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Abstract: The synthesis these past few years of novel organic molecules that spontaneously 9 
self-assemble into a large variety of molecular architecture, particularly generating organogels, has 10 
opened up new horizons for preparing functional materials. Here, we present an original 11 
preparation path of such materials through the making of hybrid gels of these molecules together 12 
with covalent polymers. Three types of systems are described: i) intermingled gels where a polymer 13 
gel and an organogel pervade one another; ii) encapsulation of self-assembled filaments in polymer 14 
fibrils, which provides a system with unusual magnetic properties; iii) the reverse situation where 15 
self-assembled nanotubes sheathe polymer fibrils. Here two covalent polymers are considered: a 16 
neutral polymer, namely stereoregular polystyrene (isotactic or syndiotactic), and a semi-conducting 17 
polymer, P3BT. In the latter case, semi-conducting nanowires are obtained.    18 

Keywords: polymer thermoreversible gels; self-assembled systems; functional materials. 19 
 20 

1. Introduction 21 

The past two decades have witnessed the thriving of new organic molecules capable of 22 
self-assembling that, once in solution, subsequently generate a large variety of molecular 23 
architectures such as filaments, fibrils, platelets, and the like [1-6]. In many cases the resulting 24 
macroscopic state consists of a gel-like or a paste-like substance.  Interestingly, some of these 25 
molecules further possess functional properties [2] (magnetic, opto-electronic, electronic, and s.o...) 26 
that can open new horizons for developing functional materials in replacement for and/or in 27 
addition to current natural compounds (for instance, the replacement of rare earths would be a 28 
tremendous achievement). Yet, in many cases, these systems cannot be processed into functional 29 
materials for various reasons, such as their limited amount due to their complex syntheses, and 30 
correspondingly their cost, and/or their poor mechanical properties due to use of low 31 
concentrations. 32 

As a rule, a functional material is rarely obtained from a pure compound. The best example is 33 
provided by metallic alloys whose properties depend upon the subtle mixture of different metals. In 34 
the realm of polymers one can quote rubber-made car tyres that also contain carbon black and/or 35 
silica with the aim of reducing their wear. Also, a new property, foreign to the basic constituents, 36 
may be eventually imparted to the resulting material. 37 

Among self-assembling systems some are often designated as supramolecular polymers [7] 38 
since they form thread-like objects (filaments or fibrils) as covalent polymers do. Mixing these 39 
self-assembling systems with covalent polymers seems to be a straightforward way of preparing 40 
hybrid materials.  41 

 Here, we review a new approach consisting in preparing hybrid gels where the main 42 
component is a thermally reversible polymer gel wherein the self-assembled system is imbedded. 43 
Polymer thermoreversible gels are fibrillar networks with a typical mesh size in the micron range [8]. 44 
As far as morphology is concerned they resemble to a very high extent organogels, namely array of 45 
fibrils of similar mesh size. The idea is basically to use the polymer as a matrix, which can lower the 46 
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cost of the material, enhance the mechanical properties of the hybrid system, and make the 47 
tractability much easier [6]. That the hybrid gel contains a large amount of solvent does not stand as 48 
a major problem since it can be dried in many ways (simple evaporation, CO2 critical extraction,…). 49 
The solvent can also be recycled as is the case with the making of the PVC fibres (Rhovyl) [9]. 50 
Supercritical CO2 extraction can be a good choice as it allows one to keep the original morphology of 51 
the hybrid network. 52 

 53 

 
 

Figure 1. The three types of hybrid materials: left: an intermingled hybrid gel polymer gel with the 54 
organogelator shown underneath (designated as OPVOH, yellow); middle: encapsulation of a 55 
self-assembled filaments of a bicopper complex molecule shown underneath (pink) designated as CuS8;; 56 
= copper, = oxygen; = carbon) into a polymer fibril; right a self-assembled nanotube (green), molecule 57 
shown underneath, designated as BHPB-10, sheathing a polymer fibril.  58 
 59 
In this review we will present three types of hybrid materials with different ways of using the 60 

polymer matrix as portrayed in figure 1. The first case consists of preparing an intermingled gel 61 
where gels pervade one another. In the second case, polymer fibrils encapsulate filaments of a 62 
self-assembled bicopper complex. The third case is the reverse situation where self-assembled 63 
nanotubes sheathe polymer fibrils. In the last two cases, heterogeneous nucleation is the driving 64 
process. 65 

