the unbiased 200 ns NVT simulations were analysed. The symmetrised
266 interlayer distribution of the CIP molecules, relative to the entire COM of the molecules,
267 revealed no significant difference in the preferred adsorption distance. CIP* exhibited the
268  sharpest peak with the highest density distribution close to the surface, indicating its strong
269  electrostatic interaction. The CIP*~ showed a slightly broader peak and a density distribution
270  extending slightly further away compared to the CIP* peak. CIP- displayed the broadest peak,
271  which could be attributed to geometry configuration changes of CIP- near the surface that

272 shifted the molecules’ COM (Fig. 2).
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Fig. 2 shows the density profiles of CIP species normal to the MMT surface along the z
direction. CIP* exhibits the sharpest and highest adsorption peak, indicative of a well-defined
adsorption configuration at the MMT surface. CIP*/~ and CIP~ both display broader
distributions, reflecting similar adsorption behaviour consistent with the overall negative charge
character existing on CIP~ and about half of CIP*~, most of it on its carboxylate end. The

corresponding density profile for Na* is shown in Fig. S7.

Surprisingly, despite its net negative charge, CIP- showed significant interactions with the
MMT surface. Most of the negative charge of CIP~ originates from the O atoms in the

carboxylate and ketone groups that interact favourably with surface-associated Na*.

3.1.2 CIP functional group spatial distributions.

To elucidate the dynamic behaviour and interactions of the different CIP molecules with the
MMT surface, the spatial distribution of individual functional groups was analysed as a
function of time. Fig. 3 shows the preferred residence plot centred at the middle of the mesopore
along the z-direction for the different CIP species during 200 ns. For CIP-, migration to the
MMT surface occurred ~14 ns and changed its orientation just before surface adsorption, from

the carboxylate group initially pointing to the surface to the piperazinyl group (Fig. 3a)
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O 294  Fig. 3 Spatial distributions of key functional groups along the z-direction during unbiased MD
o

2 295 simulations for a) CIP-, b) CIP*~, and c) CIP* moieties in the interlayer normal to MMT
g 296  surface. MMT, 4-quinolone, COO-, COOH (carboxylate and carboxyl, respectively), NH, and
% 297  NH," (piperazinyl secondary and primary amines, respectively). The corresponding densities
% 298  are shown on the right side of each figure. An expanded view is shown in Fig. S8.

E

299  Away from the surface, the negative carboxylate group of CIP- interacted with the Na* counter-

300 ions closer to the surface, however, upon adsorption, the surface’s electrostatic repulsion

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

301 caused the negative carboxylate group to rotate, pointing to the bulk (the spatial density in Fig.

(cc)

302  3a, b). Overall, the spatial distributions normal to the MMT surface showed that the secondary
303 amine, 4-quinolone, and carboxylate groups were reasonably separated (Fig. 3a). Thus, at the
304  surface, the piperazinyl group stayed relatively near the MMT surface, with the 4-quinolone in
305 the middle, whereas the negatively charged ketone and carboxylate ends were repelled and
306 stayed further away. Given that CIP- piperazinyl group is deprotonated, attractive electrostatic
307 interactions can not account for the close proximity of NH. Instead, short-range VAW forces

308 and likely hydrogen bonds come into play.

309 The spatial distribution analysis also showed that in some instances, CIP~ completely desorbs
310 from the MMT surface, as observed at 100 ns in Fig. 3a. On the contrary, CIP*~ and CIP*
311  interact strongly with the MMT surface since both the 4-quinolone and the piperazinyl with a
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primary amine (NH,") are attracted to the surface (Fig. 3b and c). For CIP* the spdti

distribution of the end groups (Fig. 3b) showed that they are all very close to the surface
compared to the CIP-. CIP*- did, however, partially detach from the MMT surface on a few
occasions, as observed from 60 ns to 140 ns. Despite the change in configuration, CIP*~ was
not completely desorbed due to the significant attraction of the 4-quinolone and piperazinyl
moieties to the surface. For CIP* the primary amine, 4-quinolone, and carboxyl (COOH)
strongly adsorb to the MMT surface. All monitored functional groups lie flat at nearly the same
horizontal plane above the surface due to attractive interactions between the MMT surface and
the CIP* functional groups. Furthermore, because CIP* has more positively charged atoms, it
immediately migrated to the surface from the middle of the mesopore upon starting the
simulations, where the strong attraction of CIP* to the negative MMT surface makes

spontaneous desorption highly unlikely.

