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HYPERBRANCHED POLYMERS Introduction Material engineers have been trying to improve polymer properties with a variety of technologies and ingenuity. Polymers have been modiﬁed in numerous different ways in order to alter their properties. The most utilized ways to alter properties have either been to simply develop a new monomer and synthesize a new polymer or to modify an existing polymer by some chemical route. Modiﬁcation normally consists of changing a catalyst or using different comonomers. In nature, condensation of polyfunctional monomers, having two different functional groups, occurs under the enzymatic control, resulting in tree-shaped, highly branched, but still soluble, macromolecules. In 1952, Paul Flory (1) theoretically described hyperbranched polymers obtained by condensation of ABx monomers in a statistical growth process. Flory pointed out that such a molecule would have one A-group, DP+1 B-groups, and poor mechanical properties because of high branching and absence of chain entanglements. The synthesis of hyperbranched polymers remained an unsolved challenge for synthetic chemists and it was not until the late 1980s that the concept was reawakened by Kim and Webster who also coined the term hyperbranched (2,3). Since then, synthetic chemists have explored numerous ways to achieve statistically branched macromolecular structures. In theory, all polymer-forming reactions can be utilized for the synthesis of hyperbranched polymers. In practice, some reactions are far more suitable than others. The synthesis of dendrimers has been carried out in parallel to the exploration of hyperbranched polymers. The number of papers describing dendrimers by far exceeds the number of papers concerning hyperbranched polymers. Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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Fig. 1. Polyphenylenes were prepared via Pd(0) [such as Pd(PPh3 )4 ] or Ni(II) catalyzed coupling reactions of various dihalophenyl derivatives such as dibromophenylboronic acid (3–5).



Monomers Polyphenylenes. One of the ﬁrst hyperbranched polymers described in the literature was the class of polyphenylenes (3–5). The polyphenylenes were prepared via Pd(0)- or Ni(II)- catalyzed coupling reactions of various dihalophenyl derivatives such as dibromophenylboronic acid. The polymers were highly branched polyphenylenes with terminal bromine groups which could be further transformed into a variety of structures, eg, methylol, litiate, or carboxylate (Fig. 1). The halofunctional hyperbranched polymers obtained have M n between 2 and 32 kg/mol depending on the polymerization conditions. Aliphatic Polyesters. Polyesters are an important class of condensation polymers, and the availability of a few commercial dihydroxy carboxylic acids has triggered several research groups to look into hyperbranched polyesters in great detail. Several old patents concerning highly branched and hyperbranched polyesters exist. One of the oldest patents, of 1972, concerns the polymers obtained by condensation of polyhydroxy monocarboxylic acids and their use in coatings (6). Essentially, one monomer, 2,2-bis(methylol)propionic acid (bis-MPA), has been used for the preparation of hyperbranched aliphatic polyesters. The cocondensation of bis-MPA and a four-functional polyol [di-(trimethylol)propane] resulting in hydroxy-functional hyperbranched polyesters has been described (7). The degree of branching has been found to be 0.45. The molecular weight and number of terminal hydroxyl groups can be varied by altering the stoichiometric ratio between the polyol core and bis-MPA.
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Similar materials, hyperbranched polyesters based on bis-MPA and a polyol, are now commercially available from Perstorp AB (http://www.perstorp.com). under the trade name Boltorn (Fig. 2). The average number of hydroxyl groups per molecule can be tailored between 8 and 64 and the molecular weight can be varied between ca 2,000 and 11,000. The copolymerization of bis-MPA and a polyol core keeps the molecular weight distribution fairly low, typically below 2. Aromatic Polyesters. Considerable attention has been paid to aromatic hyperbranched polyesters synthesized from monomers derived from 3,5-dihydroxy benzoic acid (DBA). The thermal stability of DBA is not good enough to allow direct esteriﬁcation of DBA, and therefore chemical modiﬁcations are necessary. Some aromatic monomers used for the synthesis of hyperbranched polymers are presented in Figure 3. In a systematic investigation of hyperbranched polyesters derived from 3,5bis(trimethylsiloxy) benzoyl chloride (8–11), the monomers were condensed at 150–200◦ C and also by using low temperature esteriﬁcation procedures. The polymers were found to have a degree of branching close to 0.55 and apparent molar masses (M n ) in the range of 16–60 kDa, as determined by gpc relative to linear polystyrene standards. Several functionalizations were made on the phenolic end groups in order to investigate how the nature of the end groups affected the glass-transition temperature (T g ). Another investigation (12,13) describes hyperbranched polyesters derived from 3,5-bis(trimethylsiloxy) benzoyl chloride and from 3,5-diacetoxybenzoic acid, both of which yield phenolic polyesters after hydrolysis. Hyperbranched polyesters obtained from melt condensation of 5-acetoxyisophthalic acid and 5-(2-hydroxy)ethoxyisophthalic acid respectively were also studied. The latter yields a soluble product while the former results in an insoluble polymer because of formation of anhydride bridges. In a comparison (14) of the polyesteriﬁcation of silylated 5-acetoxyisophthalic acid and of free 5-acetoxyisophthalic acid, the nonsilylated monomer yielded insoluble products, indicating that a cross-linked material was obtained. The degree of branching for these materials was found to be close to 0.6 and independent of reaction conditions. Star-shaped and hyperbranched polyesters have also been synthesized by polycondensation of trimethylsilyl 3,5-diacetoxybenzoate (15) and a number of hyperbranched polymers based on the trimethylsilylester of β-(4hydroxyphenyl)propionic acid have been reported (16). Aromatic hyperbranched polyesters have been synthesized from 5(2-hydroxyethoxy)isophthalate copolymerized with 1,3,5-benzenetricarboxylate (core molecule) as a moderator of the molar mass (17). The degree of branching was found to be 0.60–0.67, as determined by 13 C nmr. Apparent molar masses (M w ) were found to be 5–36 kDa according to sec characterization using linear polystyrene standards. Polyester-amides. DSM is marketing the poly(ester-amide) HybraneTM which is the second commercially available hyperbranched polymer (Fig. 4) (http://www.hybrane.com). It is also a hydroxy-functional product, but instead of ester linkages it comprises amide and ester connectivities. The synthesis is accomplished in two steps: cyclic anhydrides are reacted with diisopropanolamine to give an amide-intermediate, carrying two hydroxyl groups and one carboxylic acid. The subsequent polymerization takes places via an oxazolinium-intermediate, which