2. Results and Discussion 66 

2.1. Preparing interminghled gels 67 

In this section, the feasibility of intermingling a polymer thermoreversible gel together with an 68 
organogel, the latter bearing an opto-electronic function, is shown and discussed. The polymer gels 69 
are  made up of either isotactic polystyrene (iPS) or syndiotactic polystyrene (sPS). The 70 
organogelator is an oligo phenylene vinylene (OPVOH, see figure 1) which possesses opto-electronic 71 
properties, the remarkable aspect being a change of colour at the SOL-GEL transition [2]. In most 72 
cases two covalent polymers cannot be mixed on account of entropic grounds. The question to be 73 
addressed in the case of covalent polymers and supramolecular polymers concerns therefore their 74 
degree of compatibility. In other words can one prepare homogeneous solutions at high temperature 75 
that will further gel upon cooling without triggering first a liquid-liquid demixtion? In this aim, a 76 
mixture of OPVOH and atactic polystyrene (aPS) has been dissolved in benzene by heating (COPV= 77 
0.004 g/cm3, CaPS= 0.04 g/cm3), and then subsequently cooled down to form the organogel (aPS does 78 
not gel under these conditions). As displayed in figure 2, the formation and melting behaviour of the 79 
organogel is not affected by the presence of atactic polystyrene. AFM images also confirm that the 80 
gel morphology has not be significanly altered by the polymer chains [10]. 81 

The preparation of polymer/OPVOH intermingled networks has therefore been achieved with 82 
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either type of stereoregular polystyrene (iPS or sPS) on account of their differing gelation behaviour 83 
[8]. They form in different solvents, and they grow and melt at different temperatures.   84 

 85 

 

(a) 

 

(b) 

Figure 2. DSC thermograms; (a): the OPVOH organogel formation and melting, in blue the gel 86 
melting in the ternary system OPVOH/aPS/benzene, where CaPS= 2.5x10-2 g/cm3 and COPVOH= 0.4x10-2 87 
g/cm3; (b) ternary gels: (1) isotactic polystyrene/OPVOH in trans-decahydronaphthalene; (2) 88 
syndiotactic polystyrene/OPVOH in benzene, where Cpolymer= 7x10-2 g/cm3 and COPVOH= 0.4x10-2 g/cm3 89 
(data from Dasgupta et al. [10]). For details see text. 90 

Typical DSC traces are shown in figure 2. Again, the presence of a foreign molecule does not 91 
perturb the gelation of the other component. The formation and melting temperatures are virtually 92 
identical, within experimental uncertainties, to those observed in binary systems. Further SAXS 93 
experiments not shown here reveal that the scattering by the ternary system is simply the sum of the 94 
scattering by each binary gels. AFM together with SEM investigations presented in figure 3 [10] 95 
clearly point out that the gels pervade one another. Note that the the cross-sections of the organogel 96 
fibrils are much thicker than those of the polymer gel. 97 

 98 

(a) 

 

 

(b) 

Figure 3. (a) AFM picture of an sPS/OPVOH gel in benzene [10]. (b): SEM picture of aa sPS/OPVOH gel in 99 
p-xylene (courtesy of Christophe Daniel, Universita di Salerno, Italy). In both cases the fibrils of largest 100 
cross-sections are those from the organogel (typically ~ 200 nm against ~ 60nm). 101 

As aforementioned, OPVOH systems change colour at the SOL-GEL transition. This stems from  102 
π-π interactions that establish during the gelation process [2]. In the hybrid gel sPS/OPVOH/toluene, 103 
the change of colour is again observed, yet without macroscopic melting (figure 4). DSC data in 104 
figure 2B account readily for this effect: as long as the temperature is kept below the polymer gel 105 
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melting, the OPVOH organogel moiety will repeatedly undergo a change of colour at its 106 
GEL-SOL-GEL transitions [10].   107 

 108 

 

(a) (b) 

Figure 4. (a) change of colour of the hybrid gel upon heating and cooling cycles. As long as temperature 109 
lies below the polymer gel melting point, the hybrid system remains a macroscopic gel [10]. (b) rheological 110 
properties of the hybrid gel () versus those of the binary sPS gel () the solvent is 111 
trans-decahydronaphthalene (unpublished data J.M. Guenet, D. Collin [11], Institut Charles Sadron).  112 

Rheological experiments carried out by means of a piezzorheometer confirm that the 113 
mechanical properties are essentially those of the polymer gel. The values and the behaviour of both 114 
G’ and G’’ of the hybrid gel correspond within experimental uncertainties to those of the polymer 115 
gel [11]. 116 

The proof of concept is thus demonstrated: intermingled gels from covalent polymer gels and 117 
organogels can be prepared thanks to the high compatibility between their components. A 118 
functional property is therefore imparted to the polymer matrix with a low amount of 119 
organogelator, namely in a w/w ratio polymer/organogelator of about 20. 120 