3.1.3 CIP intercalation in the interlayer of Na-MMT.

To qualitatively assess the partitioning of the different CIP species between clay interlayers
and the bulk reservoir, simulations with open-type systems were also performed. At the 1W
hydration state, CIP* predominately avoided the MMT edges attributed to the electrostatic
repulsion by the protonated edge sites (Fig. 4a). Upon increasing the water content from 2W to
4W, CIP" progressively intercalated into the interlayer where it experienced strong MMT
surface adsorption near the clay edges, seemingly avoiding the central regions of the interlayers
(Fig. 4d, g, and j). The zwitterionic CIP*~ exhibited behaviour similar to CIP*, with only a
notable difference at the 1W hydration state, where it was more likely to adsorb at the edge
than CIP" (Fig. 4b and S9b). This difference likely arises from the distinctive charge separation
between the carboxylate and piperazinyl ends, resulting in the negative carboxylate group
interacting favourably with the edge H atoms. For the same reason, CIP*~ more readily

migrated into the interlayer than CIP* at higher water contents (Fig. 4e, h, and k).
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341  Fig. 4 2D Concentration maps of 6 CIP molecules at varying water content. The top to bottom
342  rows show the corresponding 1W, 2W, 3W, and 4W states, and the left to right columns the
343  corresponding CIP*, CIP*~, CIP- species, respectively.
344  Moreover, because the surface adsorption energy was lower than that of CIP*, CIP*~ exhibited
reater configurational flexibility and mobility upon adsorption. Experimental studies have in
345 t fi tional flexibility and mobilit dsorption. E tal studies h.
346  fact reported that maximum adsorption occurs at pKa; (~6.1-6.4), where the solution contains
347  nearly equal proportions of CIP* and CIP*- species.!8#44-46.8283 This indicates that CIP can
348  adsorb to MMT to a slightly higher amount than the corresponding CEC, suggesting that CIP*
349  and CIP"- can synergistically be co-adsorbed.?? In contrast, the negative CIP- molecule showed
350 a greater tendency to adsorb to one or two adjacent MMT layers edges via its ketone and
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RMSD Side Conformation (nm)

351  carboxylate groups, interacting with the protonated edge sites. This dominant, mode  0fss. 55:
352  interaction was greatly facilitated by the strong charge asymmetry on CIP-, evident from the
353  electrostatic surface potential (ESP) of the carboxylate-ketone end of CIP-, which is ~7 times
354  more negative than at the piperazinyl end (Fig. S29¢).

355  As a consequence of the strong edge interactions, CIP~ exhibited limited ability to intercalate
356  the MMT, even at high water content compared to CIP* and CIP*~ (Fig. 4f, i, and 1). At IW
357  edge adsorption contributed significantly to the total adsorption for CIP-. On the other hand,
358 for CIP* and CIP"~ at 2W-4W, most of the adsorption occurs on the basal planes, edge
359  contribution therefore becomes insignificant as the edges only account for ~2—5 % of the total
360 external surface area.?

