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Hydrophobic coordination polymer nanoparticles and 

application for oil/water separation  

F. Novio,a,b D. Ruiz-Molina a,b * 

Catechol chemistry is used to fabricate coordination polymer 

nanoparticles bearing long alkyl chains with enhanced 

thermal and colloidal stabilities and applications for 

hydrophobic surfaces and oil/water separation.  

Having control over the chemistry of colloid surfaces has attracted 
the interest of scientists for many years as they play a critical role in 
many chemical and life science processes; by chemically modifying 
the surface or by adding other components one can enhance their 
stability and performance.1 Over the past decades, different 
experimental approaches have been developed with this aim and a 
vast amount of basic knowledge has been accumulated in 
nanoparticles, becoming a battleship for many chemists. One of the 
latest families to be incorporated is that of amorphous coordination 
polymer particles (CPPs).2 Despite being first described less than a 
decade ago,3 CPPs (combining metal ions and organic ligands) have 
allowed for new amazing functions/properties4 and applications.5 
Rapid innovations in all these fields have increased the likelihood 
that CPPs will eventually come into several other materials and 
media. Therefore, the development of new approaches to enhance 
their processability represents a challenge, among them, the 
fabrication of hydrophobic CPPs.  
The most direct approach to achieve this goal is a priori the 
hierarchical assembly of nanoparticles using ligands with long alkyl 
chains, a small fraction of which is expected to remain on the 
nanoparticle surface. With this aim, we fabricated hydrophobic 
nanoparticles with the general composition [Co(bix)(hdcat)2], where 
bix is the ligand 1,4-bis(imidazol-1-ylmethyl)benzene, a flexible 
bisimidazole bridging ligand used to induce polymerization, and 
hdcat is the ligand 4-heptadecylcatechol bearing a long alkyl chain. 
A schematic representation of this approach is shown in Figure 1. 
The choice of this selection is justified by: 1) the high affinity of 
catechol groups to coordinate to different metal ions, provides us 
with a simple way to incorporate the alkyl chain to the polymer 
backbone;6  2) the valence tautomerism exhibited by 
[Co(bix)(hdsq)(hdcat)] can be exploited to assess morphological 
modifications7 and 3) mussel-inspired catechols have already been 
successfully used to fabricate efficient hydrophobic coatings and 
oil/water separation materials.8 

In a typical experiment bix and hdcat were firstly dissolved in 
ethanol and treated with an aqueous solution of 
Co(CH3COO)2•4H2O. After vigorous stirring at room temperature 
for 30 minutes the solution turned light brown and led to the rapid 
formation of a precipitate that was collected by centrifugation and 
washed with ethanol several times (for experimental details see 
Supplementary Material, S1). As can be seen in Figure 1c, SEM 
images revealed the formation of nanoparticles (CPP1) with an 
average diameter of 115±21nm. X-ray Powder Diffraction data 
showed the typical pattern for an amorphous material. Infrared 
spectra (FT-IR) evidenced the coordination of the bix and hdcat 
ligands to the metal, UV-Vis spectra showed the typical electronic 
transitions of these cobalt polymeric compounds,7 and X-ray 
photoelectron spectroscopy (XPS), which showed the presence 
of chemically bound catechol to cobalt metal ions (see 
Supplementary Material, S2-S4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. a) Schematic of 4-heptadecylcatechol (hdcat) ligand.  b) 
Schematic of one-pot synthesis of CPP1 hydrophobic  nanoparticles. 
b) SEM images of CPP1 nanoparticles at different magnifications. 
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Dispersion of CPP1 nanoparticles in ethanol results in the formation 
of stable colloidal suspensions with tendency to float and aggregate 
in water showing its high hydrophobic character. On the contrary, in 
non-polar solvents such as hexane nanoparticles are totally soluble; 
SEM images of the resulting materials after solvent evaporation 
confirm the formation of a non-structured amorphous material 
lacking original nanoparticles. In fact, if the solution is maintained 
on air for a few days decomposition of the polymer takes place most 
likely due to oxidation of the catechol units upon prolonged contact 
with the atmospheric oxygen (see Supplementary Material, S5).  
An alternative approach to obtain stable colloidal dispersions of 
CPPs on organic solvents is the postsynthetic functionalization, as 
already reported for of metal-organic frameworks9 and for 
amorphous coordination polymer particles.10 For this, the two step-
methodology shown in Figure 2a is used. First, robust hydrophilic 
nanoparticles (CPP2) reinforced by several hydrogen bonds within 
the polymeric network were obtained by using a catechol ligand 
bearing a carboxylic group. Afterwards, the surface carboxylates 
were functionalized with a long alkyl chain (octadecylamine) 
through a well-known condensation reaction using the standard 
coupling reagents 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) (for synthetic details see 
Methods section in Supplementary Material, S1). TEM and SEM 
images revealed that the resulting nanoparticles (CPP3) maintain the 
spherical shape while being reasonably monodisperse, with average 
diameters of 112 ± 12 nm, a value slightly higher than that for the 
initial CPP2 nanoparticles (110 ± 17nm). The FT-IR spectra 
confirmed coupling by the presence of bands associated to the alkyl 
group (see Supplementary Material, S2). BET measurements leaded 
to small specific areas with small differences between the 
synthesized CPPs (see Supplementary Material, S6). Although the 
determination of the accessible carboxyl groups on the surface to 
react with amine groups is difficult, in a recent work an 
approximated value of 1.5-2.0·10-9 mol·mg-1 was obtained by 
reaction of CPP2 nanoparticles with a primary amine label 
fluorophore and subsequent spectroscopic measurements.10 
 

