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INTERCALATION POLYMERIZATION Introduction The term intercalation is used by chemists to describe the insertion of mobile guest species (atoms, molecules, or ions) into a crystalline host lattice containing an interconnected system of empty lattice sites () of appropriate size, according to the general equation (see Reference 1)



Usually reversible and occurring near room temperature, intercalation reactions are considered as topochemical processes, since the structural integrity of the host lattice is formally conserved. A wide range of inorganic host lattices have been found to undergo these intercalation reactions including (2) (Fig. 1) (1) framework lattices made of interconnected or parallel isolated channels and (2) layered lattices and chain-type structures made of inorganic slabs or chains, respectively. The framework lattices (zeolite-type structures, tungsten bronzes, etc) are characterized by rigid vacant channels with constant pore volume. Therefore, the uptake of guest species is limited by the minimal channel cross section which results in guest shape selective intercalation behavior (“molecular sieve” phenomenon). On the other hand, the structures resulting from the weak association of slabs or chains provide ﬂexible “pores,” since the dimensions of the interslab or interchain spaces can adapt to the dimensions of the guest species. In practice, the chain structures, such as (NbSe3 )8 , (Mo3 Se3 )8 , and (RuBr3 )8 , have low structural stability and therefore relatively few studies have been carried out on their intercalation chemistry (1). Thus, the present review is mainly devoted to the synthetic aspects of the intercalation of organic monomers in layered inorganic lattices and their in situ Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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Fig. 1. Schematic representation of inorganic host lattices: framework lattices made of parallel isolated channels (a) or interconnected channels (b), layered lattices (c), and chainlike structures (d).



polymerization leading to hybrid monophasic compounds, also called layered nanocomposites, made of the alternation of inorganic and polymer layers. Nevertheless, it may be noticed that these topochemical reactions are not the only routes to obtain such layered nanocomposites (Fig. 2): the synthesis of the mineral slabs from soluble precursors in a macromolecular solution (3,4) or the mineral slab exfoliation and their subsequent restacking after adsorption of macromolecules (encapsulative precipitation) (5,6) are other already investigated routes, which will not be reported in this article. Under speciﬁc experimental conditions, such materials may be obtained as delaminated (or exfoliated) nanocomposites, which may be described as single inorganic slabs uniformly and randomly dispersed within a polymer matrix. Readers interested by the synthesis and the properties of these delaminated nanocomposites, especially in the ﬁeld of clays, should see Nanocomposites, Polymer–Clay and other recent reviews (7–9). These materials have unusual and versatile properties, such as barrier materials and reinforced materials, (see BARRIER POLYMERS; REINFORCEMENT). Nevertheless, considerable interest has also focused in recent years upon the synthesis of layered nanocomposites. Polymer-layered nanocomposites have advantages over their small-molecule analogues in compositional stability and mechanical strength, which make them more suitable for applications. On the other hand, it is expected that the thermal or oxidative stability of the polymer could be enhanced through encapsulation. The constrained environment is also expected to lead to a higher degree of polymer ordering, which would enhance their properties by orders of magnitude (ie, electronic conductivity or nonlinear optical susceptibility for conjugated polymers). A more potentially rewarding beneﬁt arises, however, when the two lattices have ionic and/or electronically conductive
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Fig. 2. Schematic representation of the synthetic routes leading to polymer-layered nanocomposites (where  and  symbolize organic monomer and inorganic slab precursor, respectively).



properties. The goal is to design systems such that two lattices interact in such a way so as to enhance the properties of both. The advantages of the polymer-layered nanocomposites are not only connected to the properties of the materials themselves. The presence of intercalated macromolecules may provide also a unique interslab environment for photofunctional molecules or probes. The photoluminescent behavior of tris(2,2 , -bipyridine)ruthenium(II) is gratefully enhanced in the interslab space of ﬂuorotetrasilicic mica by the presence of poly(vinylpyrrolidinone)(PVP) (10). Moreover, layered nanocomposites may also be the precursors of inorganic ceramics (β-sialon, SiC, AlN, Al4 Si2 C5 , etc) through carbothermal reduction, because inorganic slabs and organic substances can contact at a molecular level and therefore prevent phase separation phenomena and the crystallization of parasitic phases (11). Lastly, from the viewpoint of the polymer chemist, polymerization reactions carried out in the conﬁned 2-D space between inorganic slabs may further the synthesis of (1) macromolecules with stereospeciﬁc sequences, if the arrangement of intercalated monomers may be controlled through their interactions with the inorganic slabs and/or with cointercalated species, and (2) planar macromolecules
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by using the interslab space as a polymerization nanoreactor where the polymer growth is prevented in the third direction by the slab presence.



Inorganic Layered Hosts and Intercalation Driving Forces The majority of layered phases are characterized by strong intralayer covalent bonding and weak interlayer interactions. The slabs may be electrically neutral or may possess an overall charge which may be either positive or negative (Table 1). In molecular layered compounds, the slabs are electrically neutral and stacked on each other by Van der Waals forces or hydrogen bonds and the interslab space is a connected network of empty lattice sites. In the charged layered systems, the slabs are held together by weak electrostatic forces and the interslab spaces are partially or completely ﬁlled by ions or by a combination of ions and solvent molecules. The interslab distance, corresponding to the ﬁrst line at lower 2θ values on x-ray diffraction (XRD) patterns, is directly affected by the presence, the concentration, and the conformation of any guest intercalated species. It should be noticed that this interslab distance corresponds to the basal spacing which is indeed the sum of the thickness of the interslab space and the thickness of the slab itself (Fig. 3). It is generally the ﬁrst recorded parameter for checking the intercalation success and determining the guest arrangement. Intercalation Through Electron Transfer. The direct intercalation of electrically neutral molecules in layered neutral crystals is only possible if these guest molecules are Lewis bases (organic amines, phosphines, thiols, etc) or strong electron donors (alkali metals) and if the host lattice is reducible. Indeed, the electron transfer mechanism from the intercalated guest to the host lattice is governed Table 1. Examples of Some Layered Host Structures That Exhibit Intercalation Reactionsa Lattice Type