361  3.1.4 Adsorption configurations and energetic characterisation of CIP at the MMT surface
362 To investigate the energetics of the different adsorption configurations of CIP interacting with
363 the MMT surface, we first performed root mean squared displacement (RMSD) correlation
364  analysis based on three reference configurations, having cross, side, and flat orientations (Fig.
365  S2). The simulation was based on 10,000 configurations sampled from unbiased NVT closed
366  system simulations. The RMSD correlation analysis showed that CIP- fluctuated the most,
367 followed by CIP*~, while CIP* showed the highest structural stability upon adsorption. Fig. 5
368  presents the pairwise RMSD results projected onto a 2D plane, where each point represents an
369 individual simulation configuration. High-density regions of the scattered population identify
370 the dominant, recurrently visited adsorption configurations, while sparse regions correspond to
371 transient or rarely visited geometries.
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Fig. 5 Correlation density maps of equilibrated CIP structures core (4-quinolone) RMSD to the
reference cross, side, and flat configurations. CIP~ (a—c), CIP™~ (d-f), and CIP* (g—i). The
square marks at the axes represent the fit between the reference structures themselves. Selected

clusters discussed in the text are indicated by numbered arrows prefixed with a C.

From the configurational correlation density analysis, CIP~ displayed the highest orientational
heterogeneity with five identifiable clustered densities (Fig. 5¢), compared to the CIP*~ and
CIP*, which displayed two and one density clusters, respectively (Fig. 5f and i). Overall,
representative CIP configurations extracted from frames in the density cluster analysis showed
that all CIP molecules preferred to stay near the MMT surface (< 5 A) in a mainly side or flat
(or in between side and flat) configuration (Fig. S10). In order to further investigate the
interaction energies of the different configurations from the correlation density maps, pairwise
potential energies between the different CIP molecules and MMT, water, and Na*, were
decomposed into short-range electrostatic (Coulombic) and Lennard-Jones (LJ) contributions
(Table 1). For CIP~ in particular, a variation of both favourable and unfavourable interactions
with the MMT surface was found. Density cluster CO and C4 exhibited the more favourable
Lennard-Jones interactions but unfavourable intramolecular Coulombic repulsive energies,
compared to density clusters C1, C2, and C3, which demonstrated attractive Coulombic

interactions (Figure 5c). Despite the repulsive interaction between the deprotonated
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395

interaction between MMT—CIP~ was found, driven by solvation and Na"™-mediated charge

396 screening. However, aside from the possible screening effect, no apparent clear trend of the
397 independent roles of water and Na* in MMT—CIP~ adsorption, involving the Coulombic and
398  Lennard-Jones interactions was found.
399 Table 1 Pair-wise potential energy decomposition of CIP interactions with Na*, MMT and
400  water, from RMSD side versus cross reference fitted 2D projected clusters in Fig 5.
Pai Density MMT (kJ/mol)  Water (kJ/mol) Na* (kJ/mol)
ai cluster
Coul-SR  LJ-SR  Coul-SR LJ-SR  Coul-SR LJ-SR
COo 26.91 -64.92 -191.91 -47.41 -369.76 290.57
Cl -21.33 -40.81 -221.94  -55.76  -331.91 235.88
CIP- C2 -23.45 -36.77 -245.95 -58.76  -311.05 224.28
C3 -21.40 -38.71 -226.73 -59.03 -332.52 238.87
C4 9.76 -53.02 -229.51 -49.78 -332.20 249.35
CIP+- CO0 -16.84 -67.97 -257.30  -42.28 -303.36 241.81
Cl 1201 -69.42 22283 4425 34134 27557
CIP* Co -63.67 -75.18 -216.26  -51.71 -20.91 25.64
401
402  CIP"- had similar energetics across its two density clusters (Figure 5f), suggesting energetically
403  equivalent but geometrically distinct adsorption modes. This can be attributed to its distinct
404  charge polarity, having both negatively and positively charged ends. However, both density
405  clusters displayed weaker Coulombic energy contributions but stronger Lennard-Jones
406  contributions than the favourable energies for the CIP~ (C1, C2, and C3). This observation
407  shows that CIP- could favourably interact with the MMT surface in specific configurational
408  and adsorption modes. CIP" exhibited the strongest Coulombic and Lennard-Jones interactions
409 to MMT, but the least Na* interaction. CIP" also had the most restricted configurational
410 landscape, with a single density cluster (Figure 5i) exhibiting the highest electrostatic
411  interaction energy. These results show that CIP adsorption on the MMT surface was governed
412 by electrostatic interactions.
413  The corresponding relative free energy differences between the different density clusters for
414  each CIP molecule are shown in Fig. 6. The free energy differences were obtained from the
415 inverted Boltzmann distributions relative to the un-clustered population configurations for each
416  CIP molecule. Overall, the single density cluster of CIP™ had the highest negative free energy,
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417  representing 89.1 % of the total configurations. The two configurational density, ¢luster§ 0fss. sc
418  CIP*~ comprised in total 58.1 %, and had both higher energy than the un-clustered reference
419  population. The nearly equal distributions suggest an equilibrium among the structured
420 configurations of CO and C1 and the transient configurations. For CIP- the corresponding
421  energy landscape spanned 2.16 kJ/mol (from -0.28 to 1.88 kJ/mol) with 20.5 % of the
422  configurations in un-clustered transient states. This analysis demonstrate the heterogeneous

