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Abstract: Here, we report on the determination of the supramolecular adsorption of hydroxybenzoate
derivates (GC toxins) of saxitoxin to a pristine graphene surface using the computational method,
MMFF94 Force Field implemented in the Chem Office package. We use a simple model with the GC
molecule centred on the graphene surface, to simulate the interaction of GC molecule stacking on
the graphene system, avoiding edge interactions. We find that the formation of the GC–graphene
complex is favourable for all GC molecules. The results of our model are in good agreement with
chromatographic elution results on the graphite surface, specifically the Hypercarb column. We
predict that these aromatic saxitoxin derivatives possess a higher adsorption energy than non-aromatic
ones. π-π stacking can be regarded as being a prevalent contribution compared to non-aromatic
analogues. Furthermore, MMFF94 adsorption results yield qualitative agreement with experiments
within N-OH and N-H sub-families: in the computational model, the interaction energy value’s order
is GC6-GC5-GC4-GC3-GC2-GC1 (the highest adsorption energy). In the experimental Hypercarb
model, the elution order is GC3-GC6-GC2-GC5-GC4-GC1 (the highest retention time). The proposed
MMFF94 research framework works well in the assessment of chromatographic selectivity. This
simple model has the potential for use in predicting the qualitative interactions of small polar
molecules and graphene, which sheds light on the application of computational techniques to help in
analytical method development.

Keywords: MMFF94; graphene; supramolecular; saxitoxin; paralytic shellfish poisoning; Hypercarb

1. Introduction

In this manuscript, we study the adsorption of natural hydroxybenzoate derivatives of
saxitoxin on graphene, calculated using the MMFF94 force field. Our choice of GC-graphene
systems is motivated by two key reasons:

(i) It is computationally feasible to calculate free energies of adsorption of GC–graphene
systems.

(ii) Saxitoxin derivatives are one of the most relevant groups of toxins.

Saxitoxin (STX) and its analogues are responsible for paralytic shellfish poisoning,
and the group of toxins that make up this group are called PSP toxins. Chemically, PSP
toxins possess 3,4-propinoperhydropurine tricyclic, a backbone common to all analogues
in this group, but differing in the combinations of hydroxyls and sulfates primarily at
four positions of the molecule, R1–R4 (Figure 1). STX belongs to the large family of
guanidine-containing marine natural products, particularly two guanidine groups, which
are responsible for its high hydrophilicity and polarity. The guanidine groups are associated
with two proton dissociations at pKa 8.1–8.4 and 11.3–11.6, which are assigned to the
guanidinium moieties centred at C8 (imidazole guanidine) and C2 (pyrimidine guanidine),
respectively [1].
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dine), respectively [1]. 

  
Saxitoxin dihydrochloride PSPs analogues backbone 

Figure 1. Saxitoxin and the structural backbone of PSPs family. Highly polar bis-guanidinium small 
molecule. Laboratorio CIFGA [2] has various standards and certified reference materials for PSPs 
but is also in the process of developing new ones, such as: doSTX, GC1&2, GC3, GC4&5, GC6, 
dcGTX1&4, 12-β-deoxySTX, M1, and M3.  

In addition to the strong influence of pH on the structure and stability of saxitoxins, 
temperature also has a significant influence on their stability. Overall, saxitoxin and de-
rivatives are stable in weakly acidic solutions but decompose quickly in alkaline media, 
depending on the structure of the analogue. The stability of PSP toxins decreases dramat-
ically with temperature, especially at temperatures above room temperature. At higher 
temperatures (>50 °C), the stability of each analogue drops dramatically to hours or even 
a few minutes. 

High temperatures combined with high pH values lead to greater instability and 
faster breakdown of toxins. It is important to keep in mind that pH and temperature var-
iations lead to conversions between different analogues and in new metabolites of para-
lytic shellfish toxins [3]. Changing pH and temperature could be considered to achieve the 
next objectives: 
(i) Maximization of the average final product, and 
(ii) Minimization of the degradation product concentration. 

For example, C3&4 is more thermolabile than GTX1&4, with approximately five 
times higher degradation rates, even at lower pH values. See Figure 2 for kinetics data. 
The conversion of C3&4 into dcGTX1&4 is more effective than GTX1&4. Qualitative anal-
ysis of the kinetics of GTX1&4 and NEO hydrolysis signals shows that dcGTX1&4 and 
dcNEO are labile to conventional hydrolysis conditions, and are therefore transient inter-
mediates, although final degradation products were not detected by the MS/MS used in 
this study of Laboratorio CIFGA. 
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Figure 1. Saxitoxin and the structural backbone of PSPs family. Highly polar bis-guanidinium small
molecule. Laboratorio CIFGA [2] has various standards and certified reference materials for PSPs but
is also in the process of developing new ones, such as: doSTX, GC1&2, GC3, GC4&5, GC6, dcGTX1&4,
12-β-deoxySTX, M1, and M3.