Illustrative examplesb



MX2 where M = Ti, Ta, Mo, etc; X = S, Se MPX3 where M = Mn, Cd, etc; X = S, Se Metal oxides MoO3 V2 O5 or V2 O5 · nH2 O (xerogel) Metal oxy-halides MOX where M = Fe, Ti, V, etc; X = Cl, Br Metal halides α-RuCl3 Hydrous metal oxides [MII 1 − x M III x (OH)2 ] x+ [An − x/n ]x − · nH2 O where M = Mg, Ni, etc; M = Al, Co, Fe, etc; A = Cl, NO3 , CO3 , etc Metal hydrogen phosphates M(HOPO3 )2 · H2 O where M = Ti, Zr, Hf, Ce, Sn Hydrogen uranyl phosphate HUO2 PO4 ·4H2 O Metal phosphates MOPO4 where M = Ti, V, etc Smectite clays and silicates Kaolinite Al4 Si4 O10 (OH)8 (Fluoro)Hectorite Na0,6 (Li0.6 Mg5.4 )Si8 O20 (OH,F)4 Montmorillonite Ca0.35 (Mg0.7 Al3.3 )Si8 O20 (OH)4 Metal chalcogenides



a For b The



Slab charge Neutral Neutral Neutral Neutral Neutral Neutral Positive



Neutral Negative Neutral Neutral Negative Negative



their crystalline structure and intercalation chemistry, see for instance Ref. 1. chemical component in bold type constitutes the slab (the other ones are in the interslab space).
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Fig. 3. Schematic representation of the characteristic distances describing the interslab space: the interslab distance is directly derived from XRD patterns (distance corresponding to the ﬁrst line at lower 2θ values); the thickness of the interslab space is derived from the latter after deduction of the slab thickness.



by the oxidizing power of the metal within the slabs: the layered structure is generally preserved if the guest molecules are just on the reducing side of the host. Intercalation reactions are performed under anhydrous conditions at temperatures up to 200◦ C with neat reactants, if the potential guests are liquid or low melting solids. Solid guests are dissolved in polar organic solvents (toluene, acetonitrile, dimethoxyethane, dimethylformamide, etc) which often accelerate the intercalation process, but may also cointercalate with the guest molecules. On intercalation, the electric band structures of the layered crystals are changed greatly: some layered semiconductors are changed into metallic compounds and even changed into superconductors (12). Intercalation Through Ion Exchange. Such mechanisms are observed in layered lattices made of negative or positive slabs, where the net charge is balanced in the interslab space by the presence of cations or anions, respectively. These ions can often be replaced by immersing the material in a concentrated solution of other ions of the same charge. These exchange reactions are driven by the great excess of the replacement ion. Intercalation reactions involving clay hosts all generally proceed by cation-exchange processes, with various kinds of inorganic as well as organic cations, such as voluminous quarternary alkyl ammonium ions. Intercalation Through Dipole–Ion Interactions. Neutral polar molecules can also directly intercalate into the interslab spaces of ionexchangeable layered crystals. The driving force for the intercalation is mainly due to dipole–cation interactions similar to the interactions involved in the solvation of cations in an electrolyte solution. The intercalation occurs only if such interactions are strong enough to compensate the energy necessary for the guest molecules to spread the slabs. Surfactant-Mediated Intercalation. In general, nonpolar molecules are not able to intercalate between the slabs of pristine inorganic layered materials. The preintercalation of ionic surfactants by ion-exchange reactions is the only route allowing to make the interslab space sufﬁciently open and organophilic for accommodating non polar guest molecules. This route is especially used in the ﬁeld of clays with commercial organically modiﬁed clay precursors, called organoclays. Intercalation Through Acid–Base Interactions. Such mechanisms are observed in layered host lattices (metal phosphates; layered perovskites HCa2 Nb3 O10 , HCa2 Nb2 MO9 with M = Al, Fe, HMM O6 · H2 O with M = Nb,
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Ta and M = W, Mo), where acidic protons, present within or between the slabs, may be neutralized by guest Brønsted bases. Intercalation Through Guest Displacement. Kaolinite is atypical among silicates, because neither cations nor anions are present in the interslab space and the inherent hydrogen bondings between the slabs limit the intercalation chemistry. Today, the most effective technique for kaolinite is a guest displacement reaction, in which preintercalated organic species (DMSO, NMF, methanol, etc) can be displaced with various types of organic molecules. Multistep displacement is also possible by using these compounds as second intermediates (11).



Direct Intercalation of Preformed Macromolecules In addition to the rapidly expanding ﬁeld of exfoliated clay–polymer nanocomposites (see NANOCOMPOSITES, POLYMER-CLAY), direct intercalation of macromolecules into inorganic layered materials with retention of the layered nature is also an excellent way of constructing nanocomposites with original properties. The synthetic pathways have to overcome large entropic barriers. One of the ﬁrst successful attempts for intercalating preformed macromolecules was reported in the ﬁeld of clays (13). Poly(ethylene oxide)(PEO) macromolecules (M w = 6 × 102 – 6 × 105 g/mol) were intercalated from acetonitrile solutions into montmorillonite or hectorite where interslab cations were Li+ , Na+ , K+ , Ba2+ , etc. The resulting compounds exhibit good chemical and thermal stability, preserving their ion-exchange properties. The corresponding increase in the interslab distance (between 0.6 and 0.8 nm according to the cation nature) does not depend on the PEO molar mass and is consistent with a single-layer intercalated polymer adopting a helical conformation in the interslab space (Fig. 4). Such an arrangement, checked by IR, 13 C, and 23 Na NMR spectroscopies, indicates that interslab cations remain associated with the PEO oxygen atoms and this allows one to infer that the intercalation driving force is the well-known PEO afﬁnity for cationic species (dipole–cation interaction) (14,15). PEO–clay nanocomposites show higher ionic conductivities than the parent silicate (up to 10 − 5 – 10 − 4 S/cm in the direction parallel to the layer plane) and their potential use as polymer electrolyte in solid-state lithium batteries as a substitute for conventional PEO–salt complexes is argued by the fact that in these nanocomposite systems the typical problem of ion pair formation is avoided, because only the cations are able to move (16). Similar routes, based on the PEO afﬁnity for cations, were also successfully investigated with MPS3 (with M = Mn, Cd) (17,18) or MoO3 (19) materials preintercalated with alkali cations. In transition-metal phosphorous trisulﬁdes, the concept was extended to poly(ethylene imine) (20) and PVP (21). Cation exchange reactions, as intercalation driving force, were investigated with ionomer macromolecules such as poly(p-xylylene-α-dimethylsulfonium chloride) (M w = 105 g/mol) in MoO3 after the preintercalation of hydrated alkali cations and partial swelling in water (22). The ionomer was in situ converted to poly(pphenylenevinylene) (PPV) by heating up to 250◦ C for eliminating HCl and S(CH3 )2 (eq. 1). The interslab distance is in good agreement with an orientation of the aromatic ring planes perpendicularly to the oxide slabs. The increase of electronic
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Fig. 4. Schematic representation of the helical arrangement of PEO macromolecules into smectite clays. From Ref. 14, with permission.