423  nature of the adsorbed configurations of both CIP"~ and CIP-, compared with that of adsorbed
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429  3.1.5 CIP configurations implication to adsorption, coordination, and density distribution

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

430  Fig 7a shows CIP~and water oxygen RDFs first shell peak increasing in the order of clusters
431 (0, C4, C1, C3, and C2, aligning with the electrostatic water—CIP~ interaction energy in Table

(cc)

432 1. However, the Na'—CIP~ Coulombic energy followed a somewhat reverse pattern, cluster C2
433 had the lowest coordination while cluster CO had the highest, this Na*—CIP~ coordination trend

434  behaviour was predominantly reflected by the carboxylate group (Fig 7c II).

435  No direct perpendicular bridging was observed when the £CIP(carboxylate oxygen)-Na™—
436 MMT arrangement approached collinearity (~180°), as in this geometry the Na* lie along the
437  shortest MMT—CIP~ axis without lateral displacement. A moderate bridging was observed at
438 intermediate angles (120°-140°), where the three-point geometry begins to adopt a bent
439  configuration. The most frequent Na*™—CIP~ interactions occurred at 90°—120° angles (Fig. 7b),
440 indicating existence of only suboptimal Na*-mediated association between CIP~ and the MMT

441  surface. The CIP- piperazinyl group showed less frequent Na* coordination than the quinolone
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and carboxylate groups (Fig. 7c III). This coordination environment explaingd, why.thess. oo

proximity of CIP~ to the MMT surface is the closest in cluster CO, followed by cluster C4, as
shown in spatial distributions (Fig. 7b). CIP- configurational implications to its coordination
behaviour and distribution remained persistent regardless of the choice of reference structure

RMSD fitting projections (Fig. S17, 18, and 19).

CIP"~ followed a similar water and Na* interaction trend, with cluster CO populations showing
higher water oxygen RDF peaks but less Na* coordination (Fig. 7). Cluster C1, exhibiting
higher Na* interaction energies, suggests a geometry where the negative end of CIP*~ is near
the MMT surface. CIP* was dominated by a single stable density cluster, stronger Coulombic
and Lennard-Jones interactions with the MMT. Overall, CIP* had the lowest and demonstrated
unfavourable interaction with Na*. This is reflected in the lowest mean coordination of Na*
across all functional groups (Fig. 7¢), indicating that CIP* species will compete with Na* for
adsorption sites on the MMT surface. Moreover, CIP* showed the lowest hydration peak
intensity (Fig. 7a), along with the presence of an NH, group, resulting in much more stable
surface adsorption via a combination of inner-sphere complexation and H-bonding. The rest of

the reference structures RMSD fitted projection results are provided in Fig. S17-27.
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Fig. 7 Structural and coordination characteristics of CIP adsorption at the MMT surface. (a)

CIP-water oxygen RDF. (b) Representative Na*-mediated adsorption geometry between CIP

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04597e

Page 19 of 34 Physical Chemistry Chemical Physics

461  and the MMT surface, showing Na* (green) bridging the carboxylate and the surface Oxygensss. o
462  (red) (c) Functional group density distributions along the surface normal and, (d) Mean CIP—
463 Na' coordination numbers for: carboxyl (I), quinolone (II), and piperazinyl (III), for the

464  determined cluster populations identified in Fig 5, right column.