In addition to the strong influence of pH on the structure and stability of saxitox-
ins, temperature also has a significant influence on their stability. Overall, saxitoxin and
derivatives are stable in weakly acidic solutions but decompose quickly in alkaline media,
depending on the structure of the analogue. The stability of PSP toxins decreases dramat-
ically with temperature, especially at temperatures above room temperature. At higher
temperatures (>50 ◦C), the stability of each analogue drops dramatically to hours or even a
few minutes.

High temperatures combined with high pH values lead to greater instability and
faster breakdown of toxins. It is important to keep in mind that pH and temperature
variations lead to conversions between different analogues and in new metabolites of
paralytic shellfish toxins [3]. Changing pH and temperature could be considered to achieve
the next objectives:

(i) Maximization of the average final product, and
(ii) Minimization of the degradation product concentration.

For example, C3&4 is more thermolabile than GTX1&4, with approximately five times
higher degradation rates, even at lower pH values. See Figure 2 for kinetics data. The
conversion of C3&4 into dcGTX1&4 is more effective than GTX1&4. Qualitative analysis of
the kinetics of GTX1&4 and NEO hydrolysis signals shows that dcGTX1&4 and dcNEO
are labile to conventional hydrolysis conditions, and are therefore transient intermediates,
although final degradation products were not detected by the MS/MS used in this study of
Laboratorio CIFGA.
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Figure 2. Laboratorio CIFGA S.A. internal data for some kinetics of PSPs hydrolysis at different pH 
and temperature. In the narrow region of time evaluated, the results indicate that C3&C4 hydrolysis 
follows zero-order under Curtin–Hammett control kinetics, whereas NEO and GTX1&4 hydrolysis 
reactions exhibit apparent first-order kinetic. The low recovery of dcNEO and dcGTX1&4 reveals 
that other collateral reactions are more efficient in the initial PSP degradation. The time-course of 
dcGTX1&4 formation depicts an unknown degradation in the same way as GTX1&4.  

Among the more than 50 known analogues, the group with an aromatic substituent 
at position R4 is called GC analogues, which comprises three sub-groups according to 
aromatic substituent [4]: 
- p-hydroxybenzoate: GC1 to GC6 (Figure 3) 
- o,m-dihydroxybenzoate: GC1a to GC6a 
- p-sulfobenzoate: GC1b to GC1b  
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Figure 2. Laboratorio CIFGA S.A. internal data for some kinetics of PSPs hydrolysis at different pH
and temperature. In the narrow region of time evaluated, the results indicate that C3&C4 hydrolysis
follows zero-order under Curtin–Hammett control kinetics, whereas NEO and GTX1&4 hydrolysis
reactions exhibit apparent first-order kinetic. The low recovery of dcNEO and dcGTX1&4 reveals
that other collateral reactions are more efficient in the initial PSP degradation. The time-course of
dcGTX1&4 formation depicts an unknown degradation in the same way as GTX1&4.

Among the more than 50 known analogues, the group with an aromatic substituent
at position R4 is called GC analogues, which comprises three sub-groups according to
aromatic substituent [4]:

- p-hydroxybenzoate: GC1 to GC6 (Figure 3)
- o,m-dihydroxybenzoate: GC1a to GC6a
- p-sulfobenzoate: GC1b to GC1b
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Figure 3. 2D structure of p-hydroxybenzoate (GC1 to GC6) PSPs derivatives. Hydroxybenzoate
saxitoxins are a group of toxins produced by G. catenatum strains that belong to the larger group of
paralytic shellfish toxins.
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The toxicity of these analogues is not yet precisely known, but they have been identi-
fied in strains of G. catenatum isolated in Portugal, Spain, China, Japan, and Uruguay, thus
demonstrating their worldwide distribution [5]. These PSPs are retained over C18 bulk and
are therefore also referred to as hydrophobic PSP.

Like PSP analogues, GC toxins are unstable in alkaline media. The hydrolysis of ben-
zoate analogues progresses rapidly with increasing amounts of base, but the decarbamoylgo
nyautoxin-type hydrolysis products were short-lived and transformed into decarbamoyl
saxitoxin-type analogues [6].

