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Hemicryptophane: A Viable Supramolecular Approach to
Improve Chlordecone Removal from Water
Oriane Della-Negra,[a] Marie Poujade,[a, b] Delphine Muselet,[b] Sabine Chevallier-Michaud,[a]

Jean-Pierre Dutasta,[c] Bastien Chatelet,[a] Pierre-Loïc Saaidi,*[b] and Alexandre Martinez*[a]

The persistent organic pollutant chlordecone massively contam-
inates water resources of the French West Indies. Hemicrypto-
phanes are cages capable of complexing chlordecone in organic
solvents. Here we demonstrate that a hemicryptophane cage is
not only able to recognize this pollutant in chloroform but is
also efficient for the removal of chlordecone from water. This
evidences that, beyond our previously reported proof of

concept, this receptor could be apply as a direct and efficient
depolluting agent, making it a promising system for applied
supramolecular chemistry. A simple pH switch (basic washing)
enables the release of chlordecone from the host, under its
deprotonated form, allowing the empty supramolecular cage to
be recycled and reused. This method for recycling the receptor,
is to the best of our knowledge unprecedented.

Introduction

Chlordecone is an organochlorine pesticide, produced and used
worldwide in the 20th century, which has been classified as a
Persistent Organic Pollutant since 2009.[1] The perchlorinated
bishomocubane structure of the molecule gives it specific
physicochemical properties such as a high hydrophobicity
(solubility estimated at about 2 mg/L in water at pH 7) and a
strong affinity for organic matter.[2–4] Due to cyclic constraint
and electron withdrawing effects, the ketone moiety of
chlordecone (C10Cl10O) can readily hydrate to give chlordecone
hydrate (C10Cl10O2H2), both in the neat form and in organic
solution (benzene, acetone, acetonitrile) when exposed to air
moisture (Figure 1a).[5–6] This predominant hydrated form was
taken into account throughout this study.

Massively used to control the banana black weevil in the
French West Indies from 1972 to 1993, this pesticide is
responsible for a long term pollution of the environment (hydric
system, soils, sediments and plants),[1] resulting in the contam-
ination of the food chain and, consequently, the exposure and
the poisoning of the French West Indian population. Its well-

known toxicity and persistence are responsible for significant
public health, social and economic problems.[7–10] More specifi-
cally, water represents an important vector for the spread of
contamination, since chlordecone contaminates groundwaters,
and therefore the drinking water pool.[11–16] Indeed, regular
monitoring of the surface and ground waters of the FWI show
that chlordecone represents by at least one order of magnitude
the main organic pollutant.[17] Currently, water purification
plants are equipped with activated carbons, the most wide-
spread adsorbent material, that allows the retention of
chlordecone. However, it has some limitations in terms of
pollutant uptake speed (hours), time of use, saturation limit,
and recyclability. Indeed, the regeneration of activated carbons
is energy consuming and does not fully restore their
performance.[18] Other materials are currently being studied to
decontaminate water and remove heavy metals and organic
pollutants. These include biochars and biosorbents, known to
adsorb chlordecone due to its strong affinity for organic
matter,[19,20,21] and water falling film reactors, which, when
coupled with advanced oxidation processes, simultaneously
degrade these compounds[22] Here, we wanted to address this
issue through the prism of supramolecular chemistry. Recent
advances have shown that the use of materials with non-
covalent interactions is very promising as they can undergo
reversible self-assembly and offer advantages in terms of
specific recognition properties (by size of chemical structures
and functions) and recyclability.[23–25] Cyclodextrins are one of
the most described supramolecular hosts for pollutants encap-
sulation and remediation. These hosts have a central cavity,
relatively hydrophobic, and a hydrophilic exterior constituted of
hydroxyl groups coming from the sugar residues (Figure 1b).[24]

They are water-soluble and non-toxic and were found to
encapsulate chlordecone. First experiments performed in 2016
showed that γ-cyclodextrin formed an insoluble complex with
chlordecone in water that could be removed by filtration.[26]

