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PRINCIPLES OF POLYMER FRACTIONATION



As a general rule, the composition of a polymeric substance is not homogeneous. The differences between the macromolecules of such a substance may be classified according to three main properties: (a) molecular weight, (b) chemical composition, and (c) molecular configuration and structure. Fractionation of a polymeric substance means the separation of that substance into its different molecular species, using a suitable experimental technique, in order to obtain homogeneous fractions. The molecular weight distribution is a general feature for practically all synthetic polymers; it is a consequence of the particular nature of the polymerization process by which they are made. Natural polymers usually have molecular weight distributions as a result of the degradation processes suffered by the substance during
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isolation from living tissues. Additional causes, such as more or less accidental degradation during processing, improper handling, or routine use, may contribute substantially to an increase in the width of the natural molecular weight distribution already present in the sample. The existence of molecular weight heterogeneity in macromolecular substances is therefore quite general. It is one of their fundamental properties and is directly responsible for the necessity of using several molecular weight averages for their description. It also exerts a permanent influence on all the properties of the substance, both in solution and in the solid state. Differences in chemical composition in polymers originate from those reaction which offer several possibilities of substitution along the backbone of the macromolecules, for instance, the synthesis of random, block and graft copolymers and then any partial chemical transformations to which the substances can be subjected. The third kind of heterogeneity mentioned above refers to differences in the physical configuration of the macromolecules, such as those between linear and branched polymers, and also to differences in the tacticity of the several molecular species present in the mixture, which is usually reflected in varying amounts of amorphous and crystalline materials in the substance. Most of the experimental techniques developed so far to fractionate polymers refer to fractionation according to molecular weight. Chemical composition and physical structure differences are handled by more or less sophisticated modifications of the solubility method, such as varying the nature of solvent/nonsolvent mixture or the temperature of extraction, or by using an appropriate active support (adsorbent). The experimental techniques referred to in the tables are mostly based on the variation of some properties directly related to the molecular size. It is common to classify the fractionation method according to their preparative analytical character. The latter methods do not isolate fraction; they are mainly intended to explore the molecular weight distribution of the polymer. The classification of fractionation methods together with the basic idea of each experimental technique is briefly described below. Reviews of polymer fractionation have been published by Cragg and Hammerschlag (660), Desreux and Oth (745), Schulz (2902), Conrad (613), Hall (1198), Channen (544), Guzman (1172,1174), Bello, BarralesRienda and Guzman (276,277), Fuchs and Leugering (936), Kaesbauer and Schuch (1584), Screaton (2924), Schneider (2878), Cantow (506), Johnson, Porter and Cantow (1506), Moll (2231), Tung (3284,3286), Francuskiewicz (918). Reviews dealing with some specific aspects of fractionation have been published by Schurz (2915), Samsonov (2826), Schneider (2880), Giddings (1047, 1050-1052,1147). Reviews concerning theoretical aspects of polymer fractionation have been given in the book of Tompa (3217), and by Voorn (3397), Huggins and Okamoto (1392), and Koningsveld (1749). In recent years, gel permeation chromatography (GPC) has become a technique of widespread use not only for