The GC hydrolysis profile is quite similar to that of gonyautoxins. The profile is
biphasic and characterized by an initial increase in the rate of decarbamoyl formation
through a preliminary first-order kinetic profile and a final stage in which decarbamoyl
degradation occurs. Lowering the test temperature from 50 ◦C to 4 ◦C reduces the reaction
rate of hydrolysis, the rate of degradation side reactions, and although the conversion is
better, it is still low (5–10%).

Data analysis shows that the hydrolysis kinetics are sensitive to R4 substituent. The
qualitative kinetic order found is C3&4 ≫ GC4&5 > GTX1&4 and GTX6 ≫ GC6 > NEO,
while the qualitative conversion product recovery is C3&4 ≫≫ GC4&5 ≥ GTX1&4 and
GTX6 ≫≫ GC6 ≥ NEO. It is important to note that the rate of a reaction can be affected
by various factors such as temperature, concentration, and the presence of a catalyst.

Conventional carbon filtration media are often used to remove water pollutants in
water treatment. Carbon materials possess unique sorption properties. Carbon-based ad-
sorbents exhibit the property of adsorbing interaction with highly polar, ionic, or ionizable
organic or inorganic compounds [7]. Among the different types of carbon frameworks,
we focus on the following: Porous graphitic carbon (PGC) and graphene. In this study,
we compared the experimental results of the PGC framework with the computational
adsorption over graphene.

The porous graphitic carbon structure was entirely composed of stacks of graphitic
sheets and remained stable at high pH and temperature levels. The surface of PGC is
characterized by a cloud of delocalized electrons. Therefore, as polar analytes approach the
surface, an induced dipole is created as the electrons drop toward or away from the polar
analyte, allowing the analyte to be retained. This electrostatic effect was described by Ross
and Knox as the polar retention effect on graphite (PREG) [8]. PGC exhibits high selective
adsorption ability in separating polar uncharged species, highly polar compounds with
different spatial molecular structures (including structural isomers), and ionic/charged
species via high-performance liquid chromatography (HPLC). C8 or C18 reverse phases
are often less effective or even fail to retain this class of compounds [9]. PGC exhibits
high column efficiency for polar compounds and improved retention of compounds that
typically require hydrophilic interaction liquid chromatography (HILIC) for retention. The
ability to retain and separate polar and hydrophilic molecules can be a major challenge in
method development [10].

Graphene (Figure 4) is a now well-known single layer of carbon arranged in a two-
dimensional honeycomb lattice with a strong σ bond, and the π electrons on graphene can
move more freely than those on graphite. Different graphene-based adsorbents have been
found to have diverse adsorption capacities against different pollutants [11].

MMFF94 [12] energies and geometries were used to evaluate the trend for intermolecu-
lar interaction energies and geometries in the supramolecular study between graphene and
adsorbates. The prediction of elution order in high-performance liquid chromatography
(HPLC) could be useful in developing analytical methods and for analyte identification.
Force fields have the advantage over ab initio methods in that they require significantly
less computational effort. However, their accuracies are substantially more limited than
those of more advanced ab initio electronic structure methods [13].
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C286H46) used in this work (a) and Molecular Electrostatic Potential map (MEP) surface for graphene
as generated by VEGA ZZ 3.0.0 [14] (b). We can find that the C atoms in the graphene sheet have the
most significant electron density values (blue), so they can act as acceptors for electrophilic molecules.
In contrast, the edges have less (yellow), so nucleophilic units are more readily accepted.

Keep in mind that the approach chosen to predict supramolecular interactions depends
on the particular systems studied, the goals of the research, and the resources available.
Additionally, whenever possible, it is a good idea to validate computational predictions with
experimental results. Supramolecular interactions often include non-covalent interactions,
such as hydrogen bonds, van der Waals interactions, electrostatic interactions, and π-π
stacking. These interactions can be complex and require a detailed representation to
accurately predict their behavior.

We have previously reported experimental and computational studies on the associ-
ation of water-soluble saxitoxin and tetrodotoxin analogues with pristine graphene and
graphene oxide [15,16]. An applicable retention time prediction model must not only be
predictive but also be able to predict analytes in the correct order. This becomes even more
obvious in very complex mixtures with hundreds of compounds (such as peptides in a
proteomic mixture) [17].

2. Methods

Molecular modelling was performed using the Merck Molecular Force Field 94
(MMFF94) implemented in Chem3D version 18.1 software from CambridgeSoft [18].