725 Fig. 2. Hyperbranched polyester based on bis-MPA and a polyol, commercially available from Perstorp AB (http://www.perstorp.com) under the trade name Boltorn.
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Fig. 3. Aromatic monomers used for the synthesis of hyperbranched polyesters (3–5).



Fig. 4. Poly(ester-amide) Hybrane (http://www.hybrane.com).



results in the formation of a hydroxy-functional hyperbranched polymer. The properties of Hybrane can be altered by the choice of anhydride compounds. Polyethers. A one-pot synthesis of hyperbranched benzylic polyethers based on self-condensation of 5-(bromomethyl)-1,3-dihydroxybenzene in solution has been developed (18). The effect of variation of reaction conditions such as monomer concentration, time, and type of solvent was explored and it was
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concluded that an increased reaction time and polar solvents increased the molar mass while a change in monomer concentration had less effect. Polymers with molar masses up to 120 kg/mol, as determined with low angle laser light scattering, were obtained under optimum conditions. The desired O-alkylation was accompanied by approximately 30% C-alkylation. Therefore the degree of branching was difﬁcult to determine. It was also shown that the phenolic end groups could easily be transformed into other moieties such as benzyl, silyl, or acetate end groups with a subsequent change in T g and solubility of the polymers. However, one main problem which appeared was that the monomer showed to be extremely allergenic, which limits the use of this structure. Aromatic Poly(ether-ketone)s. The synthesis of hyperbranched aromatic poly(ether-ketone)s based on monomers containing one phenolic group and two ﬂuorides which were activated toward nucleophilic substitution by neighboring groups has been described (19,20). The molar mass and polydispersity of the formed poly(ether-ketone)s could be controlled by reaction conditions such as monomer concentration and temperature. The formed polymers had high solubility in common solvents such as THF. Also, the synthesis of hyperbranched poly(ether-ketone)s based on AB2 monomers having either one phenolic and two ﬂuoride groups or two phenolic and one ﬂuoride groups has been described (21).



Properties of Hyperbranched Polymers One reason for the emerging interest in hyperbranched polymers and other macromolecular architectures is the possibility to obtain improved material properties compared to conventional, linear polymers. Already, Flory predicted that highly branched polymers would exhibit different properties compared to linear polymers (1). He stipulated that the amount of entanglements would be lower for polymers based on ABx -monomers with subsequent reduction in mechanical strength, and this was one of the reasons why these polymers at that point were abandoned. Changes in properties related to architectural changes in hyperbranched polymers rather than chemical changes have to some extent been evaluated but a full understanding is still lacking. Two questions in this area of late have been focused on the extent to which these changes in properties occur and also why they occur. Solution Properties. One of the ﬁrst properties that was reported to differ for hyperbranched polymers as compared to linear analogues was the high solubility induced by the branched backbone. Hyperbranched polyphenylenes have very good solubility in various solvents as compared to linear polyphenylenes which have very poor solubility and the solubility depends to a large extent on the structure of the end groups, eg, highly polar end groups such as carboxylates would make the polyphenylenes even water-soluble (2). Not only good solubility but also solution behavior differs for hyperbranched polymers compared with linear polymers. Hyperbranched polymers such as hyperbranched aromatic polyesters (12,13) exhibit a very low α-value in the Mark– Houwink–Sakurada equation and low intrinsic viscosities. This is consistent with highly branched and compact structures. A comparison has been made between linear polymers, hyperbranched polymers, and dendrimers with respect to
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Linear polymer Log [η]