This cyclodextrin covalently bound to nanoporous carbon was
found efficient for the removal of p-nitrophenol and several
organochlorine pesticides in water.[26–27] Other research labora-
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tories have also incorporated cyclodextrins within polymers,
nanoporous carbons or molecular printed polymers, to improve
retention properties toward various water pollutants with great
recovery efficiency.[18,27–30]

In our case, we considered the use of hemicryptophane
supramolecular hosts made of a cyclotriveratrylene (CTV) unit
linked to a C3-symmetrical plaform.[31] Unlike cyclodextrins,
these hosts have the property of being easily modulable in
shape and size to specifically recognize well-defined guests.[32–36]

In particular, after a previous study aiming at synthesizing and
comparing different hosts of variable size, shape, and chemical
functions, we were able to identify a hemicryptophane
containing the C3-symmetry moiety tris(2-aminoethyl)amine
(tren), optimized to encapsulate chlordecone with a good
affinity constant (2.1×104 L/mol in CDCl3) (Figure 1c).[33,37] In this
context, we have also synthesized fluorescent analogues and
showed that the fluorescent properties of some hemicrypto-
phanes changed with chlordecone encapsulation. This allowed
us to propose a system of detection and quantification of
chlordecone in water by fluorescence monitoring.[38] In the
present study, we took benefit from our exploratory survey in
order to propose a novel approach for removing chlordecone
from water by filtration. Compared to our previous study that
was performed in organic solvents, here chlordecone is directly
complexed from a water solution. This demonstrates that the
complexation of this pollutant does not only take place in
chloroform but can also be directly applied to polluted water.
Understanding the specific host-guest interactions between
chlordecone and hemicryptophane enabled us to recycle the
supramolecular host by means of a simple basic washing,
providing an original and unprecedented way to recycle a
receptor after chlordecone complexation.

Experimental Section

Chlordecone filtration (monitored by GC-MS)

Chlordecone was solubilised in 100 mL of milliQ water (pH 7.4) at a
concentration of 1 mg/L and the selected cage (hemicryptophane
or γ-cyclodextrin at 1.1 or 5 equivalents compared to chlordecone)
or the material (0.2 mg or 1.3 mg of MCM-41, hemicryptophane

physisorbed on MCM-41 or activated carbon) was added. The
resulting mixture was stirred for 30 minutes then filtered either on
cotton or sintered glass. 0.1 mg of 10-monohydrochlordecone A1
(C10Cl9O2H3) was added as internal standard to the filtrate which
was then acidified with 100 μL of HCl 6 M and extracted with
chloroform (3×50 mL). The combined organic layers were evapo-
rated and the residue was solubilised in 1 mL of chloroform prior to
GC-MS injection (see supplementary information). Experiments
were done in duplicate.

Chlordecone filtration (monitored by NMR)

Chlordecone was solubilised in 1 L of milliQ water (pH 7.4) at a
concentration of 1 mg/L (2.0×10� 6 M) and 1.1 equivalent
(2.2×10� 6 M) of hemicryptophane was added. The resulting mixture
was stirred for 30 minutes then filtered on cotton. The cotton was
washed with 50 mL of chloroform that was then evaporated and
the residue was solubilised in 750 μL of deuterated chloroform prior
NMR analysis. Experiments were done in duplicate.

Hemicryptophane recovery (monitored by NMR)

To test hemicryptophane recycling, the steps described in support-
ing information, section 1.4 were followed until the filtration. The
filter was then washed with 100 mL of NaOH 1 M and 50 mL of
chloroform. Chloroform was then evaporated and the residue was
resolubilised in 750 μL of deuterated chloroform prior NMR analysis.
Experiments were done in duplicate.

Hemicryptophane-chlordecone decomplexation (monitored
by NMR)

Chlordecone and hemicryptophane were solubilised in 750 μL of
deuterated chloroform at a final concentration of 7 mM and put in
an NMR tube. Successive additions of NaOD 1 M in D2O were
performed and each time a 1HNMR spectrum was recorded.