conductivity, together with x-ray photoelectron spectroscopy (XPS) data, is consistent with the formation of p-doped PPV in the oxide lattice.



(1) Another example of direct macromolecule intercalation is the insertion of hydrophilic chains, such as PEO, PVP, poly(propylene glycol) (PPG), and
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Fig. 5. Variation of the interslab distance as a function of x in (PVP)x V2 O5 · nH2 O nanocomposite. From Ref. 24, with permission.



methylcellulose, between the slabs of vanadium oxide xerogel, which is inﬁnitely swellable in water (23–25). In practice, the nanocomposites were carried out by mixing aqueous solutions of macromolecules with a V2 O5 · nH2 O solution in various stoichiometries and obtained as red self-supporting ﬁlms. It may be noticed that, in the case of (PVP)x V2 O5 · nH2 O materials, single phases are obtained when 1 ≤ x ≤ 5. Interestingly, as x increases, the interslab distance increases continuously and linearly up to x = 3 with the increment being 0.7 nm per mole of PVP (Fig. 5). At x > 3, signiﬁcant deviations from the linear relationship begin to appear, showing that the interslab space become saturated and that any additional polymer deposits outside the host. Moreover, the nanocomposite ﬁlms are ﬂexible with methylcellulose, but brittle with PPG and PVP. Last typical examples, which may be taken in the literature, are surfactantmediated intercalation with the incorporation of poly(p-phenylene) into MoO3 (26) (Fig. 6) or poly(ethylene glycol)–kaolinite (27) and PVP–kaolinite (28) by reﬁned guest displacement methods. The main disadvantage of the route based on the direct intercalation of preformed macromolecules is the slow kinetics for the transport of macromolecules in the interslab spaces. In practice, the intercalation experiments require several days to complete at room temperature and their duration is inversely proportional



Fig. 6. Schematic representation of the surfactant-mediated intercalation of poly(pphenylene) into MoO3 . Reprinted with permission from Ref. 26. Copyright (1998) American Chemical Society.



258



INTERCALATION POLYMERIZATION



Vol. 10



to the molar mass of macromolecules. Another limit is the inability of this method for accommodating nonlinear and insoluble macromolecules, such as the majority of conducting organic polymers. That is why parallel efforts have been focused on two-step routes, such as monomer intercalation and in situ polymerization. Further advantage of such synthetic routes based on polymerization in constrained environment is that, in theory, they offer the possibility for designing: (1) macromolecules with stereospeciﬁc sequences, if the arrangement of intercalated monomers may be controlled through their interactions with the inorganic slabs and/or with cointercalated species and (2) two dimensional macromolecules by using the interslab space as a polymerization nanoreactor where the polymer growth is prevented in the third direction by the slab presence.