2.2. Encapsulating self-assembled filaments in polymer fibrils  121 

The bicopper complex molecule shown in figures 1 and 5 possesses the propensity of 122 
self-assembling in organic solvent, thus generating very long filaments containing only one 123 
molecule in their cross-section [12-13]. The filaments are typical supramolecular polymer but, due to 124 
the interaction of the order ok kT between molecules, are also designated as dynamic polymers since 125 
they break and reassemble with the tips of other filaments. The rheological behaviour of their 126 
organic solution is basically that of long covalent polymer chains and is well theroretically 127 
reproduced by means of a Maxwell model [13]. Filaments are stable over rather long times but 1D 128 
filaments gradually disappear to transform into a solid mesophase that eventually macroscopically 129 
phase separates.  130 

The bicopper molecule possesses antiferromagnetic properties in the bulk state that are well 131 
described by the so-called Bleaney-Bowers relation [14,15]: 132 

𝜒𝐶𝑢𝑆8 =
𝑁𝐴.𝑔2.𝜇𝐵

2

𝐾𝐵𝑇[3+𝑒𝑥𝑝(
−2𝐽

𝐾𝐵𝑇
)]

                                    (1) 133 

where NA is Avogadro’s number, g the electron spin factor of the bicopper, J the coupling 134 
constant, µB  Bohr’s magneton.  135 

That relation 1 fits the experimental results particularly means that bicopper molecules are 136 
magnetically behaving as if they were isolated (spin gap). The small upturn at very low T is usually 137 
due to paramagnetic impurities. 138 
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Abied et al. have shown that the molecular piling occurs through one copper atom interacting 139 
with the oxygen atom of its neighbour [16]. No intermolecular Cu-Cu interactions are therefore 140 
involved in the bulk state. 141 

Although the 1-D aspect of the filaments might be of interest for testing their magnetic 142 
properties, their instability with time together with the impossibility of keeping them apart after 143 
solvent removal made this a remote option. The encapsulation of these filaments into polymer fibrils 144 
was contemplated by Lopez and Guenet thanks to existence of a common solvent a solvent, 145 
decahydronaphthalene, where the bicopper complex piles up into 1-D filaments while isotactic 146 
polystyrene forms a thermoreversible gel . [17]. It has been shown that the bicopper complex and the 147 
polymer form homogeneous solutions at high temperature, and are compatible to a large extent at 148 
lower temperature [18, 19]. 149 

 150 

 

(a) 

 

(b) 

Figure 5. (a) how bicopper molecules pile up in the bulk state (shifted chains) [12]. (b) magnetic 151 
susceptibility as a function of temperature. Blue= bulk state fitted with a Bleaney-Bowers law red= 152 
encapsulated state fitted by relation (1) (see text) [14,22], green theoretical variation for a spin chain [20].  153 

Encapsulation the bicopper filaments into the polymer fibrils makes use of a heterogeneous 154 
nucleation process. The filaments that form first have been shown to act as an impurity towards the 155 
polymer, and so trigger the growth of the fibrils. Otherwise, polymer gel formation is driven by a 156 
homogeneous nucleation process. A heterogeneous nucleation mechanism implies that the impurity, 157 
namely the filaments, are located in the central core of the fibrils. DSC experiments have confirmed 158 
the occurrence of heterogeneous nucleation [17,20] by revealing the increase of the gel formation 159 
temperature while increasing the bicopper complex content. 160 

(a) 

 

(b) 

Figure 6. (a) Small-angle neutron scattering data for IPS/CuS8/trans-decahydronaphthalene gels: in all 161 
cases CiPS = 0.04 g/cm3,  for CCuS8 = 0.038 g/cm3,  for CCuS8 = 0.055 g/cm3. The solid lines (red and blue) are 162 
fit with theoretical models (see text for details) [17,20]. (b) sketch of the molecular structures for CCuS8 = 163 
0.055 g/cm3: encapsulated fibrils, free associated filaments and their junctions. The encapsulated fibrils 164 
represent 99% of the structures. 165 
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Small-angle neutron scattering experiments have allowed one to determine the structure of 166 
either the polymer or the bicopper complex by a proper matching contrast approach. These 167 
investigations show that the average polymer fibril cross-section decreases with increasing the 168 
bicopper content [21], an outcome in agreement with a heterogeneous nucleation process, but also 169 
that the central part of the fibrils consists of a different constituent, namely the bicopper complex. 170 
They further show that the filament structure is kept (figure 6) since for CuS8 concentrations below 171 
CCuS8 = 0.04 g/cm3 the scattering curve can be fitted with a simple solid cylinder model: 172 