Results and Discussion

Chlordecone removal from water by filtration using
supramolecular hosts and materials

In the present work, we focused on γ-cyclodextrin (Figure 1b)
that showed the best encapsulation properties among the

Figure 1. Structures of (a) chlordecone and its hydrated form, (b) γ-cyclodextrin, (c) hemicryptophane used in this study.
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tested cyclodextrins,[22] as well as on the hemicryptophane
depicted in Figure 1c, displaying the greatest affinity constant
among the hemicryptophanes previously studied.[33,37]

We first explored the chlordecone retention properties of
these structures according to the protocol already described.[26]

Briefly, chlordecone was solubilised in milliQ water (pH 7.4) at a
concentration of 1 mg/L, below its solubility limit estimated at
2.2 mg/L, and the selected cage or material (vide infra) was
added. The resulting mixture was stirred for 30 minutes then
filtered either on cotton or sintered glass. Convenient and
reliable extraction and quantification protocols were developed:
the filtrate was acidified with HCl, extracted with chloroform
and analysed by GC-MS, using 10-monohydrochlordecone as
internal standard (for complete protocol, see SI). In addition to
the two selected cages (γ-cyclodextrin and hemicryptophane),
three adsorbent materials were compared: activated carbon,
MCM-41 mesoporous silica,[38] and the hemicryptophane phys-
isorbed on MCM-41. MCM-41 was chosen for its specific
hexagonal structure, its unidirectional system of pores,[38] and
its properties. In several studies it has been used for its ability
to remove highly diluted pollutants from water (organic
molecules and heavy metals), and for molecular recognition
through adsorption in the nanostructure.[39,40] In this way it
constitutes an economical, efficient, low-cost, easy to use and
eco-friendly material which can allow the reuse of the
adsorbent and the adsorbate after its removal. Additionally, it is
known that parent cryptophane hosts can be physisorbed on
this kind of material.[37] so we wanted to combine the MCM-41
abilities with the specific recognition properties of the selected
hemicryptophane.

Figure 2 shows the results obtained using 1 equivalent
(compared to chlordecone) of cages: γ-cyclodextrin retained on
average 17�6% of chlordecone, whereas for the hemicrypto-

phane the retention rate was 40�1%. Hence, the hemi-
cryptophane cage was found to be more than twice as effective
in trapping chlordecone in water than the most efficient
cyclodextrin. The complexation of chlordecone by cyclodextrins
mainly involved Van der Waals interactions,[41] whereas hydro-
gen bonding interactions have also been evidenced when using
hemicryptophane hosts.[33] This could account for the best
efficiency of this last cage. The same experiments were carried
out using 0.2 mg of the different materials (Figure 2): MCM-41
mesoporous material alone allowed to remove 34�2% of the
pesticide, while the physisorption of hemicryptophane on this
matrix increased very slightly the performance (up to 38�1%).
A comparable result was obtained with activated carbon, whose
retention performance reached 44�1%. The significant adsorp-
tion of chlordecone onto the MCM-41 mesoporous silica can be
explained by (i) the size of MCM-41 nanochannels (diameters of
20–30 Å),[40] large enough to allow chlordecone to enter (size
estimated at 4–5 Å), and (ii) the formation of hydrogen bonding
between the gem-diol function of chlordecone, present in its
hydrated form, and the silanol groups of MCM-41. Protonation
of the basic tren unit of the hemicryptophane cage, when
physisorbed on this acidic silica support, might affect its
complexation properties.[43] Thus, it could account for the lack
of significant improvement that was expected from the
physisorption of the hemicryptophane on this mesoporous
material. Indeed, the complexation of chlordecone by hemi-
cryptophane hosts strongly depends on the size, shape of the
cavity and on functional groups located in the lower part of the
cage.[33,37] Using five cage equivalents or increasing the amount
of material used to 1.3 mg did not significantly change the
results (See SI Figure S1 and Table S1), in agreement with the
Le Chatelier’s rule related to the addition of an excess of
heterogeneous compounds to an equilibrium. The same order
of magnitude was obtained in the previously published study
(up to 70%).[30]