Monomer Intercalation and Simultaneous Polymerization In a signiﬁcant number of cases, the contact between organic monomers and inorganic layered materials leads to the spontaneous polymerization of the monomers between the slabs. Even if all the mechanisms involved are not completely elucidated, it is possible to distinguish several scenarios. Spontaneous Polymerization in Layered Aluminosilicates. Layered aluminosilicates are known not only to intercalate organic species but also to trigger spontaneous polymerization of some organic monomers. Brønsted acidity and/or transition-metal cations populating the surface of the slabs have been reported to be responsible for initiating the polymerization. Forty years ago, it was shown that bringing into contact Na-montmorillonite and 4-vinylpyridine at ambient temperature leads to the formation of an intercalated monolayer of poly(4-vinylpyridine) whose aromatic rings are oriented perpendicularly to the slabs (29). Melted acrylamide was also successfully intercalated and polymerized, but the attempted intercalation/polymerization of styrene was less conclusive. At the time, the assumption of an ionic polymerization mechanism initiated by chemisorbed hydronium or hydroxyl ions derived from water was made. In the case of transition-metal-exchanged smectite clays such as montmorillonite or hectorite, the interaction of the organic monomer with the transitionmetal ions is followed by a relatively slow electron transfer reaction which produces reactive organic free radicals (30). These radicals then serve to initiate polymerization of guest monomers, such as benzene, aniline, pyrrole, and thiophene on hectorite ﬁlms. According to the nature of the monomer and therefore to the strength of its interaction with the transition cation, the polymerization occurs on the ﬁlm surface and/or in the interslab spaces, as checked by scanning force microscopy (SFM) and x-ray diffraction (XRD). For example, aniline vapor readily polymerizes in both sites of Cu2+ -exchanged hectorite (31). On the basis of the results of electron spin resonance (ESR) experiments, a plausible polymerization mechanism was proposed, where the ﬁrst step is the oxidation of one aniline molecule by Cu2+ , leading to an aniline radical-cation able to initiate the polymerization. Atmospheric O2 is also involved in the propagation step, with the subsequent formation of polyaniline in the leucoemeraldine form. Other easily oxidized monomers, such as pyrrole and thiophene, react in a similar way. On
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the other hand, with benzene, the extent of polymerization is much lower, with macromolecules essentially located between the slabs (30). The intercalative polymerization of aniline may also be carried out using a Cu2+ -exchanged synthetic hectorite (ﬂuorohectorite) (32). The electronic absorption spectrum of the resulting nanocomposites showed the characteristic insulating poly(aniline) form (ie the emeraldine base). To obtain conducting materials it is necessary to dope the nanocomposite by exposure to HCl vapors. As a consequence of this treatment, the emeraldine salt is formed within the interslab space and a signiﬁcant increase in the electrical conductivity is observed, which reaches high in-plane d.c. conductivity values (0.05 S/cm) with an anisotropic ratio σ  /σ ⊥ close to 105 . Similar experiments are also successful with pyrrole, leading to polymerized nanocomposites where the variation in the basal spacing is consistent with heterocyclic rings oriented parallel to the silicate slabs (33). A broad infrared band extending from about 1800 cm − 1 into the near-infrared region is indicative of the presence of polarons/bipolarons in conducting polypyrrole. Doping of polypyrrole–ﬂuorohectorite nanocomposites with iodine vapors produces a strong increase in the d.c. conductivity from 2 × 10 − 5 to 0.12 S/cm. The electrical conductivity increases with temperature in the 100–400 K range, but above 400 K the observed dramatic decrease is interpreted as strong oxidation of polypyrrole (16). Methyl methacrylate (MMA) and styrene, adsorbed on transition-metalexchanged hectorite, may undergo polymerization by mechanisms that do not involve electron transfer and the reduction of the metal cation in the interslab spaces. This type of polymerization occurs relatively slowly (3 days to a week) compared with the redox reactions previously described and the resulting polymer seems, in most cases, to be primarily located on the surface of the clay ﬁlm or in defects in this ﬁlm (34). The ESR technique showed no evidence for the formation of organic free radicals during the polymerization. A possible cationic mechanism would rely on the enhanced Brønsted acidity of the intercalated transition metals, due to the high degree of dissociation of the water molecules associated to these metals, and the potential for the stabilization of cationic species by the negatively charged silicate slabs. While cationic polymerization of MMA may be unusual, this species could act as a Lewis acid, and in the presence of small amounts of water as a Brønsted acid (30). A last example concerns the spontaneous polymerization of 2ethynylpyridine within the interslab spaces of montmorillonite with different exchangeable cations (35,36). When the colorless acetylenic monomer is added into the aluminosilicate suspension in benzene, the color of the mixture readily turns reddish brown and darkens gradually. The macromolecules may be liberated through dissolution of the clay with hydroﬂuoric acid and on their infrared spectrum a strong band at 1630 cm − 1 , due to C C stretching, is observed, indicating the formation of a polymer with extensive conjugation. Additional evidence for polymerization is provided by the large bathochromic shift in the UV–vis absorption spectrum of the polymer, with an absorption peak at 470 nm, while poly(2-ethynylpyridine) from thermal polymerization in bulk absorbs at 370 nm, indicating a more extensively conjugated structure of the former. Thermogravimetric experiments show that the macromolecules conﬁned to the interslab spaces have a higher thermal stability than the liberated polymer. The
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polymerization rate of 2-ethynylpyridine increases with acidity of the montmorillonites, consistently with a spontaneous mechanism wherein the acetylenic triple bond would be activated via quaternization of the pyridine nitrogen. These sources of protons could be polarized water molecules on the surface of aluminosilicates, particularly water molecules associated with compensating cations. Redox Intercalative Polymerization in Highly Oxidizing Hosts. The in situ redox intercalative polymerization (RIP) reaction is a direct and topotactic intercalation method (37). This type of reaction requires a strongly oxidizing host to provide the driving force to pull the monomers into the interslab spaces and oxidize them into polymers. In addition, the host should be able to distribute efﬁciently those electrons throughout the structure. These hosts are essentially FeOCl, V2 O5 , VOPO4 , and α-RuCl3 . The monomers may be polymerized through an oxidative mechanism, and therefore they mainly derive from aniline, pyrrole, thiophene, or furan structures, leading to conductive macromolecules. Generally prepared through chemical or electrochemical routes, the electronically conductive polymers are obtained as amorphous and insoluble powders, whose microstructure morphology characteristics (overall chain conformation and packing, degree of cross-linking, etc) are largely uncontrollable. Therefore, the charge transport mechanisms remain poorly understood and the following examples result from synthesis efforts for designing well-deﬁned 2-D architectures isolated from each other through the use of the interslab spaces as nanoscale templates. Moreover, it has been clearly shown according to spectroscopic data that the role of the oxidizing transition-metal ions (such as FeIII in FeOCl or VIV in VOPO4 ) determines the conducting form of the polymer and, therefore, the electrical behavior of the resulting nanocomposite (38,39). The transition-metal oxyhalide FeOCl was the ﬁrst investigated host (38). In a typical synthesis, a mixture of FeOCl and monomer (neat or in acetonitrile solution) is stirred at ∼40–50◦ C for several days. The violet solid turns brown-black gradually with a shiny metallic luster and, few days later, it is recovered by ﬁltration, washed, and dried. The success of the redox intercalative polymerization is strongly dependent on the ﬁrst anodic potential (Epa ) of the heterocyclic monomers with respect toward the reduction potential of the inorganic phase. Although the precise redox potential of FeOCl under the reaction conditions is not known, it may be inferred from RIP experiments with different monomers that this value is comprised between 1.32 and 1.86 V versus SCE (40). These lower and upper bounds indeed correspond to the Epa of the most oxidizible monomers which are readily polymerized within the slabs of FeOCl (2,2 -bithiophene) and the Epa of the less oxidizible monomers which cannot be polymerized in similar conditions, respectively (Fig. 7). The fact that pyrrole and 2,2 -bithiophene may be spontaneously intercalated and polymerized, contrarily to thiophene (structurally very close to pyrrole), suggest that thermodynamic rather than kinetic factors are important in these intercalative polymerization reactions. It should be also pointed out that for RIP to occur in a ﬁve-membered ring heterocycle, the 2 and 5 positions must not be blocked by substituents. For example, use of 2,5-dimethylpyrrole, which has a less positive Epa than pyrrole itself, does not form a conductive polymer nor an intercalation compound. This of course derives from the fact that polymerization proceeds through coupling at the 2 and 5 positions. Elemental analyses were consistent with the stoichiometries (C4 H3 N)0.34 FeOCl and (C4 H2 S)0.28 FeOCl and
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Fig. 7. Thermodynamic factors explaining why the redox intercalative polymerization in FeOCl is possible for pyrrole and 2,2 -bithiophene and not for 3-methylthiophene and thiophene.