As in our previous works, the procedure involves the following steps:

1. The 2D structures of all compounds were created in the builder module of ChemDraw
software. The 2D structures of the compounds were then transferred to Chem3D.

2. Conformations were optimised using Merck Molecular Force Field 94 (MMFF94).
Geometry optimizations for all molecules were calculated using root mean square
convergence criteria for the potential energy surface gradient of 0.001 kcal/mol. Etoxin
is the potential energy of the toxin (adsorbate), and Egraphene is the potential energy of
graphene (substrate).

The MMFF94 force field, like many other force fields in molecular mechanics, depends
on the initial conformation of the molecules under study. Different starting geometries
for GC toxins were tested because no minimum energy geometry can lead to unrealistic
results. The different initial conformations led to a change in the spatial distribution of the
hydroxybenzoate group and the arrangement of intermolecular hydrogen bonds.

After energy minimization, a visual inspection of the optimised geometry is performed
to verify that there are no chemical inconsistencies.
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3. A bottom-up scheme was employed where the starting topology consists of a toxin
randomly positioned in the middle of the pristine graphene layer (286 carbon atoms,
C286H46) with a distance of 4 Å to 7 Å. Subsequently, the energy and geometry of the
supramolecular complex were optimised without fixing the position of the graphene
atoms in space to obtain Esupramolecular (potential energy of the complex in vacuum at
the local minimum).

4. To achieve a comprehensive understanding, we computed the adsorption of 6 hy-
droxybenzoate (GC) and 2 non-aromatic derivatives of STX on graphene using the
MMFF94 force field.

5. Calculations were performed on an Intel Dual Core 2.6 GHz computer with 8 GB
RAM. Force fields are particularly suitable for conformational searches due to their
very low computational cost.

6. The simulation parameters were chosen as follows:

6.1 Minimizations were performed without solvents (vacuum is the medium of
minimizations). The supramolecular stoichiometry of these complexes is 1:1.

6.2 The final supramolecular complex is a local minimum energy. To obtain a value
for statistical energy proposal, several computational energy approaches are
considered. 0.34 kcal/mol was the maximum difference between the minimum
planar conformational energy of pristine graphene and the computed energy
of the layer after supramolecular interaction. In addition, further uncertainty
may arise due to the proximity of the molecule to the hydrogen-terminated
edges. An uncertainty of 0.4 kcal/mol is considered an average value for a
proximity of 5 Å to 8 Å of the nearest atom to terminal hydrogen. Therefore,
0.74 kcal/mol is used as the minimum adsorption energy difference to assess
qualitative differences.

6.3 Final supramolecular structures with distances less than 5 Å from boundaries
were not considered.

6.4 Saxitoxin derivatives possess two guanidinium groups because they exist in
cationic form at lower pH values. In this research, we only evaluate the in-
teraction with this form. For simplicity, a new approach is used where the
guanidinium group with the charge in the

(
C = N+

2
)

group is examined instead
of evaluating the three resonance forms. In addition, in the presence of a sulfated
group on C11, a negative charge is implemented.

6.5 The topology of the initial toxin alignment is critical to the value of this method.
The GC molecules were centred over the graphene layer so that hydrogen
bonds that held the molecules to the edge of the model phase were not possible.
The GC interaction with graphene is evaluated by comparing three different
approaches: both guanidinium groups aligned to graphene, one guanidinium
group N7-C8-N9, and one as the base of the guanidinium N1-C2-N3 group,
Figure 5.

6.6 The binding energy of individual toxins adsorbed on pristine graphene was
determined by subtracting the energy of the toxin and the graphene model from
that of the supramolecular complex.

∆E = Esupramolecular −
(

Etoxin + Egraphene

)
where Esupramolecular is the potential energy of the complex in vacuum at the minimum,
and Etoxin and Egraphene are the potential energies of the adsorbate and substrate, which are
separated by an infinite distance.
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but a difference of <0.2 kcal/mol between the two structures. Interactions with folded hy-
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Figure 5. (a) Distance of tentative intramolecular hydrogen bonding in GC1. (b) Stereo-structure of
GC1 with our triangular side nomenclature to define three-dimensional interaction with graphene.
These tests are useful to differentiate two local minimum conformers since the initial geometry
of the GC molecule can have a significant impact on the calculated energies and structure of the
supramolecular complex.