𝑞2𝐼𝑎𝑏𝑠(𝑞) = 4𝜋𝑞𝐶𝐶𝑢𝑆8𝜇𝑓𝑖𝑙 ×
𝐽1

2(𝑞𝑟𝑓𝑖𝑙)

𝑞2𝑟𝑓𝑖𝑙
2                          (2) 173 

where µfil and rfil are the mass per unit length and the cross-sectional radius of the filaments, 174 
respectively, and J1 the Bessel function of first kind and first order. 175 

The fit of the experimental data yields µfil= 1300 ± 100 g·mol−1·nm−1  and rfil= 0.7 ± 0.1 nm, which 176 
confirms the near 1-D structure of the encapsulated filaments [20].  177 

By increasing the bicopper complex content, part of the filaments are no longer encapsulated. 178 
Figure 6b shows the additional scattering due to the presence of associated 1-D filaments and to  179 
their sporadic junctions. The scattering curve can be then fitted with those three types of structures: 180 

𝑞2𝐼𝑎𝑏𝑠(𝑞) = 4𝜋𝑞𝐶𝐶𝑢𝑆8 [𝑋𝜇𝑓𝑖𝑙 ×
𝐽1

2(𝑞𝑟𝑓𝑖𝑙)

𝑞2𝑟𝑓𝑖𝑙
2 + 𝑌𝜇𝑓𝑖𝑏 ×

𝐽1
2(𝑞𝑟𝑓𝑖𝑏)

𝑞2𝑟𝑓𝑖𝑏
2 + 𝑍𝜇𝑗𝑢𝑛𝑐 ×

𝐽1
2(𝑞𝑟𝑗𝑢𝑛𝑐)

𝑞2𝑟𝑗𝑢𝑛𝑐
2 ]     (3) 181 

where µ and r stand with appropriate subscripts for the mass per unit length and for the 182 
cross-sectional radius of the encapsulated filaments, the associated filaments and the junctions. X, Y, 183 
Z are the fractions of each species.  184 

The fit yields rfil= 0.67 nm, rfil= 4 nm, and rjunc= 10 nm, μfil= 1300 g/mol.nm,· μfib= 7500 g/mol.nm 185 
and μjunc= 46 800 g/mol.nm, and X = 0.95, Y = 0.03, and Z = 0.02 [20]. 186 

As shown in figure 5 the magneric behaviour differs dratically whether the bicopper complex is 187 
in the bulk state or encapsulated. It was suspected that the piling of the molecules in the 188 
encapsulated filaments may differ from that in the bulk state [22]. To settle this point, Boulaoued et 189 
al. [20] have performed EXAFS (Extended X-Ray Absorption Fine Structure [23]) experiments for 190 
determining the environment of the copper atoms. While the model put forward by Abied et al. for 191 
the bulk state is confirmed [16], the experimental results conspicuously differ in the encapsulated 192 
state. It is concluded that Cu-0 interactions between adjecent molecules are replaced to a certain 193 
extent by Cu-Cu interactions (figure 7a). Thus, the encapsulated filaments are no longer purely 194 
shifted chains (figure 5a) but certainly contain spin chains (figure 7b).  195 

 196 

(a) 

 

 

(b) 
 197 

Figure 7. (a) Pseudo-radial distribution function in the vicinity of copper atoms as obtained by EXAFS;  198 
for the encapsulated bicopper complex,  for the bulk state (note there always is a difference of about 0.05 199 
nm in EXAFS with the actual distances). The difference between the curves lies in the domain involving 200 
Cu-Cu distances (b) a spin chain where there Cu-Cu interaction between adjacent molecules occur in lieu 201 
of the Cu-O interaction seen in the bulk state [20,22].  202 
 203 
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From these conclusions, Boulaoued et al. have been able to fit their SQUID data by using a 204 
model where three species are contemplated: (i) a bicopper molecules with only intramolecular 205 
coupling (spin gap due to shifted chains) with 2Jintra the coupling constant. (ii) Antiferromagnetic 206 
spin chains with 2Jintra and 2Jinter, namely inter and intra coupling constants. The alternation 207 
parameter α = 2Jinter/2Jintra is equal to 1 in case of a spin chain (gapless spin), and amounts to α=0 for 208 
non-coupled dimers (shifted chains, spin gapped); iii) paramagnetic impurities. The magnetic 209 
susceptibility is then written: 210 