XRD patterns with heterocyclic rings oriented perpendicular to FeOCl slabs. If the intercalation reaction is carried out at higher temperatures (>80◦ C) and for longer times (>2 weeks), the scanning electron microscopy (SEM) photographs show what appears to be amorphous polymeric ﬁlm covering the crystal surfaces. XRD patterns of these overreacted samples show broad diffraction peaks, suggesting considerable decrease in the crystallite size and/or severe disorder resulting from the disruption of the FeOCl lattice. The 57 Fe M¨ossbauer spectroscopy allowed to check the partial reduction of FeOCl. Consistently with the RIP mechanism, electrons are transferred to the host slabs and are delocalized over all Fe sites, thus yielding an average formal oxidation state of Fe less than +3. Four-probe electrical conductivity data (in the range 4–300 K) measured on compressed pellets of the pyrrole or 2,2 -bithiophene based nanocomposites show a decrease in conductivity with falling temperature, with room temperature, conductivity of about 1 S/cm. FeOCl host was also investigated for the redox intercalative polymerization of aniline (41). The success of this reaction strongly depends on the experimental conditions of the reaction: the most deﬁned nanocomposites are obtained with acetonitrile as solvent and with a mole ratio of aniline to FeOCl > 8 in order to drive the reaction to completion. The reaction is accelerated by raising the temperature and/or performing it under air, indicating that oxygen is involved in the RIP mechanism. When large single crystals of FeOCl (as long as 0.5 mm) are used, the reaction rate is much slower, but the resulting products contain amounts of poly(aniline) similar to the microcrystalline samples. Elemental analyses show stoichiometry (C6 H4 NH)0.3 FeOCl which corresponds to the maximum value calculated on the basis of the molecular sizes of FeOCl and poly(aniline). The macromolecules may be extracted from the nanocomposite by dissolution of the mineral slabs in HCl. Molecular weight studies via size exclusion chromatography (SEC) analysis suggest M w ∼ 6100 and M n ∼ 3500 versus M w ∼ 69000 and M n ∼ 7700 observed for polyaniline obtained independently in bulk. So, chain
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lengths obtained in the interslab spaces are shorter than those obtained in bulk conditions, but show narrower length distribution. Infrared spectra of the intercalated macromolecules show the characteristic ﬁngerprint of the emeraldine positive form, whose counter anions are the reduced FeOCl slabs. Vanadium pentoxide is one of the most extensively studied inorganic layered host in the ﬁeld of conductive polymers (35). The inorganic starting matrix could be either crystalline V2 O5 or the quasi-amorphous V2 O5 · nH2 O xerogel materials obtained by drying the gel resulting from the acidic hydrolysis of vanadate. Nevertheless, V2 O5 gels can form highly oriented ﬁlms that yield characteristic powder XRD patterns with enhanced 00l peaks. The strongly oxidizing character of the oxide induces the redox polymerization of the organic monomer. It is worth remarking that while the intercalated polymer is effectively p-doped (partially oxidized) during this process, the V2 O5 suffers itself a partial reduction that renders it an n-doped (partially reduced) electrically conductive mixed-valence (VIV /VV ) oxide. Such redox intercalation reactions alter the band structure of vanadium oxide forming bronze-like electrically conductive materials with mixed electronic charge-transport properties. So, these nanocomposites could be characterized as conductive polymer bronzes by analogy to alkali metal or molecular bronzes (42). First attempts of RIP experiments in V2 O5 were performed with pyrrole and Nmethylpyrrole (43), 2,2 -bithiophene (44), 2,5-dimercapto-1,3,4-thiadiazole (45), 3,4-ethylene dioxythiophene (46), and aniline (42,47,48). In this last case, the redox intercalation reaction and the subsequent spontaneous polymerization were studied in detail. In practice, it occurs instantly upon contact of the xerogel with aniline and is associated with an immediate and dramatic color change to dark blue. Despite this, the reaction takes several hours to go to completion because of the diminishing diffusion of the growing guest species into the interslab spaces. As neat aniline is not able to swell the xerogel and as other solvents such as DMSO or DMF are too readily cointercalated, water seems to be the most suitable solvent because a lot of it is expelled from the slightly hydrophobic interslab space, allowing more polymer to be inserted. When a wet xerogel (preswollen by water) of V2 O5 is used, the reaction is complete within minutes but the ﬁnal product is nearly amorphous, and sometimes the V2 O5 framework is severely disrupted as checked by the dramatic changes on the V O stretching region of the infrared spectrum. Experiments carried under air show that in such conditions the reaction completion times are shorter and the products tend to possess better lamellar order. The reaction steps of aniline and V2 O5 in air are very complicated and could be summarized by the following overall equation: x C6 H5 NH2 + V2 O5 · nH2 O + (2x − 3y)/2 O2 → [(C6 H4 NH)x − y (C6 H5 NH3 )y ]V2 O5 · mH2 O + (2x − 3y)/2 H2 O2 + (n − m)H2 O Aging the samples in the presence of O2 causes simultaneously the partial reoxidation of the reduced V2 O5 framework and the oxidative coupling of polyaniline oligomers and anilinium ions inside the interslab spaces to form longer chains. So, oxygen acts as an electron acceptor during the in situ reaction and long after intercalation is complete. Further experiments carried out with 4-anilinoaniline or 4-anilinoanilinium iodide as monomers in V2 O5 · nH2 O xerogel leads to the
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Fig. 8. First discharge curves of (a) V2 O5 xerogel dried at 100◦ C, (b) poly(aniline)–V2 O5 nanocomposite as prepared, without treatment, (c) V2 O5 xerogel dried at 250◦ C, and (d) poly(aniline)–V2 O5 nanocomposite treated at 80◦ C for 5 h, as a cathode material by coupling with a lithium metal anode using 1 M LiClO4 in a 1:1 mixture of ethylene carbonate/dimethoxyethane as electrolyte (note: x is the ratio intercalated Li+ /V2 O5 ). From Ref. 51, with permission.