molecular weight distribution but also for preparative fractionation. There exists much information on this technique in recent literature. General reviews on GPC have been published by Cantow, Porter and Johnson (505), Heitz and Kern (1262), Altgelt and Moore (71), Johnson and Porter (1507,1508), Altgelt (72), Determann (748), Altgelt and Segal (73), Lambert (1854), Ouano, Barrall II and Johnson (2492), Dawkins and Yeadon (717), Janca (1471), Ouano (2494), Barrales-Rienda (225), Bruessau (452), Hamielec and Styring (1202), Dawkins (718) and books by Yau, Kirkland and BIy (3552), Belenkii and Vilenchik (275), Janca (1474). Also, nonexclusion liquid chromatographies and cross fractionations for copolymers have been reviewed by Glockner (1071,1076,1080), Vela Estrada and Hamielec (3366) and Mori (2283); temperature rising elution fractionation (TREF) by Wild (1710,3475, 3476); and field flow fractionation (FFF) by Janca (1476). B. FRACTIONATION METHODS 1. Fractionation by Solubility (a) Fractional Precipitation Addition of Nonsolvent Successive precipitation of polymer species from a solution by addition of a miscible nonsolvent. The larger molecules precipitate first. Lowering the Temperature Successive precipitation of polymer species from a solution by controlled cooling. The larger molecules precipitate first. Solvent Volatilization Successive precipitation of polymer species from a solution of the polymer in a solvent/ nonsolvent mixture by controlled evaporation of the more volatile solvent. The larger molecules precipitate first. Pressure Variation at Lower Critical Solution Temperature Successive separation is carried out at a lower critical solution temperature (LCST) under isothermal conditions by changing the pressure of the system. Low molecular weight species are precipitated first. The efficiency of the method is poor in low molecular weight ranges. (b) Turbidimetric Titration Continuous precipitation of polymer species from a very dilute solution by progressive addition of nonsolvent. In the absence of coagulation, the amount of polymer precipitated can be measured by the increase in optical density of the solution. The larger molecules precipitate first. This is an analytical method and can also be reversed, i.e; the polymer is first precipitated completely, and then redissolved by progressive addition of solvent. (c) Summative Precipitation Simultaneous precipitation of polymer species from several solutions of the same sample by addition of increasing amounts of nonsolvent to the solution. The sum of all the precipitates constitutes a cumulative weight distribution. This is an analytical method. (d) Cumulative Volume of Precipitate Successive precipitation of polymer species from a solution by addition of increasing amounts of nonsolvent. Fractions are not isolated



and the cumulative volume of precipitate is observed and determined after each nonsolvent increment. This is an analytical method. (e) Fractional Solution Direct Extraction Small polymer molecules are brought in direct contact with the solvent to extract low-molecular weight species from the swollen polymer. Subsequent fractions can be obtained either by different solvent mixtures of increasing dissolution power, or by raising the temperature stepwise with the same solvent. Smaller molecules are extracted first. Film Extraction CONTINUOUS OPERATION (CONTINUOUS FILM EXTRACTION) (CFE) The polymer solution is applied as a thin coating on both sides of a slowly moving belt. On passing through a drying region the solvent evaporates; the thin film on the belt is extracted continuously in a series of tubes containing solvent/nonsolvent mixtures of increasing dissolution power kept at constant temperatures. BATCH OPERATION (FILM EXTRACTION)
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using support material to obtain a very thin film with a large surface area. A metal foil is coated thinly with a polymer solution and the solvent is stripped out; after drying, the foil is cut into strips and extracted successively with solvent/ nonsolvent mixtures of increasing solvent power, or by raising the temperature stepwise with the same solvent. Smaller molecules are extracted first. Column Extraction The polymer is distributed on an inert support (small glass beads or sea sand) packed in a column which will subsequently have solvent passed through it either in an upward or downward direction. Successive elutions then take place in steps by the use of different solvent mixtures or by different extraction temperatures. Temperature-Rising Elution Fractionation (TREF) The sample is loaded by injection in hot solution into a column packed with an inert support. The column is held in a hot bath. The loaded column is then cooled down to room temperature at a rate as slow as possible. The polymer to be fractionated must be deposited on the inert support by programmed cooling slow enough for crystallization, in such a way that it facilitates and promotes the crystallization of the different branched species in layers one upon the other. This step favours the effective separation by elution with increasing temperatures, which may be carried out stepwise or continuously. Therefore, polymer species are eluted with a solvent from the column as the temperature rises at a selected rate of heating. Molecules are eluted first according to their short-chain branches, i.e., with respect to degree of branching. Coacervate Extraction A liquid polymer-rich gel phase (coacervate) is extracted by a solvent, forming a sol phase. Both the sol phase (or extracting agent) and the gel phase (coacervate) contain the same solvent and nonsolvent and are formed only together with the polymer fractionated (i.e., solvent and nonsolvent are completely miscible without the polymer). Thus, this procedure is a liquidliquid extraction. Successive extraction of polymer species