Hyperbranched polymer Dendrimer



log Molar mass



Fig. 5. Comparison between linear polymers, hyperbranched polymers, and dendrimers with respect to intrinsic viscosities as a function of molar mass (22).



intrinsic viscosities as a function of molar mass, which clearly shows the differences induced by variations in the backbone architecture (Fig. 5) (22). Another special feature for dendritic polymers is the possibility to combine an interior structure with a certain polarity with a shell (end groups) having another polarity, eg, a hydrophobic inner structure and hydrophilic end groups. For example, hyperbranched polyphenylenes with carboxylate end groups have been described as unimolecular micelles where the carboxylate end groups make the polymer water-soluble and the hydrophobic interior can host a guest molecule (4). This has also been described by other authors (21), who solubilized hydrophobic molecules in water by using hyperbranched aromatic poly(ether-ketone)s having acid end groups. They did not see any critical micelle concentration (CMC) but observed a steady increase in solubility of the hydrophobic compound with polymer concentration. From these observations they concluded that a unimolecular micelle behavior applied. In a recent review (23), the guest-host possibility is described for various dendritic polymers with the aim toward medical applications such as drug delivery. The size of dendritic polymers in solution has been shown to be greatly affected by solution parameters such as polarity and pH. For example, it has been shown that the size of dendrimers with carboxylic acid end groups in water can be increased by as much as 50% on changing the pH (24). Thermal Properties. One of the ﬁrst questions that arises when looking at a new group of polymers such as hyperbranched polymers is what determines the glass-transition temperature. The normal interpretation of T g is related to relatively large segmental motions in the polymer chain segments, and the role of the end groups diminishes above a certain molecular weight. This is different in hyperbranched polymers since segmental motions are affected by the branching points and the presence of numerous end groups. The glass transition has instead been proposed (4,5) to be a translational movement of the entire molecule instead of segmental movement, hence increasing the importance of the end group structure. The backbone part of hyperbranched polymers was also suggested to affect the T g but to a much lesser extent. The glass-transition temperature is one of the properties that has been reported for most of the hyperbranched polymers
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described in the literature. The results have been either based on calorimetric or rheological measurements. Values of T g for a series of hyperbranched aromatic polyesters with different end groups have been presented in a review paper (25). It was shown that the chemical structure of the end groups had a large impact on the T g . The glass-transition temperature shifted as much as 100◦ C (from 255 to 150◦ C), going from carboxylic acid to acetate end groups. This and other reports (26) show the large impact of end group structure on the T g , hence indicating the importance of this structural part. The backbone of course also affects the T g , eg, an aliphatic polyester has a much lower T g than an aromatic one (25). The T g for polyether dendrimers has been found to follow a modiﬁed Flory equation where the amount and structure of end groups are accounted for indicating a similarity with T g for linear polymers (27). However, no full model to predict the T g for hyperbranched polymers exists since several other factors such as degree of branching, steric interactions due to crowding, backbone rigidity, and polarity in combination also play an important role for the glass-transition temperature. The glass-transition temperature of dendritic polymers is also discussed in another paper (28). The thermal stability of hyperbranched polymers is related to the chemical structure in the same manner as that for linear polymers, eg, aromatic esters are more stable than aliphatic ones. The use of hyperbranched polymers have, however, in some cases been shown to improve the thermal stability when used as additives. An increased thermal stability of polystyrenes has been shown when a small amount of a hyperbranched polyphenylene was used as a rheology modifying additive to polystyrene. A study of the PVT properties of hyperbranched aliphatic polyesters (29) showed that these polyesters were dense structures with smaller thermal expansion coefﬁcients and lower compressibility compared to some linear polymers. Mechanical and Rheological Properties. The rheological properties for hyperbranched polymers are characterized by a Newtonian behavior in the molten state, ie, no shear thinning or thickening is observed (29), indicating a lack of entanglements for these polymers. The nonentangled state imposes rather poor mechanical properties, resulting in brittle polymers. This has limited the use of these polymers as thermoplastics to applications where the mechanical strength is of minor importance. The large amount of branching also makes most of these polymers amorphous, although exceptions exist. Hence, these polymers are mainly suitable as additives or as thermosets when high mechanical strength is required for a certain application. The melt behavior has been shown to be greatly affected by the structure of the end groups where an increase in polarity of the end groups can raise the viscosity several orders of magnitude (30) (Fig. 6). This is of great importance when looking at applications where a low viscosity is essential for the processing of the material (31). Another difference is the relationship between molar mass and melt viscosity. The increase in melt viscosity with molar mass for linear polymers is linear with a transition when the molecular weight reaches the critical mass for entanglements M c , where the slope increases. This is different for hyperbranched polymers. The viscosity increase is less pronounced and levels out at higher molar masses (29).
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Fig. 6. Hyperbranched polyester based on bis-MPA and a polyol with end groups of different polarities (30).