intercalation of 4-anilinoanilinium cation moieties, followed by their polymerization (49). The oligomers obtained through this route exhibit a relatively low molecular weight dispersion, which cannot be obtained by the oligomerization reactions of 4-anilinoaniline in liquid phase. Electrochemical Li insertion into these polyaniline/V2 O5 nanocomposites is enhanced because the intercalated conductive macromolecules facilitate Li diffusion kinetics and increase the capacity (50). The electrochemical performance indeed is very sensitive to the nature of the conductive polymer, the synthesis conditions, and subsequent treatments. For example, O2 treatment, which has an important effect on the ﬁnal molecular weight of the macromolecules and on the oxidation state of the oxide, is of great help in controlling the speciﬁc capacity of these nanocomposite cathodes, which can reach values as high as 300 A · h/g (measured at a low discharge rate) (51) (Fig. 8). So, there are features like this increased capacity or the improved diffusion of lithium [Li+ diffusion coefﬁcients were found to be one order of magnitude higher in the nanocomposites than in pristine V2 O5 (50)] that make the performance of the nanocomposite materials superior to the sum of its components (52). Unfortunately, owing to the possible presence of benzidine moieties in the polyaniline backbone, the application of such nanocomposites is limited since they might yield toxic (carcinogenic) products upon degradation. So, the intercalation of the more “environment-friendly” poly(3,4-ethylene dioxythiophene) (PEDOT) in vanadium pentoxide was investigated (46). These experiments were performed with crystalline V2 O5 and 3,4-ethylene dioxythiophene in water reﬂuxing for 12 h. Interestingly, as a function of the EDOT amount, the interslab spacing of V2 O5 expands in two stages, consistently with the intercalation of a ﬁrst monolayer of PEDOT for low monomer concentration and the intercalation of a second monolayer for higher concentrations. The application potential of these nanocomposites as cathode materials in rechargeable lithium batteries was demonstrated by the electrochemical insertion of lithium, showing a discharge capacity superior to 300 mA · h/g (compared to 140 mA · h/g for pristine V2 O5 ) with a better
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reversibility, presumably because of the structural stabilization of the crystalline oxide as the consequence of the polymer presence between its slabs (53). Oxovanadium phosphates, VOPO4 and more expanded α-VOPO4 · 2H2 O, are layered compounds obtained by reﬂuxing V2 O5 in phosphoric acid and also known for accommodating organic and organometallic compounds between their slabs through redox reactions. Methyl-substituted pyrrole derivatives (3-methylpyrrole and 3,4-dimethylpyrrole) can be oxidatively polymerized in the VOPO4 interslab space, whereas pyrrole is polymerized only on the grain surface without intercalation (54). The oligomerization indeed would occur at the interface of the VOPO4 lattice and the intercalation of these oligomers would indeed depend on the regularity of their chain structure: poly(3-methylpyrrole) and poly(3,4-dimethylpyrrole) form a straight-chain structure which would be suitable for intercalation, whereas partially branched chains of polypyrrole could not be inserted (Fig. 9). Indeed, further experiments showed that intercalated polypyrrole can be obtained more readily in cast ﬁlms by contact with pyrrole vapors (39). In the case of aniline (but also of 4-anilinoaniline and 4-anilinoanilinium iodide), its intercalation as anilinium cation was shown, but it does not polymerize spontaneously in the interslab space (49) or it gives short oligomers unable to enhance the electrical conductivity of the nanocomposite (55). So, the reactivity of VOPO4 would be likely different from that of V2 O5 xerogel and it was suggested that a possible reason could be the longer distance between intercalated monomer and the nearest-neighboring vanadium



Fig. 9. Schematic representation of the intercalation of (a) polypyrrole and (b) poly(3,4dimethylpyrrole) moieties into the VOPO4 interslab space. Reproduced from Ref. 54, with permission of The Royal Society of Chemistry.
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atoms in the case of the phosphate (49). Nevertheless, the in situ polymerization of aniline may be achieved by treatment with Cu2+ ions (CuCl2 ) (56). In contrast to layered metal chalcogenides, oxides, and thiophosphates, layered transition-metal halides have not received much attention in the study of intercalation, because most of them are not very stable, even under mild conditions in which they are generally hydrolyzed, solubilized, or decomposed. α-RuCl3 is a notable exception and is very stable under these conditions. Cations can be intercalated reductively or through ion exchange, while neutral polar molecules can be incorporated through solvent exchange. It was recently demonstrated that it is also a suitable host for macromolecules (encapsulative precipitation) (57) and in particular for polyaniline through a RIP process (37). The reaction is carried out from a solution of aniline in acetonitrile in open air at ambient temperature for 1 week. XRD and infrared spectroscopy data are consistent with the formation of the conductive polymer (emeraldine salt form) in the interslab space. Similar to the intercalative polymerization of aniline into FeOCl and V2 O5 , the presence of oxygen is key to a successful outcome of the reaction. So, heating the product at 120◦ C in air for 5 days allows to complete the polymerization. On the other hand, a control experiment in the absence of air or oxygen showed that no intercalation reaction occurred after 23 days. The electrical conductivity of the nanocomposite at room temperature is ∼2 S/cm, three orders of magnitude higher than that of α-RuCl3 . Moreover, in contrast to pristine α-RuCl3 , which shows antiferromagnetic ordering below 15.6 K, the nanocomposite does not exhibit this transition, because of the presence of diamagnetic Ru2+ centers (due to the partial reduction of Ru3+ through the RIP process) and the increased separation of the RuCl3 slabs. The potential applications of such polyaniline/α-RuCl3 nanocomposites will probably be derived from the combination of the high conductivity of polyaniline and the wide-ranging catalytic properties of RuCl3 , providing new materials with valuable electrocatalytic properties.