Iterative series of hemicryptophane addition and filtration
steps were performed. (Figure 3a). The trend observed after the
successive filtration steps could be modelled via the following
equation (1):

lnðj CLD½ �■;tot;n � CLD½ �aq;0jÞ ¼

ln jt � 1Þjð Þ þ n � 1ð Þ � ln 1 � tð Þ þ ln CLD½ �aq;0
� �

where n is the number of successive filtration steps, CLD½ �C;n

chlordecone concentration which has been complexed by the
hemicryptophane at step n, CLD½ �C;tot;nthe total chlordecone
concentration that has been complexed by the hemicrypto-
phane after n filtration steps, CLD½ �aq;0 chlordecone concentra-
tion in the aqueous layer at n=0 (1 mg/L, 2.0×10� 6 M), and τ a
complexation constant estimated at 0.24 (equation (2), see SI):

t ¼
CLD½ �C;tot; n � CLD½ �C;tot; n� 1

CLD½ �aq; n� 1

More details about the assessment of equation (1) are
available in the supplementary information file.

Figure 2. Chlordecone removal (%) after filtration of water (pH=7.4) spiked
with chlordecone at 1 mg/L, in the presence of various cages/materials.
Chlordecone removal was determined from GC-MS analyses of the organic
phase after liquid-liquid extraction (see details in SI). Letters indicate
significant differences between groups (one-way ANOVA).
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From what we can observe in Figure 3b, the model depicted
as a grey line is close to the experimental results obtained after
successive filtrations of chlordecone. Using the same protocol
and according to the established model, it would take 20
successive filtration steps to remove 99% of the chlordecone
present in the water (at 1 mg/L). Accordingly, one would expect
that the use of cages with higher affinity would lead to an
improved removal system. The 30-min contact time chosen for
water depollution by hemicryptophane in this experiment could
also be extended as was done previously for the cyclodextrin
system.[26]

Recovery of the supramolecular host hemicryptophane after
chlordecone encapsulation

In a second time, the purpose was to develop a system
enabling the hemicryptophane recovery. To do this, we
exploited the strong increase in chlordecone solubility under
basic aqueous conditions.[2] Considering the very low water
solubility of hemicryptophanes, no titration experiment could
be performed directly in water. We thus studied the behaviour
of the hemicryptophane:chlordecone 1 :1 complex by 1H-NMR
in CDCl3, upon progressive addition of 1 M D2O solution of

NaOD to the solution of the complex in CDCl3. According to
Figure 4b, addition of a NaOD solution to the complex led to a
reverse shift of the protons of the hemicryptophane (in green)
compared to that observed during the encapsulation of
chlordecone (in blue, Figure 4a). More specifically, in Figure 4,
the encapsulation of chlordecone induced an up-field shift of
the aromatic doublets located in the hemicryptophane linkers
and the two well-defined doublets at 3.4 ppm, corresponding
to the diastereotopic Ar-CH2-N- protons, gave a broad signal
upon addition of chlordecone.[33,37] Reverse effects were ob-
served upon the addition of the basic solution. Interestingly,
addition of 250 μL of NaOD solution to the solution of CDCl3
(750 μL) containing the hemicryptophane and chlordecone,
provided an NMR spectrum similar to that of the free cage
(without chlordecone inside). Thus, these results clearly demon-
strated a switch from a filled cage to an almost empty cage
upon addition of basic water,[33] chlordecone passing into the
basic aqueous phase.

From this experiment, we assessed that the hemicrypto-
phane encapsulating chlordecone could be regenerated by
simple basic washing. To test this hypothesis, we modified the
previous filtration process and performed two parallel experi-
ments: 1 L of water contaminated with 1 mg/L of chlordecone
was stirred with 1.1 equivalent of hemicryptophane for 30 min,
then filtered. (i) The filter was washed with 50 mL of chloroform,
the organic phase was evaporated and analysed by 1HNMR
(Figure 5b); (ii) the filter was first washed with 100 mL of 1 M
NaOH, then with 50 mL chloroform, the organic phase was then
evaporated and analysed by 1HNMR (Figure 5c). In the first
experiment we could observe that aromatic signals were up-
field shifted, indicating the presence of chlordecone, whereas
after basic washing, the empty hemicryptophane was recov-
ered.