465 3.2 Free energy calculation

466  3.2.1 PMF adsorption profile.

467  To quantify the adsorption energetics of the different CIP species to MMT, the potential of
468 mean force (PMF) profiles was obtained from umbrella sampling simulations. Fig. 8 presents
469  the symmetrised PMF profiles for each CIP molecule along the z-direction normal to the MMT
470  surface (z=0). For CIP-, the global energy minimum of -9.98 kJ/mol occurred at ~0.48 nm
471  (position 3 in Fig. 8) from the MMT surface; with secondary minima at 0.34 nm (-5.54 kJ/mol)
472  and 0.98 nm (-2.14 kJ/mol) corresponding to weaker metastable adsorption states (position 5).
473  In addition, Fig. 8 shows that CIP did not exhibit any favourable interaction with the MMT
474  surface until within ~1 nm from the surface (Fig. 8, position 1). This is due to the MMT
475  hydrophilicity, its permanent surface charge, and its tetrahedral-octahedral nature, which begin
476  to influence the organization of water and Na* into distinct accumulation zones at ~8-9 A from

477  its surface (Fig. S7).
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479  Fig. 8 Potential of mean force (PMF) profiles for CIP- (red), CIP*~ (black) and CIP* (green)
480 adsorption to the MMT along the surface normal. Error bars represent a 95 % confidence

481 interval from 10 independent simulations. Labelled positions are discussed in the text.

482  Between positions 1 and 2 (Fig. 8), the PMF profiles for all CIP molecules exhibited a potential
483  barrier characterised by a pronounced peak. For CIP* and CIP*", this barrier feature was ~0.88
484 nm from the surface, attributed to the increased repulsion between the increasing density of
485  Na' counter-ions and approaching positive CIP atoms. The barrier was slightly shifted towards

486  the surface (~0.78 nm at position 2') for the CIP~ as the proximity to the octahedral negative
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487  charge was further increased. Moreover, the sharp decrease following this barrier, indicat€$-d55,755:
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rapid reorientation of CIP-, where the positively charged piperazinyl group aligned toward the

489 surface while the negatively charged carboxylate group points away. This orientation
490 minimised electrostatic repulsion and enhanced attraction, aided by the shielding effect of
491 nearby Na* counter-ions. CIP*~ PMF demonstrated a characteristic double minimum with
492  distinctive energy minima at ~0.34 nm (-18.88 kJ/mol) and 0.51 nm (-18.29 kJ/mol) from the
493  surface (positions 5 and 3 in Fig. 8, respectively). The computed CIP*~ ESP distribution
494  showed a distinctive surface charge separation, with the negative and positive surfaces covering
495  nearly equal surface areas, with ratios 50.41 % and 49.59 % (Table S2 and Fig. S29b). Thus,
496  the barrier in PMF profiles observed at position 4 (Fig. 8) originated from the repulsive
497  interactions between the MMT surface and the CIP*~ negative carboxylate end. For CIP* the
498  global energy minimum was -44.43 kJ/mol at ~0.34 nm (Fig. 8, position 5) from the surface.
499  This higher adsorption energy of CIP* was primarily attributed to stronger Coulombic
500 attraction to the negatively charged MMT surface. Additional open systems simulations,
501 performed by starting with a CIP in the interlayer region and spanning a total simulation time
502  of over 250 ns, showed that all CIPs remained in the interlayer, even for the CIP-, which
503 demonstrated, indeed, CIP- favourable interaction with the surface.