3. Results and Discussion

The most stable MMFF94 geometry for GC molecules and pristine graphene were
used as a reference structure to better understand the interaction mode between the
two molecules. Optimised structures of saxitoxin derivatives are shown in Figure 6. The
most important conformational change in the structure of GCs was found in the spatial ar-
rangement of the hydroxybenzoate group. The lowest energy conformation with unfolded
hydroxybenzoate is shown in the left-side column. The energy difference between the
two optimised structures is about 2–3 kcal/mol for GC1 and GC2, instead of <0.2 kcal/mol
for GC4 and GC5. For GC5, only the minimum energy of folded hydroxybenzoate is
found, but a difference of <0.2 kcal/mol between the two structures. Interactions with
folded hydroxybenzoate do not result in good interaction energies with graphene; most
minimizations result in the unfolding of the hydroxybenzoate in the final structure.
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The adsorption of GC toxins over graphene was evaluated without counter-anions, 
considering only the guanidinium-cationic (𝐶 = 𝑁 ) and 𝑆𝑂  arrangements. The corre-
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graphene, GC gradually approaches the surface, and the graphene surface is slightly de-
formed (curved) as a result of the adsorption of GC. After about 10,000–16,000 steps, a 
local equilibrium structure is achieved. To incorporate graphene curvature deformation 
into the nonbonding interactions, we used the adaptive difference of 0.35 kcal/mol to pre-
dict the relative retention order. 
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Figure 6. Minimum optimised geometry for saxitoxin derivatives: (a) GC1 with unfolded hydrox-
ybenzoate, (b) GC1 folded, (c) GC2 unfolded, (d) GC2 folded, (e) GC3, (f) GC4 unfolded, (g) GC4
folded, (h) GC5 folded, (i) GC5 unfolded, (j) GC6 unfolded, (k) GC6 folded, (l) dcGTX1, (m) dcGTX4.
The left side part unveils hydroxybenzoate’s lowest minimum 3D structure.

The adsorption of GC toxins over graphene was evaluated without counter-anions,
considering only the guanidinium-cationic (C = N+

2 ) and SO−
3 arrangements. The cor-

responding energy values are listed in Table 1. When GC molecules are adsorbed on the
graphene, GC gradually approaches the surface, and the graphene surface is slightly de-
formed (curved) as a result of the adsorption of GC. After about 10,000–16,000 steps, a local
equilibrium structure is achieved. To incorporate graphene curvature deformation into the
nonbonding interactions, we used the adaptive difference of 0.35 kcal/mol to predict the
relative retention order.

Table 1. Energy values of CGs, pristine graphene, and supramolecular complexes.

Molecule Supramolecular Approach Emolecule/kcal·mol−1 ∆E/kcal·mol−1

Graphene - 1491.71

GC1

α-face

−222.97

−48.14

β-face −37.54

δ-face −40.12
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Table 1. Cont.

Molecule Supramolecular Approach Emolecule/kcal·mol−1 ∆E/kcal·mol−1

GC2

α-face

−221.42

−43.53

β-face −38.39

δ-face −41.59

GC3

α-face

−202.73

−42.71

β-face −34.38

δ-face −37.87

GC4

α-face

−137.55

−39.57

β-face −37.42

δ-face −40.60

GC5

α-face

−136.04

−35.01

β-face −37.84

δ-face −38.63

GC6

α-face

−117.74

−34.17

β-face −36.83

δ-face −37.11

dcGTX1

α-face

−148.46

−33.09

β-face −32.05

δ-face −28.79

dcGTX4

α-face

−144.73

−30.18

β-face −35.25

δ-face −28.66

Two approaching stages were visually inspected before a local minimum equilibrium
structure was reached. For all molecules considered in this study, the weak adsorption of GC
on a pristine graphene sheet disrupts the intramolecular geometry of both molecules. For
distances >4 Å, the trajectory approach shows that the (attractive) interaction is dispersive.
In the first stage, the noncovalent ion-π and XH-π stackings are responsible for the initial
supramolecular complex between GC and graphene. In the second stage, the stabilization
can be associated with the presence of π-π stacking interactions.

Experimental and molecular calculations show that the GC1 molecule has the highest
retention time and absorption energy, respectively. The configuration optimised for GC1
shows an almost extended coplanar arrangement with a graphene layer with sulfate groups
near the π surface (Figure 7).

Hydroxybenzoate/graphene angles are also examined. The 3D model of the GC1
minimal structure shows a quasi-planar interaction between guanidinium and sulfate
group with the graphene layer. The angle between the hydroxybenzoate and graphene
plane is 4.59◦, while an average plane of van der Waals contact atoms of guanidinium has
an angle < 1◦ with the graphene plane.