χhybrid=xχspingap+yχgapless+zχpm                                     (4) 211 

with obvious meaning as to the subscripts (pm= paramagnetic impurities), x, y, z, being the 212 
fraction of each species (further details in supp. info. of ref. [20]). The fit yields 2J=-196±5 cm-1 for the 213 
shifted chains and 2Jintra=2Jinter=-205±5 cm-1 for the spin chain, with x= 0.54, y= 0.45, z= 0.01. The values 214 
of the coupling constant are consistent with the value found in the bulk state (2J=-198±5 cm-1). The 215 
value of g was kept at g= 2.17 as determined independantly by ESR. 216 

The fit therefore indicates that about half of the filaments, or parts of filaments pile up in a 217 
different fashion. The origin of this effect in the encapsulated state is still unknown. It is suspected 218 
that the chains surrounding the filaments exert some constraint, which eventually modifies the 219 
original piling [20]. It is worth emphasizing that such a magnetic effect is usually found in highly 220 
organized systems (crystals). Its observation in a gel is probably the first occurrence observed in a 221 
randomly-dispersed system. 222 

2.3. Sheathing polymer fibrils with self-assembled systems. 223 

2.3.1. Case of isotactic polystyrene: a neutral polymer. 224 

Recently, Mésini and coworkers have synthesised molecules (bhpb-10 see figure 1) capable of 225 
forming nanotubes with very narrow inner and outer radii distributions [24] (figure 8a). The 226 
occurrence of these nanotubes is clearly demonstrated by small-angle scattering experiments (figure 227 
8b).  228 

 (a) (b) 

Figure 8. (a) AFM picture of nanotubes formed in trans-decahydronaphthalene (Guenet unpublished 229 
data); (b) Scattering curves plotted by means of a Kratky representation q2I(q) vs q [25]; () 230 
phbp-10/trans-decahydronaphthaleneD system, () iPSD/bhpb-10/trans-decahydronaphthaleneD hybrid 231 
gel. Blue dotted line= fit with equation (5), red solid line= fit with equation (6). 232 

The scattering curve of the bhpb-10/trans-decahydronaphthaleneD system can be fitted with a 233 
bunch of parrallel hollow cylinders [25]: 234 

𝑞2𝐼(𝑞) = [2𝜋𝑞𝐶𝜇𝐿 [
2

(1−𝛾2)𝑟𝑒𝑥𝑡
× {𝐽1(𝑞𝑟𝑒𝑥𝑡) − 𝛾𝐽1(𝑞𝛾𝑟𝑒𝑥𝑡)}]

2

] × ∑ ∑ 𝐽𝑜(𝑞𝑟𝑗𝑘)𝑛
𝑘=1

𝑛
𝑗=1      (5) 235 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 March 2018                   doi:10.20944/preprints201803.0193.v1

Peer-reviewed version available at Gels 2018, 4, 35; doi:10.3390/gels4020035

http://dx.doi.org/10.20944/preprints201803.0193.v1
http://dx.doi.org/10.3390/gels4020035


 8 of 14 

 

The bracketed first term stands for the scattering by a hollow cylinder where rout is the external 236 
radius, rout the value of the inner radius, C the concentration and µL the mass per unit length. J is the 237 
Bessel function of first kind with J1 of first order, and Jo of zeroth order. The second term in relation 238 
(5) represents intermolecular interactions between pairs of parralel cylinders. Indeed, as can be seen 239 
in figure 8a, a large number of nanotubes are parrallel one another, a fact which must be taken into 240 
account. 241 

DSC experiments carried out on the hybrid system have suggested the occurrence of a 242 
heterogeneous nucleation effect, which is consistent with a sheathing process [25]. AFM 243 
investigations have shown an increase of the polymer fibrils cross-ections. These are, however, only 244 
circumstancial evidence. Neutron scattering experiments performed by varying the contrast of the 245 
different species have allowed one to confirm the sheathing of the polymer fibrils. By using an 246 
isotopic solvent mixture that matches the coherent signal of either species (figure 9a), Dasgupta et al 247 
have derived the following conclusions [25]: 248 

i) Matching the coherent scattering of deuterated isotactic polystyrene (iPSD) with deuterated 249 
trans-decahydronaphthaleneD allows one to determine the structure of bhpb-10 molecules in the 250 
ternary system. The scattering curve differs from that recorded in the binary system (figure 8b) as it 251 
can still be fitted with a hollow cylinder model yet without considering intermolecular terms. This 252 
means that parrallel cylinders are absent as would be the case if the nanotubes were randomly 253 
oriented through the sheathing process (see figure 9a).  254 

 

 

(a) (b) 