504  To obtain K, and the free energy of adsorption per-site and 1 M standard state AG g, each
505 PMF profile was integrated from the middle of the mesopore to the distance of closest
506  approach, arbitrarily defined as F < 0 since beyond this point the PMF do not contribute much
507  to the adsorption free energy. To compare with sorption coefficients K 4 used in environmental
508 contexts, we also evaluated the interfacial adsorption coefficient as a Henry surface—excess
509 length (K;) from the same PMFs and reported K 4. Together, the obtained AG 4 and K 4 derived
510 here quantify i) the intrinsic per-site binding strength and ii) the macroscopic partitioning
511  expected for MMT, assuming access to its full surface area of ~750m?/g. Table 2 shows that
512 the species tendency to adsorb to the MMT surface increases in the order CIP*>CIP*>CIP-
513  .Values in Table 2 show that CIP* has several orders of magnitude higher affinity for the MMT
514  surface than CIP" and CIP-.

515  Table 2 Standard adsorption free energy results (95 % confidence interval) and the

516  corresponding sorption coefficients for the different CIP species.

Molecule Ads. free energy Sorption coefficient
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AG? (kJ/mol) Ky (em¥/g) DOI: 10.1038/D5CPO4507E
CIP- 2.1+ 1.0 6.43 +3.80
CIP+- 1.8+ 1.1 518 212
CIP* -30.0+0.8 1.04x106 % 0.35x10°

517  3.2.2 CIP hydration free energy.

518 The FEP hydration energies were performed to evaluate the hydration free energies of the
519  different CIP molecules at different regions of interest. During the simulations, each CIP
520 molecule was confined to a defined region of interest, namely, a bulk water box, the middle of
521  the mesopore, or the region near the MMT surface, by a harmonic restraining potential. In the
522  homogeneous water box, the electrostatic potential was uniform, however in the middle of the
523  MMT mesopore (bulk-like) and near the MMT surface region (adsorbed), the electrostatic
524  potential varies across the z-direction, increasing towards the MMT surface. The resulting
525  hydration energies are presented in Fig. 9, which shows that CIP~ had the highest hydration
526  energy in all the regions, attributed to the highly polar double-bonded oxygen (C=0) in the
527  carboxylate and ketone groups and its high negative partial charge, increasing its water affinity
528 (Fig. 8). CIP*~ exhibited very similar hydration behaviour to CIP-, with slightly lower
529  hydration energy due to having a less negative partial charge on the C=0O. On the other hand,
530 CIP' had the lowest hydration energy, which can be attributed to the protonation of the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

531 carboxylate group, thereby decreasing its affinity for water. The hydration energies of CIP~

532  showed no clear deterministic trend. However, the CIP* and CIP*~ hydration energies steadily

Open Access Article. Published on 27 March 2026. Downloaded on 3/28/2026 3:47:14 AM.

533  increased from the homogeneous water box to the Na—-MMT mesopore and at the surface, due

(cc)

534  to increased water density and organisation near the surface (Fig. S7). Moreover, the increase
535 innegative electrostatic potential near the surface increases the polarisation of water molecules,

536  which favours an increase in hydration of the zwitterionic and positively charged species®.
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538  Fig. 9 Hydration free energy for the CIP molecules obtained via alchemical freesen€tgyos.s:
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539

perturbation in three environments: bulk water, mesopore (bulk-like), and near the MMT

540 surface (adsorbed region). Error bars represent a 95 % confidence interval obtained from 3
541  repeated simulations in both forward and backward directions.