Monomer Intercalation and Subsequent Controlled In Situ Polymerization The observation of the spontaneous polymerization of intercalated monomers is essentially limited to the cases of very oxidizing hosts accommodating monomers able to oxidatively polymerize (leading to electroactive polymers) or to very acidic and/or transition-metal-exchanged aluminosilicates. In all other cases, the polymerization is generally not spontaneous and it has to be initiated or catalyzed in a second step through the use of an external compound. Oxidative polymerization. In Na-exchanged or Cs-exchanged montmorillonites, anilinium chloride may be readily intercalated by ion-exchange reaction at ambient temperature in a few hours. The oxidative polymerization may be performed by electropolymerization (58): the anilinium/montmorillonite nanocomposite is used as electrode and electrolyzed galvanostatically at 20 µA/cm2 in 2 M HCl up to 20 mC/cm2 . The clay-modiﬁed electrode changes its color from white to blue and this blue color cannot be removed (even by washing with organic solvents) suggesting that the intercalated aniline is polymerized during the electrolysis. Another polymerization route consists in using an external oxidant
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such as ammonium peroxodisulfate at 0◦ C for 1 day in water, where the nanocomposite is dispersed (59). Peroxodisulfate may also be used for oxidizing aniline in other layered hosts, whose intrinsic redox potential is not sufﬁcient: MoO3 (60) or layered Brønsted acids, such as HCa2 Nb3 O10 , HCa2 Nb2 MO9 (M = Al, Fe) (61), and AlH2 P3 O10 · 2H2 O (62), where aniline is previously intercalated through acid– base interaction. In other examples, the aniline intercalated in MoO3 is oxidized by iron(III) chloride (63), aqueous H2 O2 , or iodine vapor (64). These oxidants are generally used in the proportion of 2 equiv per equivalent of aniline. Sometimes, atmospheric oxygen through a thermal treatment at 130◦ C in air is efﬁcient enough, for instance when aniline is intercalated in layered metal phosphate HUO2 PO4 · 4H2 O (65,66) or α-M(HOPO3 )2 · H2 O (M = Zr, Ti) (66) and in trirutile-like layered oxides HMWO6 · nH2 O (67) or HMMoO6 · H2 O (68) (M = Nb, Ta). Free-Radical Polymerization. The earliest works in these layered nanocomposites are also more complete from the point of view of the polymer chemistry (69). These studies concerned the adsorption of MMA monolayers (through dipole–ion interactions) between the slabs of Na-exchanged montmorillonite and the free-radical polymerization MMA initiated by thermolysis of cointercalated benzoyl peroxide or azobisisobutyronitrile or with γ -ray initiation. It was shown that γ -ray doses or initiator concentrations necessary to induce the polymerization are higher than those allowing comparable bulk polymerizations. The polymerized nanocomposites appeared to resist thermal degradation under conditions at which complete degradation of free polymer was found (70). This effect would be due to steric factors hindering the thermal motion of the macromolecule segments sandwiched between the slabs of montmorillonite. Moreover, it would appear that the macromolecules liberated by dissolution of the mineral by HF have a greater thermal stability than macromolecules made in a conventional free-radical technique. An NMR spectroscopy study of the liberated macromolecules showed a pronounced isotactic component which is weak in the reference PMMA (71). Isotacticity increases as the monomer intercalation yield decreases and it reaches a plateau for yields corresponding to a monolayer arrangement between the slabs, indicating that the mechanism which leads to stereospeciﬁcity is conﬁned to the interslab space. A model was proposed where the exchangeable cations (such as sodium), which randomly populate the interslab space, interact through dipole–ion interactions with the carbonyl group of two monomers (Fig. 10). Thus coordinated, both