Figure 9. (a) sketch of nanotubes sheathing polymer fibrils. The nanotubes are there randomly oriented. 255 
The colours stand for hydrogenous species (red) and deuterated species (blue) for illustrating the contrast 256 
matching. In a deuterated solvent (blue) only the hydrogeneous species are seen. (b) scattering curves for 257 
iPSD/bhpb-10/trans-decahydronaphthaleneD () and iPSH/bhpb-10/trans-decahydronaphthaleneD () 258 
plotted by means of a Kratky representation q2I(q) vs q [25]. 259 

ii) when hydrogeneous iPS is used instead of deuterated iPS the oscillations previously 260 
observed disappear (figure 9b). Here iPS and bhpb-10 have virtually the same scattering amplitude 261 
so that they cannot be distinguished any longer. There is an absence of oscillations which is 262 
explained through the sketch of figure 9a. Due to their well-defined inner diameter bhpb-10 263 
nanotubes can only sheathe those fibrils with adequate cross-sections; as there is a large 264 
cross-section dispersity [21] oscillations are damped and eventually totally vanish. If the nanotubes 265 
were independent of the polymer structure, oscillations would superimpose onto the iPS scattering.  266 

The neutron scattering experiments together with the contrast matching give direct evidence 267 
that nanotubes do sheathe a fraction of the polymer fibrils. The mechanism involved in the sheathing 268 
process is most probably the hetergeneous nucleation of the nanotubes by the polymer fibrils. 269 

2.3.2. Case of P3BT (Poly[3-butylthiophene-2,5-diyl]): a semi-conducting polymer. 270 

The case of iPS fibrils sheathed by nanotubes has been useful for establishing a proof of concept, 271 
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but applications are not in view for such a system. Conversely, sheathing semi-conducting 272 
polymers, thus allowing one to prepare semi-conducting nanowires, seems a more promising 273 
perspective in the field of functional materials. Exploring new paths in the processing of these 274 
polymers may offer new opportunities for application purposes.  275 

Raj, Boulaoued and coworkers [26] studied the possibility of sheathing fibrils of P3BT 276 
(Poly[3-butylthiophene-2,5-diyl] figure 10a) which well-known in the organic electronics as p-type 277 
materials [27]. 278 

 

 

 

 

(a) (b) 

Figure 10. (a) chemical structure of P3BT. (b) right: the tip of the C-AFM is gradually allowed to penetrate 279 
into the selected fibril until it reaches the gold layer. The current and the force are simultaneously 280 
measured to determine the conductivity and the penetration depth, respectively (for details see reference 281 
[26]). Copyright 2018 John Wiley & Sons. 282 

As P3BT fibril grow somewhat slowly, the preparation procedure of the hybrid system involves 283 
three steps: first, the P3BT fibres are allowed to grow for several hours at room temperature, second 284 
the system is heated up at 60°C and then a bhpb-10 solution is added at the same temperature (no 285 
nanotubes are formed at this temperature), third the mixture is cooled down to room temperature 286 
for triggering the formation of nanotubes.  287 

Two different types of investigations are then performed: conducting AFM (C-AFM) on dilute 288 
solutions, and SANS on more concentrated solutions. 289 
 290 

 

 

 

Figure 11. I-V plots (lower curves) vs penetration depth (upper curves). From left to right: insulator 291 
behaviour, appearance of current, semi-condutor behaviour. [26]. Copyright 2018 John Wiley & Sons. 292 

The principle of C-AFM is shown in figure 10b. Once a supposedly-sheathed fibril is spotted, 293 
the tip of the C-AFM is allowed to penetrate gradually into it while the current is measured 294 
(intensity vs voltage, I-V curve). The distance Z after the “jump to contact" is the sum of cantilever 295 
deflection and of the tip penetration/indentation depth (see figure 10b). Figure 11 shows that the tip 296 
first encounters an isolating layer until it reaches a certain depth where the I-V curve corresponds to 297 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 March 2018                   doi:10.20944/preprints201803.0193.v1

Peer-reviewed version available at Gels 2018, 4, 35; doi:10.3390/gels4020035

http://dx.doi.org/10.20944/preprints201803.0193.v1
http://dx.doi.org/10.3390/gels4020035


 10 of 14 

 

a semi-conducting system. This result gives a strong indication of P3BT fibrils being sheathed by 298 
bhpb-10 nanotubes. 299 

Another experiment was carried out by mapping the current that flows across grounded and 300 
isolated gold electrodes separated by an insulating 5 µm trough [26]. By using contact mode C-AFM, 301 
current maps are concomitantly recorded with the topography. When pure bhpb-10 is deposited 302 
between the electrodes no current is detected in the trough nor in the isolated electrode. When P3BT 303 
fibrils are deposited, current is detected in the trough and in the isolated electrode. When the the 304 
hybrid system is deposited no current is detected in the trough while current is measured on the 305 
isolated electrode. This gives a strong indication of the existence of nanotube-sheathed P3BT fibrils 306 
that can be described as insulated molecular wires (see inset of figure 12a). 307 