can be done from the coacervate. Smaller molecules are extracted first. Continuous Polymer Fractionation (CPF) It represents a special variety of a counter-current extraction that functions in the following way: A comparatively concentrated solution of the polymer in a given solvent [it can also be a solvent/non-solvent mixture (the feed, FD)] is introduced into a pulsed sieve-bottom column at one end, and the same solvent or solvent/nonsolvent mixture but free of polymer (extracting agent, EA) is added at the other end. Both phases are homogeneous as they enter the column, but the CPF splits the polymer into two fractions by demixing inside the column in such a way that the molecules of different mass distribute between the two phases. This treatment really forms a coacervate due to the limited solubility of the polymer in the solvent/nonsolvent system. The coacervate is continuously extracted inside a countercurrent column by the liquid extracting agent whereby the polymer molecules will be distributed over the countercurrent phases according to their MW. The high molecular weight material remains in the phase resulting from the feed and leaves the column as the gel phase, whereas the low molecular weight material is extracted with the sol phase, so these two fractions leave the column as gel and sol phases, respectively. Thus, the original polymer can be split into two fractions at a desired MW in one continuous run. (f) Partition Between Immiscible Solvents Polymer species are distributed according to molecular size between two immiscible liquids of different solvent power. Countercurrent extraction is particularly suitable for this method. (g) Fractionation with Demixing Solvents It is possible to separate chemically different polymers dissolved in a suitable homogeneous solvent mixture quantitatively, if the solvents are miscible at high temperatures but show phase separation at a lower temperature. Demixing is reached by slow-cooling the system to the desired separation (equilibrium) temperature. Stirring of the system is advantageous. Details of the demixing procedure depend on polymer species. Blends of polymers and copolymers, including block-, graft- and statistical copolymers, can be separated in one fractionation step with respect to their chemical nature. Multistep fractionation methods using demixing solvents (cumulative, successive, semicumulative, and head-tail type of fractionation) have been used to determine the chemical distribution of binary copolymers as well as block- and graft-copolymers. (h) Fractional Crystallization Successive separation of species from polymer solutions by crystallization at different temperatures. The crystallization can be carried out under stagnant conditions, but considerable improvement in the efficiency is obtained if the crystallization is induced by fast stirring (stirring crystallization). Under these conditions, the high molecular weight constituent crystallizes first, settling on the stirrer as long thin fibrillar crystals. The technique can be coupled with fractional References page VII-438



extraction at increasing solution temperatures. The method is poorly reproducible. Crystallization Analysis Fractionation (CRYSTAF) It is based on the segregation of crystals of different morphology or comonomer content by crystallization. In CRYSTAF, the separation and analysis are performed in a single step (the crystallization cycle), where concentration of the polymer solution is intermittently sampled and analyzed as the temperature goes down. The temperature-concentration data which are obtained correspond, in the cases of branched poly(olefins) or their copolymers with a-olefins, to the cumulative curve of the side chain branching distribution (SCBD). The last point at the lowest temperature of the experiment is the soluble or noncrystallizable fraction. 2. Fractionation by Chromatography (a) Adsorption Chromatography (Chromatography on an active support) The adsorption of polymer species on an active support depends on the molecular weight. Frontal Analysis The active support is packed in a column. A solution of polymer passes down the column and is collected when leaving it. The concentration in the effluent changes with the volume collected, and presents successive fronts due to the differential adsorption of molecular species on the active support. Elution Analysis COLUMN A small quantity of polymer is adsorbed on the upper portion of the support packed in the column. Elution with a suitable solvent takes place; each component moves down the column at a different rate and is completely displaced at some time and collect in the effluent; in the gradient elution method, the eluent is a liquid of increasing solvent power. THIN LAYER CHROMATOGRAPHY (TLC) A thin layer chromatographic system is represented by the following three elements: a stationary phase which is a thin layer formed usually on a glass plate with an adsorbent like silica gel (the thin layer is activated by drying); a mobile phase which is any solvent or mixture used as a developer, and a sample. Separation is effected because the migration rate of each component relative to that of the mobile phase is retarded by the stationary phase to different degrees. A spot of the polymer solution is put on the plate, and after drying, the plate is placed vertically in a tank containing a suitable solvent or mixture. As the solvent moves upwards, it carries along each component at different rates. Separated, colorless species can be made visible by appropriate methods. When TLC is used in combination with a concentration gradient method, the composition of the developer (solvent or mixture) changes with the development time. In general, the TLC of a polymer may be classified into four types depending on the separation mechanism: adsorptiondesorption, partition, molecular sieving (size exclusion), and ion-exchange process. However, only two of the above mechanisms, adsorption and molecular sieving, are applicable to separation of high polymers.