Hyperbranched polymers are often referred to as Amorphous Polymers since the branching of the backbone reduces the ability to crystallize in the same manner as for linear polymers. Some exceptions have, however, been presented where the polymers have been modiﬁed to induce crystallization. Hyperbranched aliphatic polyesters were made semicrystalline by attaching alkyl chains with 14 carbons or longer as end groups (32). The crystallization was affected by several factors such as length of the end groups and the size of the hyperbranched polyester. Different combinations of these actors yielded different transition temperatures as well as different crystalline structures.



Polymerization Polycondensation. The step-growth polymerization of ABx -monomers is by far the most utilized synthetic pathway to hyperbranched polymers. A number of AB2 -monomers, suitable for step-growth polymerizations, are commercially available. This has, of course, sparked off the interest for hyperbranched condensation polymers, and a wide variety has been presented in the literature (11,25,33,34). A typical condensation procedure involves the one-step reaction where the monomer and suitable catalyst/initiator are mixed and heated to the required reaction temperature. To accomplish a satisfactorily conversion, the low molar mass condensation product formed through the reaction has to be removed. This is most often pursued by a ﬂow of inert gas and/or by reducing the pressure in the reaction vessel. The resulting polymer is usually used without any puriﬁcation or, in some cases, after precipitation of the dissolved reaction mixture into a nonsolvent. When polymerizing highly functional monomers one must always consider the occurrence of unwanted side reactions leading to the onset of gelation. In
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the reacting ABx -system the preferential reaction has to be A reacting with B. Unwanted side reactions have to be suppressed. Even a very low amount of A–A or B–B reactions would inevitably lead to gelation. The one-pot polymerization of AB2 -monomers offers no control over molecular weight, and subsequently, gives rise to highly polydisperse polymers (1). The copolymerization of AB2 -monomers with By -molecules introduces a tool not only to control the molecular weight but also to reduce the molecular weight distribution. In a classical step-growth polymerization of AB-monomers, backbiting occurs, resulting in formation of intramolecular cyclics. This of course puts the molecular growth to an end, since the functional groups are lost. When polymerizing AB2 -monomers, there is a possibility of losing the unique focal point because of intramolecular cyclics. This leads to the loss of the reactive A-group in the focal point but the cyclized molecule still holds a number of reactive B-groups, which can lead to further increase in molecular weight. However, the maximum molecular weight and the rate of polycondensation are reduced by the occurrence of cyclization reactions. Although, one might speculate that a moderate degree of cycle formation is desired since this will reduce the molecular weight distribution. One way to reduce the cycle formation is to add the AB2 -monomer successively throughout the reaction in a so called slow-addition. Several authors have shown that slow addition of monomer leads to a reduction in side reactions and an increase in molecular weight (35,36). Several authors have studied the occurrence of cyclization in hyperbranched systems (37,38). Assuming that all B-groups have the same reactivity, the chemical reaction giving rise to a branched molecule is identical to the reaction resulting in a linear polymer. Statistically, this will eventually result in a hyperbranched polymer. However, dependent on the chemical structure of the monomer, steric effects might favor the growth of linear polymers. Computer simulations of condensation of ABx monomers and co-condensation of ABx -monomers with By -functional cores have been published. Only a few papers deal with the experimentally studied structure buildup in hyperbranched polymers (39). One discrepancy with condensation polymers is that they are sensitive toward hydrolysis, which might restrict the use of such polymers. Some hyperbranched polymers are synthesized by substitution reactions that provide more hydrolytically stable polymers. Ring-Opening Procedures to Hyperbranched Polymers. The use of ring-opening polymerization for the synthesis of hyperbranched polymers has, so far, been rather limited. Conceptually, ring-opening polymerization holds an advantage over ordinary step-growth polymerizations in that no low molecular weight compound has to be removed. This facilitates the formation of high molecular weight compounds. The Pd-catalyzed ring-opening polymerization of a cyclic carbamate in the presence of an initiator, which also acts as a core molecule, to afford a hyperbranched polyamine has been reported (40,41). The polymerization was denoted to be multibranching. Multibranching implies that the number of propagating chain ends increase with the progress of the polymerization. Ring-opening polymerization of hydroxy-functional cyclic ethers could, in accordance with hydroxy-functional lactones, give rise to hyperbranched polyethers.
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Fig. 7. Cationic ring-opening polymerization of 3-ethyl-3-(hydroxymethyl)oxetane to a hydroxy-functional hyperbranched polyether (45,46).