The hydroxybenzoate centroid is located at 3.358 Å above the graphene mean plane.
Note that the contact of guanidinium with the surface is closer, approximately (2.5–3.0 Å)
than that of sulfate groups (3.2–3.4 Å).
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Figure 7. Distances were calculated using Mercury 3.8 [19] software for GC1’s lowest energy
supramolecular complex. The red plane is the mean of all atoms of graphene. The blue plane
is the mean of six carbons of hydroxybenzoate moiety. The centroid from these 6 carbons is located at
3.572 Å.

The non-aromatic fragment of the GC1 molecule presents 10 close contacts below
the hydroxybenzoate plane. The top view of this interaction shows that mainly ion-π
interaction occurs when the cation and anion are centred directly over the π-system and are
in direct van der Waals contact. In addition, hydroxybenzoate is slipped from each benzene
group of graphene.

GC1 adsorbs significantly stronger than GC2. GC1 has a longer retention time and
theoretically a lower energy complex. GC2 presents 8 close contacts, and the sulfate group
is located on the other side of the hydroxybenzoate plane and therefore results in less
anion-π interaction (Figure 8). In both epimer pairs, GC1 vs. GC2 and GC4 vs. GC5, the
sulfate group in the 11-β position leads to a result with lower absorption energy.
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but the energy value is close to GC2. Like GC2, we have 8 proximity contacts (Figure 9). 
In this case, there is no sulfate group at position 11. Therefore, the spatial distribution of 
the sulfate group is directly related to the chromatographic selectivity, in this case, it fa-
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Figure 8. Distances for GC2’s lowest energy supramolecular complex. The centroid from hydroxy-
benzoate carbons is located at 3.595 Å.

The supramolecular complex of GC3 has the highest energy from the N1-H series,
but the energy value is close to GC2. Like GC2, we have 8 proximity contacts (Figure 9).
In this case, there is no sulfate group at position 11. Therefore, the spatial distribution
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of the sulfate group is directly related to the chromatographic selectivity, in this case, it
favours retention.
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Figure 9. Distances for GC3’s lowest energy supramolecular complex. The centroid from hydroxy-
benzoate carbons is located at 3.576 Å.

For all GCs, note that when graphene interacts with the non-aromatic fragment, the
distance between is smaller than hydroxybenzoate (Figures 7–12). For example, the N-H
guanidinium—Graphene plane is about 2.7 Å in the studied complexes, while the optimised
distance in the case of the centroid for hydroxybenzoate fragment is in the range of 3.4
to 3.5 Å. The reason for this is the small atomic radius of the hydrogen atoms that come
into contact with the graphene layer compared to the carbon atoms in the non-planar
fragment [20].

Chem. Proc. 2023, 5, x FOR PEER REVIEW 11 of 15 
 

 

 

  
Figure 9. Distances for GC3’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.576 Å. 

For all GCs, note that when graphene interacts with the non-aromatic fragment, the 
distance between is smaller than hydroxybenzoate (Figures 7–12). For example, the N-H 
guanidinium—Graphene plane is about 2.7 Å in the studied complexes, while the opti-
mised distance in the case of the centroid for hydroxybenzoate fragment is in the range of 
3.4 to 3.5 Å. The reason for this is the small atomic radius of the hydrogen atoms that come 
into contact with the graphene layer compared to the carbon atoms in the non-planar frag-
ment [20]. 

  
Figure 10. Distances for GC4’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.512 Å. 

  
Figure 11. Distances for GC5’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.505 Å. 

Figure 10. Distances for GC4’s lowest energy supramolecular complex. The centroid from hydroxy-
benzoate carbons is located at 3.512 Å.

Chem. Proc. 2023, 5, x FOR PEER REVIEW 11 of 15 
 

 

 

  
Figure 9. Distances for GC3’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.576 Å. 

For all GCs, note that when graphene interacts with the non-aromatic fragment, the 
distance between is smaller than hydroxybenzoate (Figures 7–12). For example, the N-H 
guanidinium—Graphene plane is about 2.7 Å in the studied complexes, while the opti-
mised distance in the case of the centroid for hydroxybenzoate fragment is in the range of 
3.4 to 3.5 Å. The reason for this is the small atomic radius of the hydrogen atoms that come 
into contact with the graphene layer compared to the carbon atoms in the non-planar frag-
ment [20]. 

  
Figure 10. Distances for GC4’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.512 Å. 