542 4. Conclusion

543 This work provides a molecular-level description of the adsorption energetics and
544  configurations of CIP species to Na“™-exchanged MMT clay surfaces, across environmentally
545  relevant pH conditions. The preferred configuration analyses show that, regardless of the CIP
546  ionic charge, the dominant adsorption configuration is primarily entirely or nearly flat. This
547  contradicts postulates in previous literature that tilt and cross orientations are the main
548  configurations.**823% Additionally, the configurations from 200 ns simulation revealed that the
549  significance of the bridging effect of the interlayer cation on CIP~ adsorption to MMT has been
550 slightly exaggerated in the literature. Our results show that the impact of negative surface
551  charge screening by counter-ions was evident only during the initial CIP surface migration. On
552  the surface, Na*—carboxylate contacts are present in multiple configurations, but the Na* does
553  not adopt a collinear MMT—Na*—CIP~ perpendicular bridging geometry; instead, the bridging
554  angles are consistently below 140°, reflecting a suboptimal screening effect. Once adsorbed to
555  the surface, CIP- interacts mainly from its 4-quinolone core and the H atoms in the cyclopropyl
556 and the piperazinyl groups. However, the net Coulombic contribution is configuration-
557 dependent: some adsorption configurations exhibit favourable pair-wise Coulombic
558 interactions, indicating that direct electrostatic stabilisation is not universally unfavourable for
559  CIP". The density profiles of the different CIP*, CIP*~ and CIP- molecules corroborated these
560 results, as all species display similar preferred distances from the surface. Under basic
561  conditions, when speciation is dominated by CIP-, adsorption occurs by interacting with the
562  protonated edge groups on MMT and, to a not insignificant extent, the negative MMT basal
563  surface. However, CIP- interaction with the basal surface depends on the hydration state
564  (interlayer separation) and concentration, as seen in the concentration maps generated from the
565  open system simulations. Moreover, given the layered structure of MMT, the contribution of
566 edge adsorption alone cannot account for the high adsorption capacities reported in
567  experiments,** suggesting that the reported amounts of adsorption may have originated from
568  basal surface adsorption.
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Cluster-derived dominant configurations analysis from the RMSD-deriyved fitf
correlations to the reference structures confirms that all three CIP species preferentially adsorb
in flat or near-flat configurations at the MMT surface. However, adsorption stability is strongly
dependent on speciation. CIP* is locked into a single dominant electrostatically stabilised
configuration state, whereas CIP*~ samples two energetically accessible geometries, and CIP-
remains the most heterogeneous with adsorption driven by a combination of Na*-mediated

Coulombic interactions and VAW dispersion

The adsorption free energy profiles show that CIP* exhibits strong electrostatic attraction to
the surface, supporting cation exchange as the primary driver of CIP* adsorption.??> Notably,
CIP- also exhibited favourable adsorption energies comparable to those reported for MMT-Na™*
interactions (Fig. S28).8¢ Thus, while it may not be due to cation-exchange effects, we cannot
completely disregard the possibility that the CIP- can intercalate the MMT interlayer at
hydration states higher than 1W. Further exploration of factors, such as the layer charge and
charge origin characteristics (octahedral/tetrahedral) of the MMT TOT layers, specific edge
sites pKa®>87-8% as well as the type of counter-ion, may prove crucial in shedding light on the

cation exchange role in CIP species adsorption.

Overall, the standard adsorption free energies follow the sequence CIP™ (AG® = -2.1 kJ mol™)
< CIP*~ (-11.8 kJ mol™") < CIP* (-30.0 kJ mol™"). Because the adsorption free energy enters
exponentially in the calculation of the sorption coefficients, modest differences in AG® result
in orders-of-magnitude variation in Ky. Indeed, the corresponding sorption coefficients span
six orders of magnitude (K4 values of 6.4, 520, and 1.0x10° cm3/g), demonstrating how

sensitive macroscopic retention is to small differences in the PMF profiles.

The FEP simulations revealed that CIP~ possesses higher hydration energy compared
to CIP* and CIP*~. In addition to the Na* screening effects, this strong hydration potentially
mitigated electrostatic repulsion during approach, explaining why CIP- despite its net negative

charge could still access the basal surface under certain hydration conditions.

These results further suggest that counter-ion identity and MMT layer charge origin
(octahedral versus tetrahedral isomorphic substitution) may significantly influence CIP-surface

interactions, which should be explored in future work.

Overall, this study unifies molecular configurations, hydration energetics, and free-

energy landscapes into a coherent mechanistic picture of CIP sorption to smectite clay particles,
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and provide a quantitative foundation for understanding sorption, intercalation, and, coloid=5s. o0

facilitated transport of CIP in clay-rich soils and aquifer systems.
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