(b) Competitive Selective Adsorption This method is applied to separate mixtures of tactic forms into their components. The principle of separation consists of a competitive adsorption of two different tactic polymers from the solution onto solid surface. The two tactic forms compete for occupying active sites on the solid adsorbent; one of them will be selectively adsorbed on the adsorbent, while the second one will be unadsorbed and remain in solution. In practice, the separation is carried out by adding the solid adsorbent to the solution of the tactic mixture. The solvent must be selected in such a way that the stereocomplex formation between tactic forms rarely occurs. (c) "Precipitation" Chromatography (Baker-Williams Method) (Chromatography on an inactive support) The support is an inert material packed in a column. On top of the column, a small amount of polymer is placed, as in elution chromatography. A temperature gradient is set along the column, the upper part being at higher temperature than the bottom; then the elution takes place with a solvent mixture of increasing solvent power. Polymer species move down the column being in a continuous exchange between a precipitated phase and a saturated solution. This distribution depends on the molecular size. Precipitation chromatography can also be carried out in the absence of a temperature gradient. It then becomes essentially a continuous fractionation by fractional solution, (see under Fractional Solution Column Extraction). (d) Normal-Phase and Reversed-Phase Liquid Chromatography Copolymer separation by non-steric liquid chromatography (NELC) can be achieved in practice by the difference of adsoiption power between the copolymers and the stationary phase. In both NPLC and RPLC, the mobile phase should be a good solvent for the copolymers during the entire elution. In NPLC, stationary phases are polar, for example, silica gel, silica-CN, silica-NH2 and poly(acrylonitrile) gel; retention times increases with sample polarity and mobile phases are less polar. Gradient elution is performed to increase the content of a polar solvent in the mobile phase, i.e. the polarity of the eluent increases in the course of a run. RPLC is performed on non polar columns, i.e. stationary phases are hydrophobic (e.g. packed with crosslinked poly(styrene) (PS), or an alkyl branched phase materials such as silica-ODS), and the retention times decrease with polarity. Mobile phases are polar. RP gradient elution is performed to increase the content of less polar solvent in the mobile phase, i.e. the polarity of the eluent decreases in the course of a run. (e) Gel Permeation Chromatography (GPC) (Chromatography on a porous support) Gel permeation chromatography, sometimes referred to as size-exclusion chromatography (SEC), is an analytical or preparative technique in which solute molecules are separated according to their effective hydrodynamic volumes in solution. A



gel permeation chromatographic system is composed of three fundamental elements. The stationary phase is an expanded and highly crosslinked polymer gel network (expanded silica gel, gel of porous glass, or some of these, but modified by chemical or physical treatments). The gel is packed into a chromatographic column; a mobile phase which may be any solvent or mixture for the polymer and a good swelling agent for the gel. The polymer sample in dilute solution is injected onto a column which contains porous particles with solvent and which is continuously fluxed with eluent. The separation occurs as the polymer molecules in the eluent solvent (mobile phase) percolate through the porous bed (stationary phase). As a result of the restrictions imposed by the size of the pores on the larger molecules, there is a greater pore volume available to the low molecular weight species giving them in effect a longer path length and they, therefore, are more strongly retarded during elution. In other words, small molecules are able to penetrate into the pores of the beads more readily than the larger ones. This effectively increases the retention volume as molecular size decreases. Hence an inverse relationship between retention volume and molecular weight of the polymer exists. Since from an ideal point of view polymer solubility and adsorption are not occurring in this chromatographic process, the volume of eluent required for the elution of any macromolecules species must essentially be dependent on chain length and appears to be insensitive to structure (universal calibration). However, this seems to be not always the case (non-exclusion effects). (f) Surface Exclusion Chromatography (Hydrodynamic exclusion chromatography) Conventional gel permeation chromatography (GPC) fails when applied to the characterization of very large macromolecules. Such polymers are easily oriented or deformed by hydrodynamic forces occurring in columns. Hence, steric pore exclusion mechanisms are disturbed, separation efficiency is poor, and the relationship between elution volume and molecular weight is no longer found valid for the highest molecular weight species. Surface exclusion chromatography (hydrodynamic exclusion chromatography) has been developed for rigid particle size determinations. This technique has been shown to be efficient for size separation of proteins and latexes. It uses a non-porous packing as a stationary phase. (g) Partition Chromatography Polymer species are distributed between two liquid phases, one of them mobile and the other fixed by absorption on a support. The support consists of strips or sheets of porous paper. The immobile phase is packed in a column. (h) Phase Distribution Chromatography (PDC) Separation of polymer components in a PDC column is based on thermodynamic and kinetic interactions between the mobile phase (the polymer to be analyzed is dissolved in a Q-solvent) and a gel (stationary phase) of the same