One example of such a compound is glycidol, an oxirane-ring substituted with a hydroxymethyl group. Already in the mid-1980s, both the anionic and cationic polymerizations of glycidol had been extensively investigated and it was concluded that branched polymers were formed (42,43). More recently, the anionic ring-opening polymerization of glycidol has been reported (44). Anionic polymerization of 2-hydroxymethyloxetane is unsuccessful (34). The failure of such a reaction is most likely due to the fact that oxetanes are not known to ring-open under basic conditions. The successful cationic ring-opening polymerization of 3-ethyl-3-(hydroxymethyl)oxetane gave hydroxy-functional hyperbranched polyethers (45,46) (Fig. 7). The cationic polymerization can proceed according to two different mechanisms, activated chain end (ACE) or activated monomer mechanism (AMM) (45) (Fig. 8). The ring-opening polymerization of an AB-monomer, 4-(2-hydroxyethyl)-εcaprolactone, has been reported (47). ε-Caprolactone is easily polymerized using ring-opening polymerization under facile conditions, and the primary hydroxyl group can be used to initiate the polymerization. The polymers are reported to
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Fig. 8. Cationic ring-opening polymerization can proceed in accordance to two different mechanisms, activated chain end (ACE) or activated monomer mechanism (AMM).
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Fig. 9. Self-condensing vinyl polymerization (SCVP) (48).



have molecular weights in the range of 65,000–85,000 (PDI ca 3.2) as determined by sec. Self-Condensing Vinyl Polymerization. The ﬁrst hyperbranched vinyl polymer was presented in 1995 (48) and this marked the birth of the “second generation” of hyperbranched polymers. Hitherto, exclusively step-growth polymerization had been utilized to accomplish hyperbranched polymers. This had, of course, also limited the potential applications to areas where condensation-type polymers are acceptable. 3-(1-Chloroethyl)-ethenylbenzene was cationically polymerized in the presence of SnCl4 . The polymerization was termed “self-condensing” vinyl polymerization (SCVP) (Fig. 9) because the polymerization was found to proceed by repeated step-wise couplings of otherwise chain-growing species. 3-(1-Chloroethyl)-ethenylbenzene is an AB-monomer where the A-group is the readily polymerizable vinyl group and the B-group the latent initiator moiety, a benzyl halide. External activation of the labile B-group was afforded by the addition of SnCl4 (Fig. 10). The presentation of SCVP marked the onset of extensive research focussing on the use of vinyl monomers for the synthesis of hyperbranched polymers. Lately,



Fig. 10. AB∗ represents the activated monomer. The polymerization is initiated by the addition of B∗ to an A-group, which leaves a dimer carrying one double bond and two active sites, B∗. Given the chemical structure of the monomer, it can be assumed that the reactivities of A∗ and B∗ are similar and that is why both the initiating B∗-group and the newly created propagating cation can react with the vinyl group of another molecule (monomer or polymer) in the same way.



734



HYPERBRANCHED POLYMERS



Vol. 2



there has been a great interest in “living” free-radical procedures that possess accurate control over molecular weight, molecular weight distribution, and chain ends. The SCVP concept was further developed into TEMPO-initiated “living” freeradical polymerization synthesis of hyperbranched polystyrenes (49). The extensive development of metal-catalyzed “living” free-radical polymerization brought about new possibilities to use radical polymerization as a tool to obtain advanced macromolecular architectures. Atom-transfer radical polymerization (ATRP) techniques were developed to obtain hyperbranched polystyrenes (50), and the ﬁrst use of group-transfer polymerization to obtain hyperbranched methacrylates was reported (51). Since then, a number of different approaches, based on vinyl monomers and various initiating systems, have been explored to yield hyperbranched polymers such as poly(4-acetylstyrene) (52), poly(vinyl ether) (53), and polyacrylates (54). The polymerization of AB∗-functional vinyl monomers is fundamentally different from the step-growth polymerization of AB2 -monomers. Condensation of AB2 -monomers immediately results in hyperbranched polymers since the reactivity of the end groups are the same, regardless of what type of repeat unit (linear or dendritic) that is formed. In the case of AB∗-monomers it is not obvious how the chain growth takes place. Depending on the chemical structure of the monomer there will be a competition between conventional, linear, chain-growth polymerization, via the double bond, and the branching reaction, ie, where the group capable of initiation (B∗), reacts with a vinyl group. If the reactivities of the two different propagating species are exactly the same, one envisions that a randomly branched system will be the result. However, all monomers attempted in SCVP so far possess unequal reactivity of the propagating sites. A systematic investigation on how the branching could be maximized by altering the reaction conditions when polymerizing 4-chloromethylstyrene using metal-catalyzed “living” free-radical polymerization was done (55). Since free-radical polymerization is the most important industrial polymerization process, the development of polymerization procedures for vinyl monomers greatly opened up the application for hyperbranched polymers. Proton-Transfer Polymerization. Proton-transfer polymerization (PTP) (Fig. 11) has been reported as a versatile route to hyperbranched polymers (56). Conceptually, PTP is an acid–base controlled reaction where the nucleophilicity and basicity of monomer and intermediates play important roles. A base serves as an initiator and abstracts the labile proton from the monomer, forming a reactive nucleophilic species, − AB2 , (2). This species rapidly adds to the B-group on a monomer, leaving an anionic site in the dimer, (3). This species is less nucleophilic than (2) and undergoes a rapid, thermodynamically driven, proton exchange with monomer, instead of nucleophilic addition. This produces a new nucleophile, (2), and an inactive dimer, (4). The multiplicity of reactive B-groups in each growing molecule that contains a single H–A group ensures the formation of a hyperbranched molecule. The usefulness of the PTP concept was further demonstrated in a study (57) where hyperbranched aliphatic polyethers were synthesized from a diepoxide and a three-functional alcohol utilizing the concept of A2 –B3 monomers.
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Fig. 11. Proton-transfer polymerization (PTP) (56).