  
Figure 11. Distances for GC5’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.505 Å. 
Figure 11. Distances for GC5’s lowest energy supramolecular complex. The centroid from hydroxy-
benzoate carbons is located at 3.505 Å.



Chem. Proc. 2023, 14, 94 12 of 15Chem. Proc. 2023, 5, x FOR PEER REVIEW 12 of 15 
 

 

  
Figure 12. Distances for GC6’s lowest energy supramolecular complex. The centroid from hy-
droxybenzoate carbons is located at 3.515 Å. 

For GC1, GC2, and GC3, the plane angles are in the range of 4° to 6° higher than for 
GC4, GC5, and GC6, which are close to zero. The favourable π-π interaction allows the 
molecules to lie flat on the surface, and the orientation of hydroxybenzoate is parallel-
slipped to the graphene model. Cation-π and hydrophobic interaction lead the molecules 
to form the 2D supramolecular systems. For N-H, the preferred orientation is the GC al-
pha-side, while for N-OH, the preferred interaction orientation is the GC delta-side. 

GC4 presents only 5 close contacts. In this case, anion-π interaction is closer than 
cation-π interaction. GC5 also presents 5 close contacts, but guanidium is closer than sul-
fate to the graphene plane, while GC6 only presents 4 close contacts. GC6 has less favour-
able adsorption energy. 

To evaluate the hydroxyl substituent in N1, the relative energies of GC1, GC2, and 
GC3 vs. GC4, GC5, and GC6 were compared. The lowest energy is found for N-H deriva-
tives; therefore, the N1-OH group provides additional destabilization of the supramolec-
ular interaction, either because now the lower energy orientation only faces a guani-
dinium group toward the graphene surface and because the alpha orientation is destabi-
lized. For N1-H derivatives, the most preferred supramolecular complex is the orientation 
of positively charged guanidinium groups to the graphene surface. This interaction could 
be viewed as an example of a non-covalent bonding between a monopole (cation) and a 
quadrupole (π system), a Cation-π interaction. 

To gain additional insight into the π-π stacking interactions, we checked the contri-
butions to the binding energy predicted by the MMFF94 model for a series of aromatic 
and nonaromatic, GC4 vs dcGTX1 and GC5 vs dcGTX4, see Figure 13 for comparative 
purposes. Removing hydroxybenzoate from the GC4 and GC5 skeleton, less absorption 
energy was computed. Although the non-aromatic backbone presents more and different 
supramolecular close contacts, a single extrapolation of π-π stacking energy could be in-
ferred, 5–6 kcal/mol−1. 

  
Figure 13. Distances for dcGTX1 (left) and dcGTX4 (right) lowest energy supramolecular com-
plexes. Our initial MMFF94 calculations using dcGTX1 and dcGTX4 vs. GC4 and GC5 as a model 
binding target revealed that stacking configurations have a higher binding energy than when dicar-
bamoyl derivatives are approached to the graphene sheets. 

Figure 12. Distances for GC6’s lowest energy supramolecular complex. The centroid from hydroxy-
benzoate carbons is located at 3.515 Å.

For GC1, GC2, and GC3, the plane angles are in the range of 4◦ to 6◦ higher than
for GC4, GC5, and GC6, which are close to zero. The favourable π-π interaction allows
the molecules to lie flat on the surface, and the orientation of hydroxybenzoate is parallel-
slipped to the graphene model. Cation-π and hydrophobic interaction lead the molecules
to form the 2D supramolecular systems. For N-H, the preferred orientation is the GC
alpha-side, while for N-OH, the preferred interaction orientation is the GC delta-side.

GC4 presents only 5 close contacts. In this case, anion-π interaction is closer than
cation-π interaction. GC5 also presents 5 close contacts, but guanidium is closer than sulfate
to the graphene plane, while GC6 only presents 4 close contacts. GC6 has less favourable
adsorption energy.

To evaluate the hydroxyl substituent in N1, the relative energies of GC1, GC2, and GC3
vs. GC4, GC5, and GC6 were compared. The lowest energy is found for N-H derivatives;
therefore, the N1-OH group provides additional destabilization of the supramolecular
interaction, either because now the lower energy orientation only faces a guanidinium
group toward the graphene surface and because the alpha orientation is destabilized.
For N1-H derivatives, the most preferred supramolecular complex is the orientation of
positively charged guanidinium groups to the graphene surface. This interaction could
be viewed as an example of a non-covalent bonding between a monopole (cation) and a
quadrupole (π system), a Cation-π interaction.