Fig. 10. Schematic representation showing how in the interslab space the dipole–ion interactions between two MMA monomers and one exchangeable cation would lead to the formation of an isotactic diad. From Ref. 71, with permission.
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monomers would lead to the formation of an isotactic diad, increasing therefore the stereoregularity of the macromolecules. By varying the nature of the exchangeable cations, it was observed that the percentage of isotactic triads increases with increasing strength of the dipole–ion interactions (72). At least, the polymerization conversion yield depends strongly on the nature of the exchangeable cations: Na+ < K+ < Cs+ and Mg2+ < Ca2+ < Sr2+ < Ba2+ , ie, with increasing interaction energy (73). The polymerization rate does not depend signiﬁcantly on monomer surface concentration up to a critical value below which the rate drops dramatically. The overall energy of activation was found to be similar to the value for bulk polymerization and it was suggested that steric effects, reducing the mobility of monomer molecules within the interslab space, are responsible for the decrease in polymerization rates. A further example of γ -ray-initiated polymerization was reported with vinyl acetate intercalated in Na-exchanged montmorillonite (74). Propargylamine and aminoacetonitrile may be readily intercalated through acid–base interaction within the interslab spaces of α-M(HOPO3 )2 · H2 O (M = Zr, Sn) (75). Their subsequent thermal treatment (150–180◦ C for 24 h in air) or UV irradiation (550 W medium pressure Hg lamp for 11 days) results in polymerization of the guest molecules. However, if the photochemical reaction does not reduce the crystallinity of the initial materials, its extent is more limited, as observed by 13 C CP-MAS NMR spectroscopy. In all cases, these polymerized nanocomposites are insulators as pressed powder pellets (σ < 10 − 8 S/cm). Heating these compounds to 300◦ C in argon turns them black and at temperature over 750◦ C the graphitization reaction leads to conductivities up to 1 S/cm. Last examples are taken in the ﬁelds of layered double hydroxides (LDH) whose general formula is [MII 1 − x MIII x (OH)2 ]x+ slab [An − x/n · mH2 O]x − interslab space and the structure derives from the natural hydrotalcite (M = Mg; M = Al, An − = CO3 2 − and 0.22 < x < 0.33). Partial MII to MIII substitution induces a positive charge for the layers, balanced with the presence of exchangeable anions An − between the slabs. So, acrylate anions were intercalated through anion exchange and subsequently polymerized by thermal treatment at 80◦ C in the presence of potassium peroxodisulfate (76). The interslab distance was found to slightly decrease from 1.38 to 1.34 nm. Infrared data conﬁrmed the disappearance of the C C vibration band. Acrylate anions are also readily intercalated in nickel-based LDH, leading to [Ni0.7 M 0.3 (OH)2 ]0.3+ [(acrylate) − 0.3 · 12 H2 O] − where M = Fe or Co, through the reduction of the corresponding layered γ -oxyhydroxide in dispersion in an aqueous solution of acrylate (77,78). The nature of the substituting cation in the slabs appears to strongly inﬂuence the polymerization mechanism. When M = Fe, the LDH containing monomer anions may be isolated and then interslab free-radical polymerization of acrylate anions was successfully initiated by potassium peroxodisulfate. On the contrary, a one-step process occurs if M = Co, leading straight to LDH containing polyacrylate anions. The true role of the substituting cation M is not yet well understood, nevertheless it would seem that in this last case, a free-radical polymerization mechanism could also be suggested, but involving a redox initiation step where a few acrylate anions would be oxidized during the intercalation reaction and would lead to the formation of radical carbonium ions. The in situ polymerized macromolecules were extracted from interslab spaces by anionic exchange, derivatized into poly(methyl acrylate),
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and analyzed by SEC. Only oligomers were detected with weight-average molar masses ranging from 300 to 2900 g/mol vs. polystyrene standards (79). Miscellaneous Polymerization. Pioneering works demonstrated the feasibility of the intercalation of 6-aminocaproic acid between the slabs of various Na+ -, Ca2+ -, Mg2+ -, Co2+ -, and Cu2+ -exchanged montmorillonites, where it arranges as a monolayer or a bilayer as a function of the intercalated amount (80). It was found from infrared data that Cu in Cu2+ -exchanged nanocomposites was strongly bonded to the amino acid. In a second step, 6-aminocaproic acid was in situ polymerized by thermal treatment at 250◦ C for 1 h in nitrogen ﬂow. A step polymerization mechanism was suggested with the condensation of protonated NH3 + groups with COOH ones. Thermogravimetric results showed that the thermal stability of the polymerized nanocomposites is lower in Cu2+ -exchanged montmorillonite than in the other materials, probably because of a lesser degree of polymerization partially inhibited by the strong bonding between cations and monomers. Similar results were observed in α-Zr(HOPO3 )2 · H2 O, where the headby-tail arrangement of the 6-aminocaproic acid monomers organized by the host matrix is conducive to polyamide formation (81). Evidence for in situ polymerization came again from thermogravimetric analysis, infrared spectroscopy, and 13 CCP-MAS NMR spectroscopy data. From differential thermal analysis results, it was found that, in contrast to the bulk polymer, which shows a melting transition at 229◦ C, the polyamide-based nanocomposite shows no thermal events over the range 80–320◦ C. This difference in behavior between bulk and conﬁned macromolecules is attributed to inhibited formation of polymer crystallites within a spatially restricted environment of a layered matrix. More recently, negatively charged aspartic acid was intercalated within the interslab space of LDH based on magnesium and aluminum through a coprecipitation technique involving simultaneous formation of the inorganic slabs and intercalation of the anionic species (encapsulative precipitation) (82). In situ thermal polycondensation of aspartate monomer was performed at 220◦ C in air for 24 h leading to a poly(α,β-aspartate) based nanocomposite. The observed decrease in basal spacing and structural order was attributed at once to the polycondensation reaction and to the loss of intercalated water molecules. A last example concerns the intercalation of β-alanine into kaolinite by the guest displacement method using ammonium acetate based kaolinite as the intermediate (83). Zwitterionic β-alanine was ordered in a monolayer arrangement between the layers. Although the intercalated monomer was mostly polymerized by thermal treatment at 250◦ C for 10 h under nitrogen atmosphere, a part of the guest species was decomposed to acrylic acid and NH3 gas. The in situ thermal polymerization of ε-caprolactone in Cr3+ -exchanged ﬂuorohectorite was also reported (84). The basal spacing observed prior to polymerization was found to be consistent with the orientation of the ε-caprolactone ring perpendicular to the silicate layers (Fig. 11). After polymerization, the decrease in the basal spacing is consistent with the dimensional change accompanying the ringopening polymerization. The polymerization reaction appears to proceed through cleavage of the acyl-oxygen bond catalyzed by the interslab Cr3+ ions. It may be noticed that, in that example, between the monomer intercalation step at room temperature and the polymerization step at 100◦ C, the excess monomer was not removed. Therefore, the ﬁnal material may be described as poly(ε-caprolactone) intercalated silicate particles embedded in the same polymer matrix. In similar
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Fig. 11. Powder XRD patterns of ε-caprolactone–ﬂuorohectorite nanocomposite before (solid line) and after (dashed line) polymerization. Insets are schematic illustrations (not drawn to scale) corresponding to the intercalated monomer (left) and intercalated macromolecule (right). Reprinted with permission from Ref. 84. Copyright (1993) American Chemical Society.



cases, the delamination is often observed leading to delaminated (or exfoliated) nanocomposites, especially in the ﬁeld of aluminosilicates (see NANOCOMPOSITES, POLYMER-CLAY). In this article, a great number of synthetic pathways leading to polymerlayered nanocomposites have been reported. The structure and the original properties of these new materials were greatly investigated, in particular from the viewpoint of their ionic or electron conductivity and their thermal stability. Nevertheless, only a small part of these works were focused on the study of the polymerization mechanisms at work and/or on the thorough analysis of the stereoregularity and the skeletal structure of intercalated macromolecules. So, a lot of research remains to be carried out in order to fully understand these factors and to prove that such routes are of industrial interest for the synthesis of well-deﬁned polymers.
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