 

 
Interestingly, in this case, the hydrophobic shell given by the 
octadecylamine groups over the robust carboxyl-functionalized core 
allowed for a very good colloidal dispersion in different organic 
solvents such as ethanol, chloroform, hexane, toluene, THF, DMSO 
and DMF. However, CPP3 nanoparticles precipitate in water (see 
Figure 2d). Likewise, a biphasic mixture of toluene (upper 
phase)/water (bottom phase) reveals that hydrophilic CPP2 

nanoparticles remain on the aqueous phase whereas CPP3 stay in the 
organic solvent due to their different wettability characteristics (see 
Figures 2c-d). In addition to dissimilarities in the colloidal stability, 
significant different thermal behaviour was found for nanoparticle 
CPP1- CPP3. Combined TGA/DSC and SEM analysis showed that 
CPP1 nanoparticles began to melt at only 65 to 70 ºC and 
decompose just above 100 ºC, whereas CPP3 remained stable at 
least up to 175 ºC. SEM images of the morphological evolution of 
both families of nanoparticles at three different temperatures are 
shown in Figure 3 for comparison purposes (TGA/DSC are shown in 
the Supplementary Material, S7). The presence of the long alkyl 
chains not only on the surface but all over the CPP1 nanoparticles 
induces a decrease of the cohesive forces with respect to the 
hydrogen-bonded stabilized CPP3 nanoparticles, and therefore, a 
decrease of its thermal stability. 
The amorphous nature of CPP1-3 nanoparticles precludes any 
accurate structural characterisation by classical diffraction 
techniques. Nevertheless, we exploited the valence tautomerism 
(VT) behaviour shown by the family of [Co(bix)(sq)(cat)] 
nanoparticles to investigate their structural similarities.7 These 
systems might interconvert reversibly between the low-spin ls-
[CoIII(bix)(sq)(cat)] and high-spin hs-[CoII(bix)(sq)2] tautomers, 
where sq and cat stand respectively for the semiquinone and 
catecholate form, by an intramolecular metal-ligand electron 
transfer.11 Moreover, VT can be selectively monitored by the 
temperature-dependent magnetization measurements shown in 
Figure 3b.  

 

 

Figure 2. Colloidal stability of CPPs in organic media. a) Schematic of 
the coupling reaction between nanoparticles containing surface carboxyl 
groups and octadecylamine chains. b) SEM image of CPP3 
nanoparticles (inset: zoom). c) Separation in a biphasic mixture toluene 
(top)/water(down) of the hydrophilic CPP2 and the hydrophobic CPP3 
nanoparticles. d) Dispersion of CPP3 in different organic solvents and 
water. 