Analytical and Test Methods Degree of Branching. In a perfectly branched dendrimer only one type of repeat unit can be distinguished, apart from the terminal units carrying the chain ends. A more thorough investigation of a hyperbranched polymer (assuming high conversion of B-groups) reveals three different types of repeat units as illustrated in Figure 12. The constituents are dendritic units (D), fully incorporated Ax Bmonomers; terminal units (T) having the two A-groups unreacted; and linear units (L) having one A-group unreacted. The linear segments are generally spoken of as defects. The term degree of branching (DB) was coined in 1991 (8) as (eq. (1)) DB = ( D + T)/( D +  L + T)



(1)



To date, two different techniques have been used to determine the degree of branching. The ﬁrst technique (8) involves the synthesis of low molar mass A Dendritic unit •
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Fig. 12. The constituents in a hyperbranched polymer are dendritic units (D), fully incorporated Ax B-monomers; terminal units (T) having the two A-groups unreacted; and linear units (L) having one A-group unreacted.
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model compounds resembling the repeat units to be found in the hyperbranched skeleton. The model compounds are characterized with 13 C nmr. From the spectra of the model compounds the different peaks in the spectra of the polymers can be assigned. The degree of branching is calculated from the integrals of the corresponding peaks in the spectrum of the polymer. In a second method (38), based on the degradation of the hyperbranched backbone, the chain ends are chemically modiﬁed and the hyperbranched skeleton is fully degraded by hydrolysis. The degradation products are identiﬁed using capillary chromatography. Two chemical requirements have to be fulﬁlled to use this technique successfully. Firstly, degradation must not affect chain ends, and secondly, the conversion into elementary subunits must be complete. The expression in equation (1) has been frequently used to characterize hyperbranched polymers. The deﬁnition leads to high DB values at low degrees of polymerization. Another expression for the degree of branching where also the degree of polymerization is taken into consideration has been introduced (58). The same group also published ﬁndings from computer simulations of ideal experiments where all the monomers are added to the core molecules, keeping the total number of molecules constant throughout the reaction (35). Increasing the functionality of the core resulted in decreased polydispersity for the ﬁnal polymer. The degree of branching was found to have a limiting value of 0.66 with slow monomer addition at high degree of conversion. It is of vital importance to understand how the degree of branching affects the properties of a hyperbranched polymer. One way to obtain polymers with higher degrees of branching is to use preformed dendron-monomers. Using this concept (21) it was found that the resulting polymers with the highest degree of branching also exhibited the highest solubility in organic solvents. This topic has also been studied by investigating the hyperbranched poly(siloxysilanes) obtained from AB2 -, AB4 -, and AB6 -monomers (59).