To gain additional insight into the π-π stacking interactions, we checked the contri-
butions to the binding energy predicted by the MMFF94 model for a series of aromatic
and nonaromatic, GC4 vs dcGTX1 and GC5 vs dcGTX4, see Figure 13 for comparative
purposes. Removing hydroxybenzoate from the GC4 and GC5 skeleton, less absorption
energy was computed. Although the non-aromatic backbone presents more and differ-
ent supramolecular close contacts, a single extrapolation of π-π stacking energy could be
inferred, 5–6 kcal/mol−1.

Molecular mechanic force fields are approximations of molecular behaviour, and while
they can provide valuable insights, they have limitations. They are generally more accurate
for smaller organic molecules and might not be as accurate for large and complex systems
or specific types of non-covalent interactions. To validate our qualitative computational
results, a comparison with chromatographic mimic experimental data was done.

In Figure 14, chromatographic peaks of major tentative analogues of GC molecules,
commercial standards are not yet available for full assignment purposes. Chromatographic
elution of GCs takes place in a clean column step, even though selective peaks can be
achieved to a greater or lesser extent.
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Figure 13. Distances for dcGTX1 (left) and dcGTX4 (right) lowest energy supramolecular complexes.
Our initial MMFF94 calculations using dcGTX1 and dcGTX4 vs. GC4 and GC5 as a model binding
target revealed that stacking configurations have a higher binding energy than when dicarbamoyl
derivatives are approached to the graphene sheets.
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with the stationary phase through non-binding intermolecular interactions. The percent-
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water and acetonitrile plus TFA as the mobile phase, and chromatographic analysis of 

Figure 14. Chromatographic analysis of partially purified from large-scale cultivation of Gymnodinium
catenatum. Six tentative main transitions were previously identified with LC-MS and chosen to be
studied based on their range of retention and polarities. Tentative GC type b and other unknown
toxins are also found but, in less quantity, data are not shown. Conditions: Thermo Hypercarb 3 µm,
100 × 2.1 mm, LC column. Elution conditions; mobile phase A: water 0.1% TFA (v/v), mobile phase
B: acetonitrile, and mobile phase C: water; gradient: 0 min [100% A]; 0.5 min [100% A]; 1.0 min
[96% A, 4% B]; 8.0 min [96% A, 4% B]; 13 min [30% A, 8% B, 62% C]; 15.0 min [40% A, 13% B, 47% C];
17.5 min [40% A, 25% B, 35% C]; 18.0 min [40% A, 40% B, 20% C]; 21.5 min [40% A, 40% B, 20% C];
22 min [100% A]; 30 min [100% A]; flow rate: 0.25 mL/min. Temperature: 25 ◦C. MS detector: Waters
Quattro micro using the most important MRM transitions for GCs toxins are shown. GC toxins eluted
in the final stage of chromatography under re-equilibration conditions.

The experimental chromatographic elution order is from the lowest retention time,
GC3-GC6-GC2-GC5-GC4-GC1, and the highest retention time. The correlation pattern
of both models does not fit perfectly. However, if we consider the N1-H and N1-OH
subfamilies, we can observe how the order within each of them coincides in both models,
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theoretical and experimental. MMFF94 adsorption results yield qualitative agreement with
experiments within N1-OH and N1-H sub-families.

Chromatographic conditions have a strong influence on the adsorption of the GCs
with the stationary phase through non-binding intermolecular interactions. The percentage
of acetonitrile in the mobile phase, buffer concentration, pH, and graphite surface redox
state cover a full-factorial screening design for the development of elution of PSPs over the
PGC platform. In our method, experimental HPLC conditions use a mixture of water and
acetonitrile plus TFA as the mobile phase, and chromatographic analysis of PSTs provided
the retention effect on graphite and the differentiation of analytes based on their fit to the
graphite surface.

4. Conclusions

Based on the experimental results and data analysis, the conclusions of the study can
be summarised as follows.

1. The structure and surface polarity of graphene are promising materials for GC toxins
adsorption, in the same way as in previous studies on non-aromatic PSPs analogues
and tetrodotoxin and derivatives.

2. The adsorption energy values of non-aromatic were drastically decreased due to the
absence of π-π stacking.

3. MMFF94, like many other molecular mechanics force fields, is dependent on the initial
conformation of the molecules being studied. Optimising the initial conformation is a
critical step to ensure that the calculations are meaningful and accurate.

4. MMFF94 computational energy values show a qualitative correlation with the experi-
mental elution order of GC toxins. In conclusion, an elution order prediction method
was developed based on low computational cost.
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