 

Figure 3. Morphological variation of a) CPP1 and b) CPP3 
nanoparticles at three specific temperatures. c)  µeff values as a function 
of temperature for the amorphous nanoparticles of CPP1, CPP2 and 
CPP3.  
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As can be seen there, all the different samples studied exhibit 
temperature-dependence of their effective magnetic moment (µeff) 
consistent with the presence of a VT interconversion from low- to 
high-spin states for a large fraction of molecules. Two main 
conclusions can be extracted from there. First, the occurrence of VT  
corroborates the expected [Co(bix)(sq)(cat)]  composition. And 
second, it has already been shown that the profile of µeff vs T plot is 
highly sensitive not only to the chemical structure but also to the 
local environment. In other words, complexes containing similar 
chemical structure may exhibit or not VT, or the low-spin-to-high-
spin conversion might take place at different temperatures depending 
on structural and environmental parameters. This fact can be the 
origin for the divergent magnetic behaviour found for CPP1 and 
CPP3 nanoparticles according to their different composition. The 
interplay of supramolecular interactions between ligands clearly 
modifies the cohesiveness of the nanoparticles and therefore the 
resulting bulk material properties according to the differential 
chemical nature of the groups, non-specific cohesive forces and/or 
steric constraints. Worth to mention, no significant differences are 
found between particles CPP2 and CPP3 where only the surface has 
been functionalized confirming that the surface functionalization 
does not alter or modifies the nature of the nanoparticles. 
As an example for applications, CPP3 nanoparticles were used for 
separating oils from water. By simply placing the powder material 
on the surface of oil-water mixtures, we were able to quickly and 
selectively remove oils from the water in a few minutes. 
Interestingly, the CPP3 nanoparticles with the adsorbed oil are 
retained upon filtration leading to clean water as shown in Figure 4b.  
The surface wettability of glass substrates coated with our CPP 
nanoparticles were also characterized by the water contact angle 
measurement (see Figure 4c). While the bare glass and that coated 
with CPP2 nanoparticles displays a rather hydrophilic character, 
glass substrates coated with CPP1 and CPP3 show contact angles of 
118 and 97ºC, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Finally, we also envisioned the fabrication of hydrophobic CPP 
platforms bearing iron metal ions (CPP4) following the same two-
step methodology. TEM and SEM images revealed that the resulting 
nanoparticles maintain the spherical shape with average diameters of 
98 ± 8 nm (see Supplementary Material, S8) and exhibit very similar 
wettability properties to those shown by CPP3 nanoparticles. This 
result confirms the potential of our new synthetic framework to be 
extrapolated to other metal ions with different functionalities. 
In summary, two new families of catechol-based hydrophobic CPP 
nanoparticles with different properties have been reported. The first 
approach consist of a one-pot reaction where the hierarchical 
assembly of nanoparticles takes place using the 4-
heptadecylcatechol, a small fraction of which remains on the 
nanoparticle surface. The second approach consists of a two-step 
methodology where the use of ligands bearing a carboxylic group 
enables reproducible fabrication of nanoscale platforms and their 
post-synthetic modification with octadecylamine. Most significant 
divergences between both families of nanoparticles come from their 
different thermal and colloidal stability. Combined TGA/DSC 
analysis showed that CPP1 nanoparticles are thermally less stable. 
Moreover, CPP3 nanoparticles formed stable colloidal suspensions 
in several different organic solvents according to their 
hydrophilic/hydrophobic core-shell character whereas CPP1 
nanoparticles were totally soluble in hexane. Magnetization 
measurements also indicate that both families of CPPs must be 
formed by equivalent coordination polymers in rather different 
phases or environments. So, with a clever choice and combination of 
core materials new possibilities and applications for hydrophobic 
nanoparticles with tuneable characteristics could be brought up.  
The hydrophobic nanoparticles can also act as sponges effectively 
separating oils from water surface trough a simple filtration process 
while conferring hydrophobic character to surface upon deposition. 
With an elaborate choice of precursors by taking adavantage of 
coordination chemistry, multifunctional CPPs systems might be 
fabricated for self-cleaning, environmental remediation and so on. 
Moreover, the results obtained should provide useful insights into 
the factors that affect the formation of nanostructured coordination 
polymers and the resulting bulk properties. Conformational 
modulation under the influence of long alkyl chains or carboxylic 
coligands with different supramolecular interactions and constraints 
interactions has been demonstrated.  More systematic studies are 
needed though to control and understand particle morphology.12  
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