linear high polymer situated as a non-crosslinked coating on the surface of small glass bead. It is important to keep the temperature always below the Q-temperature of the sample. The separation efficiency increases sharply with decreasing temperature since the higher molecular species dissolve in the gel phase to a higher extent than the lower molecular species, the former leave the column later. It is a powerful method for the correct determination of narrow molecular weight distributions. (i) Field Flow Fractionation (FFF) Field flow fractionation resembles chromatography in both the experimental and dynamical aspects of its operation, and it can therefore be thought of as a chromatographic method. It requires neither a stationary phase in the classical sense, nor the packing to support as is characteristic of chromatography. For this reason FFF has been described as one phase chromatography. Like chromatography, it is an elution technique used to separate components as they are transported through a column by a stream of solvent. The method is based on the difference between the flow rates in the center and near the column walls which obey Poiseuille's law. Retention is caused by an external field or gradient which forces the solute into narrow layers occupying the slow flow regions near the wall of an empty channel. Several types of FFF based on the type of force field applied have been developed. Classical FFF THERMAL FFF Thermal field flow fractionation (ThFFF) is a high-resolution separation method for a wide range of relatively non-polar polymers in suitable organic solvents. Certain polar macromolecules can also be fractionated by ThFFF in totally aqueous systems. ThFP7F separations are carried out with a single mobile phase in a thin, open channel by applying a large thermal gradient across highly polished parallel plates between which a spacer is clamped. It is usually composed of two metallic blocks with highly polished surfaces. ThFFF separations are governed by two transport mechanisms acting in opposition: thermal diffusion, which is the movement of mass in response to a temperature gradient, and ordinary (Fickian) diffusion, which is the movement of mass in response to the concentration gradient established by thermal diffusion. SEDIMENTATION FFF Either natural gravitational or centrifugal forces in the centrifuge serve as an effective field. The channel is usually coiled around the interior basket of a centrifuge rotor. This technique separates components on the basis of their mass differences. ELECTRICAL FFF The altogether homogeneous field is induced by electrical current across the channel. Charged macromolecules interact with the field and are separated according to the ratio of electrophoretic mobility to diffusion coefficient. FLOW FFF Flow field-flow fractionation separates according to differences in diffusion coefficients. PRESSURE FFF Pressure field-flow fractionation (pressure FFF) and flow FFF are by nature very similar. In both References page VII-438