Uses Numerous applications have been suggested for hyperbranched polymers but few have reached commercial exploitation. Only a few papers have been published where a certain application of a hyperbranched polymer has been addressed. Thermosets. One area where hyperbranched polymers may ﬁnd use is for thermoset applications. The low melt viscosity can improve the processing properties while extensive cross-linking can result in sufﬁcient material strength. Among the ﬁrst studies presenting the use of hyperbranched polymers for thermoset applications was the synthesis of unsaturated polyester resins based on aliphatic hyperbranched polyesters (7). A number of resins with various amounts of maleate/allyl ether moieties were attached as end groups were synthesized. The resins could be cross-linked by a free-radical mechanism giving ﬁlms with ﬁnal ﬁlm hardnesses depending on the amount of functional groups. Based on the same base polyester, several resins with different viscosities (before cure) and different curing rates could be obtained. The same group has also conducted studies of acrylated hyperbranched polyesters for electron beam curing (60).
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Also, methacrylated polyesters and their use in photopolymerizations of ﬁlms and ﬁber-reinforced polymer composites have been studied. The resins were found to have a low viscosity and a higher curing rate than those of corresponding linear unsaturated polyesters (61,62). Coatings. The use of hyperbranched polymers as base for various coating resins has been described in the literature. Different resin types are obtained depending on the reactive end group structure which is attached to the hyperbranched polymer. A number of different thermoset resin structures based on hyperbranched aliphatic polyesters have been described (63). The results can best be exempliﬁed by their results on hyperbranched alkyd coating resins. A comparative study between an alkyd resin based on a hyperbranched aliphatic polyester and a conventional high solid alkyd, which is a less branched structure, yielded the following results. The hyperbranched resin had a substantially lower viscosity than the conventional resin with comparable molar mass, ie, less solvent is needed in order to obtain a suitable application viscosity. The hyperbranched resin also exhibited much shorter drying times than the conventional resin although the oil content was similar. These achievements would not be possible without a change in architecture of the backbone structure of the resins (Figs. 13 and 14). Studies on acrylate resins (64,65) based on hyperbranched aliphatic polyesters have shown the possibility to vary both the polarity (wetting behavior) and T g of the thermoset by changing either the polarity of the end groups or the cross-link density. This study shows that it is possible to vary the T g within a large range (50–150◦ C) by changing the amount of reactive end groups (crosslinkable groups) utilizing the same hyperbranched polyester as a base structure. FT-Raman measurements of the residual unsaturation on these systems also showed that the acrylate functional end groups are all accessible to polymerization, ie, they are not trapped inside the hyperbranched polyester structure. The



Fig. 13. Hyperbranched resins have a substantially lower viscosity than conventional resins with comparable molar mass (alkyd resin made from Boltorn). Reference alkyds and dendritic alkyds.
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Fig. 14. Hyperbranched resins have much shorter drying times than conventional resins (alkyd resin made from Boltorn). Reference alkyds and dendritic alkyds.



uv polymerization of the resins also proceeded at a high rate compared to conventional acrylate resins. The structure of the nonreactive end groups affected the T g to some extent although the cross-link density had a much larger impact on the T g . The structure of the nonreactive end groups had a much larger effect on other properties such as the wetting behavior. Changing these groups from carboxylic acid groups to propionate groups increased the contact angle of water from 10◦ to 75◦ . Overall, it can be concluded that the thermoset properties can be greatly varied within a wide range by changes in functionality of the end groups while retaining the same backbone structure. Solid thermoset resins have increasing importance in several ﬁelds; one of the dominating groups is powder coatings. Powder coatings are based on resins that are solid at ambient temperature and ﬂow at elevated temperature to form a uniform coating layer. Most systems are based on amorphous reactive polymers that cross-link in the molten state forming a thermoset coating. It has been demonstrated that semicrystalline powder coatings based on hyperbranched polyesters can be synthesized (66). ε-Caprolactone was grafted on hydroxy-functional hyperbranched aliphatic polyesters forming semicrystalline copolymers (Fig. 15). The crystallinity and rheological properties were found to be tailorable by means of the appropriate choice of hyperbranched polyester and the degree of polymerization of the crystalline
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Fig. 15. Ring-opening polymerization of ε-caprolactone using Boltorn and stannous octanoate as a macroinitiator (66).



grafts (ε-PCL). Cross-linkable resins were obtained by methacrylation of the terminal hydroxyl groups. The resins were found to have suitable melt rheology for low temperature powder coatings. All resins were uv-cured in the molten state to yield ﬂexible ﬁlms with low levels of residual unsaturation. The properties of the ﬁnal cross-linked ﬁlms were shown to be dependent on the structure of the resins, ie, long side chains could crystallize in the network producing a semicrystalline network. Crystallization of short chains was hindered by the cross-linking.



Additives. Tougheners for Epoxy-Based Composites. One application that has been suggested for hyperbranched polymers is as additives where the hyperbranched polymers improve a property such as toughening (67). One reason for this is the possibility to adjust the polarity of the polymer to make it either compatible or incompatible with another polymer. Reaction-induced phase separation by adjusting the polarity of an hyperbranched aliphatic polyester relative to an epoxy/amine thermoset system has been demonstrated (67) (Fig. 6). An epoxy-modiﬁed hyperbranched polyester was used as toughener and the critical energy release rate G1c of carbon ﬁber-reinforced epoxy was improved from 1.4/kJ/m2 to 2.5/kJ/m2 (1.19 ft·lbf/in2 ). This result is obtained by a reaction driven phase separation. An advantage compared to the more conventional ones is that no ﬁltering of toughener during ﬁber-impregnation can take place. The phase separation is accomplished by a careful design of reactivities of the different components as well as designing the surface polarity of the hyperbranched resin (67). Processing Aids. The use of hyperbranched polyphenylenes as processing aid for polystyrenes has been reported (4). The melt viscosity of polystyrene was reduced while not affecting the ﬁnal properties to any larger extent. The addition of the polyphenylenes also improved the thermal stability of the system. The use of hyperbranched polymers as a processing aid for linear low density polyethylene (LLDPE) has been investigated (68). Various generations of Boltorn were used which had either 16 carbon atom alkanes or a mixture of 20/22 carbon atom alkanes on the end groups. Blends of up to 10% hyperbranched polymer