(a) (b) 

Figure 12. SANS curves plotted by means of a Kratky-plot, q2I(q) vs q. For both figures: = 308 
bhpb-10/trans-decahydronaphthalene; = hybrid system; = P3BT fibrils in trans-decahydronaphthalene; 309 
solid black line= sum of the scattering curves of the binary systems (+). (a) results obtained at T= 20°C, 310 
inset fit of the scattering curve of the hybrid system with the model shown (blue= P3BT fibrils, grey= 311 
nanotube; see text for details). (b) results at 60°C [26]. 312 

SANS experiments bring additional back up to the sheathing process. P3BT are known to form 313 
fibrils of rectangular cross-sections [28,29], which is confirmed by a fit of the scattering curve with 314 
[30]: 315 

𝑞2𝐼(𝑞)~  
2𝑞µ𝐿

𝜋
∫ [

𝑠𝑖𝑛𝑞𝑎/2𝑐𝑜𝑠𝜃

𝑞𝑎/2𝑐𝑜𝑠𝜃
×

𝑠𝑖𝑛𝑞𝑏/2𝑠𝑖𝑛𝜃

𝑞𝑏/2𝑠𝑖𝑛𝜃
]

2

𝑠𝑖𝑛𝜃𝑑𝜃
𝜋/2

𝑜
                    (6) 316 

which yields a= 4 nm and b= 14 nm, corresponding to a diagonal of about 15 nm. 317 
Figure 12a shows that the scattering curve of the hybrid system differs from the simple sum of 318 

the scattering curves of the P3BT fibrils and of the bhpb-10. Clearly, the ternary system is not a 319 
mixture of P3BT fibrils and bhpb-10 nanotubes.  320 

Conversely, at 60°C , the scattered intensity of the ternary system is now the sum of the 321 
scattered intensity of each component in the binary systems scaled by a factor 0.7. This means that 322 
the hybrid entity observed at lower temperature represented about 30% of the components.  323 

In the inset of figure 12a a tentative fit is perfomed considering nanotubes sheathing the P3BT 324 
fibrils by using the following relation: 325 

𝐼ℎ𝑦𝑏𝑟𝑖𝑑
𝑡ℎ𝑒𝑜 (𝑞)~

𝜋𝜇𝐿𝐻𝑦𝑏

𝑞
[

2𝛾𝐴𝑃3𝐵𝑇

𝐴𝑚𝑞𝑟𝑜𝑢𝑡
𝐽1(𝑞𝛾𝑟𝑜𝑢𝑡) +

2𝐴𝑏ℎ𝑝𝑏−10

𝐴𝑚𝑞𝑟𝑜𝑢𝑡
× (𝐽1(𝑞𝑟𝑜𝑢𝑡) −  𝛾𝐽1(𝛾𝑞𝑟𝑜𝑢𝑡)]

2

     (7) 326 

where AP3BT and Abhpb-10 are the scattering amplitude of the P3BT moiety and of the bhpb-10 327 
molecules, with 𝐴𝑚 = 𝛾2𝐴𝑃3𝐵𝑇 + (1 − 𝛾2)𝐴𝑏ℎ𝑝𝑏−10, rout the outer radius of the hybrid system (namely 328 

the sheathing nanotubes), and rout the inner radius of the sheathing nanotube Considering that there 329 
is only 30% of the hybrid system here, the intensity should be written: 330 

𝐼(𝑞) = 0.35 × 𝐼𝑃3𝐵𝑇
𝑒𝑥𝑝 (𝑞) + 0.35 × 𝐼𝐵𝐻𝑃𝐵−10

𝑒𝑥𝑝 (𝑞) + 0.3 × 𝐼ℎ𝑦𝑏𝑟𝑖𝑑
𝑡ℎ𝑒𝑜 (𝑞)              (8) 331 
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The major goal in the fiting procedure is to match the positions of the first two maximum Under 332 
these conditions one obtains rout= 20 nm and rout = 9 nm with a relatively good agreement with the 333 
magnitude of the intensity. The inner radius is consistent with the half-value of the diagonal of the 334 
P3BT ribbons (7.5 nm). The outer radius is about 1.6 larger than the outer radius of the pure 335 
nanotubes, which gives a layer of about 11 nm, a value in agreement with the outcomes of the 336 
C-AFM data. 337 