As it could be observed in Figure 4b and Figure 5, the
1HNMR signals of the hemicryptophane cage were not affected
by the basic washing. Indeed, these supramolecular hosts are
known to be highly stable in basic conditions whether in
water[44] or organic solvents in the presence of strong bases
such as Ph2PLi or Verkade’s suberbase.

[44–47]

Figure 3. (a) Chlordecone removal (%) after successive filtrations of water at
pH 7.4 containing 1 mg/L of chlordecone and hemicryptophane (1.1 eq) at
each step. (b) Comparison between experimental data and data obtained
from equation (1) of lnð CLD½ �C;tot;n � CLD½ �aq;0Þ as a function of the number n
of filtration steps.

Figure 4. a) 1H NMR spectra in CDCl3 of the hemicryptophane upon the
progressive addition of chlordecone. (b) 1H NMR spectra of the chlordecone:
hemicryptophane 1 :1 complex in CDCl3 upon the progressive addition of a
1 M solution of NaOD in D2O (ref: free cage in CDCl3).
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As the pH range of environmental water can vary between
6.5 and 9,[48, 49] the effect of pH was also investigated. Basically,
the same protocol described just before was applied to water at
pH 6.5 and 8.5. 1HNMR spectra are available in Figure S3. From
these spectra, proton shifts characteristic of chlordecone
encapsulation, and more specifically those from the aliphatic
area (Ar-CH2-N and O-CH2-CH2-O) were observed. As expected,
broader signals of the hemicryptophane cage were observed at
pH 6.5 due to the possible protonation of the tertiary amine.
However, it seems that it does not prevent from chlordecone
encapsulation, which confirms the application of this method to
environmental waters with different pH values.

To confirm the possibility of hemicryptophane reuse, we
applied the previously described protocol with the hemi-
cryptophane recovered from a first filtration step (filtration,
basic washing and chloroform washing) to a new solution of
water contaminated with chlordecone. 1HNMR spectrum arising
from this 2nd use (Figure S4) attested (i) the presence of the
hemicryptophane, (ii) the presence of the complex (chlorde-
cone-hemicryptophane), notably through the specific NMR
signature of aliphatic protons.

Through these experiments, we therefore confirm the
possibility of recovering the hemicryptophane by simple basic
washing, allowing to reuse the cage several times.

Conclusions

Through this proof of concept, we have demonstrated that the
hemicryptophane cage can efficiently complex chlordecone in
water, thus allowing its removal by a simple filtration.
Compared to other hosts capable of complexing chlordecone

(γ-cyclodextrin), the hemicryptophane receptor appears to be
more efficient to decontaminate water polluted with chlorde-
cone. Furthermore, this study reveals that the hemicryptophane
cage can be easily recovered after complexing chlordecone: a
subsequent washing of the precipitated host-guest complex by
a basic aqueous solution leads to decomplexation of chlorde-
cone which passes into the basic filtrate, regenerating the
empty hemicryptophane host on the filter that can be reused in
further experiments. This results in a pH-switchable chlordecone
receptor, allowing both efficient complexation of chlordecone
at neutral pH and recovery of the depolluting cage after basic
washing. We thus designed a recyclable system to trap
chlordecone in water. Further studies are now required to
improve chlordecone retention, and to test this new system on
more complex environmental samples.

Supporting Information

The authors have cited additional references within the
Supporting Information.[50,51]

Additional details about experimental data concerning
chlordecone filtration with 5 equivalents of cage/material, the
model established for successive filtration of chlordecone,
1HNMR spectra of chlordecone encapsulation at different pH
and the reuse of the hemicryptophane cage, analytical
procedures and statistical analyses are available in Supporting
Information.
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Figure 5. a) 1H NMR spectrum of the hemicryptophane in CDCl3. (b)
1HNMR

spectrum of the residue from cotton filtration of 1 L of water containing
1 mg of chlordecone and 1.1 equivalent of hemicryptophane, washed with
chloroform and evaporated. (c) 1H NMR spectrum of the residue from cotton
filtration of 1 L of water containing 1 mg of chlordecone and 1.1 equivalent
of hemicryptophane, washed with 1 M NaOH, then with chloroform and
evaporated.
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