cases, it is the cross flow that represents the lateral field. The principal difference is that in flow FFF, the flow field is applied externally across the channel formed between two parallel plane membranes, whereas in pressure FFF, the lateral flow across the wall of a circular-cross-section capillary is initiated by an internal pressure drop in a liquid pumped along the semipermeable capillary. MAGNETIC FFF Magnetic field-flow fractionation has been studied in only a few cases dealing with theoretical principles of the separation and retention of bovine serum albumin in the presence of nickel (II) ions in a magnetic field of 400G and retention of metal oxides. CONCENTRATION FFF Concentration field flow fractionation (concentration FFF) is the only FFF technique that could make use of a concentration gradient of a mixed solvent across the channel in order to induce effective chemical forces or chemical field. SHEAR FFF Shear field-flow fractionation (shear FFF) has been proposed as a technique in which shear forces are responsible for migration perpendicular to flow. An internal shear force field is induced in the annular space between two concentric cylinders that are in relative rotational motion. Focusing FFF SEDIMENTATION-FLOTATION FOCUSING FFF
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solute particles or macromolecules "sediment" or float in the density gradient of a liquid phase according to the difference between the local density of the liquid and that of the particle or macromolecule. At quasi-equilibrium, the solute species are focused in a thin layer at the position where the density of the environment is the same as the solute density. isoELECTRic FOCUSING FFF The electrophoretic mobility of amphoteric macromolecules is a function of pH and is zero at the isoelectric point. This means that if a stable pH gradient is formed in the FFF channel due to an applied electrical field, the amphoteric solute under the influence of this field is focused into the position of the isoelectric point. In a steady state, this transport is balanced by ordinary diffusion. (j) Ion-Exchange Chromatography The support is an ion-exchange resin, constituting an immobile phase, through which the solution of polymer is passed. This method is appropriate for polymer species bearing electric charges; the molecules are distributed between the liquid phase and the interface, according to their ionic adsorption forces, which depend on the electric charge and the size of the macromolecules. (k) Hydrodynamic Chromatography Hydrodynamic chromatography (HDC) is a rather new technique for separating solutes or dispersed materials at high dilution in the micron range, according to decreasing size. It is based on the effect of a radial flow gradient inducing different mobilities according to size. Larger particles are located preferentially in the axis of capillaries where the flow rate is



maximum; whereas smaller ones are closer to the walls where the flow rate is minimum. Packed and open capillary columns can separate particles below and above one mm, respectively. It involves injection of a dilute latex sample into a carrier stream (the aqueous eluent) which is pumped through the system at a constant flow rate. The column is packed with non-porous beads. Larger particles exit the column before smaller ones and are detected using a suitable system of detection. It is a complementary method to field-flow fractionation (FFF), steric exclusion chromatography (SEC) and superfluid chromatography. 3. Cross Fractionation Most of the copolymers and polymers obtained by chemical modification reactions generally possess a two-dimensional distribution: MWD (Molecular Weight Distribution) and CCD (Distribution of Chemical Composition). An analogous problem exists with polyolefins: MWD and distribution of Short-Chain Branching (SCB). It is normally impossible that they can be adequately fractionated by both molecular weight (MWD) and by chemical composition (CCD). The problem is overcome by cross fractionation. The term cross-fractionation refers to any combination of fractionation methods capable of evaluating the distribution in size and composition. (a) Classical Cross Fractionation Cross fractionation requires two solvent/nonsolvent systems to separate in two different directions. A solvent/nonsolvent combination fractionating solely by MW would be appropriate for the evaluation of the MWD, another one separating by CC would be suited for measuring the CCD of the material. Fractions of the starting material obtained by one precipitant are redissolved and fractionated once more with the help of the complementary precipitant yielding the final fractions. Owing to its high expenditure of time and materials, classical cross-fractionation is seldom performed. However, this procedure is irreplaceable for the production of narrow molecular weight distribution fractions in both MW and CCD on a preparative scale. (b) Non-Classical Cross Fractionation This technique of cross fractionation can be performed off-line or online. Typical cross-fractionations include partition chromatography-SEC, gradient elution-SEC, SEC-turbidimetric titration, gradient elution-TREF, TREF-SEC and demixing fractionation-demixing fractionation. (c) Orthogonal Chromatography This technique is a special case of non-classical cross fractionation in which two coupled SEC techniques are used. SEC in different eluents can separate a copolymer in two diverging directions. Two SEC instruments are coupled together so that the eluent from the first one flows through the injection valve of the second one. (d) Cross Fractionation by Bidimensional TLC Combined types of TLC are often for the separation of polymers, copolymers, etc. This technique allows separation according to chemical composition, molecular weight, and stereoregularity. Copolymers, LD and LLD poly(ethy-



lenes) and chemically modified polymers are extremely multicomponent materials which often exhibit simultaneous distributions of molecular weight, composition, and monomer sequence length. Interference of the remaining two distributions while attempting to elucidate one of them greatly complicates analysis. Cross fractionation (bidimensional) TLC is a method to elucidate such problems.