The C-AFM outcomes suggest that most of the P3BT fibrils are sheathed while only 30% of 338 
hybrid material need be considered to account for neutron scattering results. This might be due to 339 
the fact that the concentration domains differ by about two order of magnitude. Also, the hybrid 340 
material has disappeared at 60°C while P3BT fibrils and bhpb-10 nanotubes are still present. That the 341 
hybrid system melts at lower temperature is reminiscent of the behaviour of an eutectic compound. 342 
This further backs up the occurrence of the sheathing process as an eutectic compound requires an 343 
intimate mixture of two components.   344 

2.3.3. Case syndiotactic polystyrene with a partially-fluorinated self-assembled system. 345 

Another system involving a partially-fluorinated bhpb-10 (designated as bhpbf, see figure 13b) 346 
and syndiotactic polystyrene (sPS) was investigated by Khan et al. with the aim of preparing highly 347 
hydrophobic materials. While the expected target was not reached, nanohybrid materials were still 348 
obtained [31]. Unlike bhpb-10 bhpbf does not form nanotubes but twisted helices instead where the 349 
fluorinated moiety is located in their core [32]. 350 

(a) (b) 

Figure 13. (a) SANS data plotted by means of a Kratky-plot, q2I(q) vs q.; = sPSD/bhpbfH/o-xyleneD 351 
(CbhpbfH = 0.01 g/cm3, CsPSD = 0.15 g/cm3); solid line= fit with equation (9). (b) model designated as 352 
“bindweed”, where bhpbf irregular helices wind up around polymer fibrils [31]. 353 

Among the various types of experiments performed for determining the structure of the hybrid 354 
system, results from neutron scattering data are worth mentioning. The system is prepared from 355 
deuterated syntiotactic polystyrene (sPSD), hydrogeneous bhpbf and deuterated p-xylene so that the 356 
main contribution is due to the bhpbf moiety. Khan et al. have shown that the intensity can be fitted 357 
with the equation of a hollow cylinder [32]: 358 

𝑞2𝐼(𝑞) = 2𝜋𝑞𝐶𝜇𝐿 [
2

(1−𝛾2)𝑟𝑒𝑥𝑡
× {𝐽1(𝑞𝑟𝑒𝑥𝑡) − 𝛾𝐽1(𝑞𝛾𝑟𝑒𝑥𝑡)}]

2

               (9) 359 

where rext is the external radius, the other parameters being the same as the previous equations. 360 
This points towards an irregular helical structure winding up around the polymer fibrils (the 361 

bindweed model) as the derived mass per unit length, µL≈ 2 × 103 g/mol.nm, is not consistent with a 362 
nanotube for which one would get µL≈ 3.4× 105 g/mol.nm. Again, because of the low resolution in the 363 
explored q-range, a helical structure, regular or irregular, scatters like a hollow cylinder (it 364 
corresponds to the zeroth order layer line). Here too, the fitting procedure consists in matching 365 
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above all the position of the maxima of the oscillations, which yields rext = 16 nm with γ = 0.65. Also 366 
the fit allows one to reproduce closely the scattering envelop. The fit could certainly be improved by 367 
taking into account radius dispersity. The thickness δ of the helical structure, namely δ = rext − rext= 368 
5.6 nm is in agreement with the helical parameters of bhpbf reported earlier [32], which gives further 369 
support to the validity of the fitting procedure.  370 

Note that the polymer fibrils are basically sheathed the same way by the self assembling 371 
molecules whether these are intrinsically forming nanotubes (bhpb-10) or not (bhpbf). To some 372 
extent the irregular helix of bhpbf could be regared as an open nanotube. 373 

3. Conclusions 374 

This short review highlights the possibility of preparing a large variety of hybrid systems from 375 
covalent polymers and self-assembling molecules by simply implementing physical processes such 376 
as heterogeneous nucleation and thermoreversible gelation. This preparation method can be achieved 377 
thanks to the high compatibility of the components in the SOL state. By virtue of the intrinsic gel 378 
morphology, which consists of an array of randomly-dispersed, thin fibrils, the resulting molecular 379 
structures lie typically in the nanometre range. Functional materials can thus be obtained, where the 380 
functionality is provided by the self-assembled moiety, and most notably at a relatively-low 381 
concentration. Thanks to the nanometre aspect a new, unexpected magnetic property turns out to be 382 
imparted to the bicopper complex in the hybrid system. So far, such a magnetic property has been 383 
only observed in highly organized systems. In the case of P3BT insulated semi-conducting 384 
nanowires can be prepared, again by only using a physical process, which provides one with a 385 
novel, unexplored way of processing this polymer.  386 

The examples presented herein may pave the way for preparing functional materials in a rather 387 
easy way without resorting to complex chemical synthesis.  388 

 389 
 390 
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