740



HYPERBRANCHED POLYMERS



Vol. 2



content were mixed via extrusion at 170◦ C to produce 1-mm diameter ﬁbers. Processability, surface appearance, and the rheological properties of the blends were evaluated. It was found that the power requirement for extrusion was signiﬁcantly decreased as a result of reduced blend viscosity, and also, the mass ﬂow rate for a given extruder speed was greater than virgin LLDPE for all hyperbranched polymer blends. Melt fracture and sharkskin of the blends was successfully eliminated, and minimal preprocessing time was required for the effect to take place. Surface analysis using x-ray photoelectron spectroscopy and transmission electron microscope techniques were performed with both showing that the hyperbranched polymer had a preference to accumulate at the ﬁber surface. Rheological experiments were similarly affected, therefore, the blend viscosity is really a composite of a hyperbranched polymer rich phase and a neat LLDPE phase. It was suggested that the hyperbranched polymer rich phase acted as a lubricating layer at the polymer/die wall interface. The hyperbranched polymer with a greater degree of end group substitution acted better as a processing/rheological property aid. The results suggest that hyperbranched polymers, at trace levels of ∼500 ppm, may offer a number of advantages when used as a processing aid for LLDPE. Surface Modiﬁcation. Corrosion of metal surfaces is a serious problem worldwide. It has been demonstrated that even rather thin organic layers can passivate and block electrochemical reactions on metal surfaces. Hydrophobic, ﬂuorinated, hyperbranched poly(acrylic acid) ﬁlms can block these unwanted electrochemical reactions (69–72). Hyperbranched ﬁlms containing acrylic acid were synthesized on mercaptoundecanoic acid self-assembling monolayers on gold via sequential grafting reactions. This technique was shown to be useful to obtain thick and homogeneous ﬁlms. The acid groups were accessible for modiﬁcations. Fluorination of these ﬁlms gave surfaces that were analyzed with cyclic voltametry and ac-impedance measurements. These studies showed that the barrier toward redox reactions was greatly improved.



Conclusion The area of hyperbranched polymers is a young and rapidly growing area within the ﬁeld of macromolecules. A number of applications where the special properties of these polymers have already been described and some hyperbranched polymers are already in the marketplace. Numerous polymers with highly branched backbone structures have been synthesized and characterized. Dendritic polymers, comprising dendrimers and hyperbranched polymers, are polymers based on Ax Bmonomers, ie, monomers having one B-functionality and two or more A-groups resulting in polymers with a potential branching point in each repeat unit. The difference between dendrimers and hyperbranched polymers is that the former are well-deﬁned, layerwise constructed polymers with a branching point in each repeat unit, while the latter contain not fully reacted monomers in the polymer backbone. One main advantage of hyperbranched polymers over dendrimers is that the synthesis is less tedious, making more material available at a reasonable cost. The synthesis of hyperbranched polymers can be made in several different ways. Classical condensation reactions are the most commonly used. The condensation reactions are either made in bulk or in solution where the Ax B-monomers
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are condensated by themselves or in combination with a By -core monomer. The use of a By -core monomer improves the control over molecular weight and dispersity of the hyperbranched polymer. Another approach to the synthesis of hyperbranched polymers is the use of self-condensing vinyl polymerization, which is a way of using vinyl-functional monomers to obtain hyperbranched polymers. The introduction of this approach has greatly increased the number of possible monomers that can be used for this group of polymers. A wide variety of hyperbranched polymers has been described in the literature. The properties of hyperbranched polymers have been shown to depend on several parameters, the most important ones are the backbone and the endgroup structure in combination. The properties of hyperbranched polymers differ from linear polymers, for example, the solubility, which is much higher for hyperbranched polymers. Hyperbranched polymers normally exhibit an amorphous, nonentangled behavior, ie, a Newtonian behavior in the melt. Attachment of reactive end groups in various amounts leads to thermoset structures where the T g and cross-link density can be greatly varied for the same hyperbranched polymer. A number of applications have already been suggested, related to the special properties of hyperbranched polymers.
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