(b) Brownian Diffusion Polymer molecules diffuse at different rates from a solution into a solvent by a boundary, depending on their molecular weights. The translational diffusion constants can be determined by special optical means and related to the inhomogeneity of the sample. This is an analytical method.



4. Fractionation by Sedimentation



6. Fractionation by Ultrafiltration Through Porous Membranes



(a) Sedimentation Velocity Sedimentation velocity of polymer species in a high centrifugal field is a function of molecular size. This is usually an analytical method unless a velocity ultracentrifuge of the preparative type is used. (b) Sedimentation Equilibrium At lower rotational speeds of the ultracentrifuge, it becomes possible to create an equilibrium situation such that the rate of sedimentation is exactly equal to the rate of back-diffusion of the macromolecules. Larger polymer molecules are then found closer to the bottom of the cell than smaller ones. (c) Density Gradient Technique In a performed or selfgenerated density gradient, the polymer collects around the position of its own density in a band. The width of this band is dependent on the molecular weight of the polymer. A band of polydisperse macromolecules contains more highmolecular-weight polymer near its maximum than near its "tails". This technique is also capable of separating according to composition. 5. Fractionation by Diffusion (a) Thermal Diffusion A polymer solution is placed between two surfaces, and a high temperature gradient is established between them. The solution is in contact with an upper and a lower reservoir. The temperature gradient gives rise to a thermal circulation of the molecules, producing a separation of polymer species, which migrate towards the lower reservoir. Thermal diffusion is more pronounced for the larger molecules than for the smaller.



A polymer solution is submitted to ultrafiltration through a series of membranes of different porosity. The rate of diffusion depends on the molecular size and the degree of permeability of the membranes. It is possible to isolate fractions with varying molecular weights at different times. 7. Fractionation by Zone Melting A solid solvent is packed in a column. A small amount of polymer is put on top of the solid solvent and dissolved by heating a narrow zone. After solidification, a lower zone is heated, melted, and resolidified. The full column is treated in this way. Polymer species move down the column at different rates, depending on their molecular size during the molten stage. At the end, the polymer is distributed throughout the entire column and recovered by cutting the solid into several portions and sublimating the solvent. 8. Electron Microscopic Counting Method With most glassy amorphous polymers, it is possible by means of the electron microscope, to observe single spherical molecules, if very dilute solutions in a solvent/ nonsolvent mixture are sprayed onto a thin substrate. Consequently, the weight- and number-average molecular weights and molecular weight distributions can be obtained. The method can be recommended and applied only for polymers with molecular weights higher than 5 x 105.



C. TABLES OF FRACTIONATION SYSTEMS FOR DIFFERENT POLYMERS TABLE 1. MAIN-CHAIN ACYLIC CARBON POLYMERS Polymer



Method of fractionation



Solvent or solvent/nonsolvent mixture



Remarks



Refs.



1.1. POLY(DIENES) Poly(diacetylene)



Chromatography



Poly (butadiene)



Chromatography



Chloroform Methylene dichloride 1,2,4-Trichlorobenzene Benzene/ethanol Benzene/methanol Butyl acetate/isopropanol



SEC, styragel 2640,3450 SEC, ultrastyragel 1677 SEC, u-styragel 2620 SEC 1380,2073,2074 Precipitation chromatogr. 624,626 Precipitation chromatogr., 35-28°C 2636 Precipitation chromatogr., 25-55°C, 2756 1,4-m
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TABLE 1. confd Polymer



Method of fractionation



Solvent or solvent/nonsolvent mixture Carbon tetrachloride followed by amyl chloride Chloroform Chloroform, tetrahydrofuran Diisobutene/isooctane Diisobutene/rc-propanol Ethyl acetate Methanol, ethanol Methylene chloride n-Heptane/isooctane oDichlorobenzene



Tetrahydrofuran



Coacervation Extraction Field flow Fractional crystallization Fractional precipitation



Toluene Toluene/isopropyl alcohol Toluene/n-propanol Trichlorobenzene Trichloroethylene Benzene/pentane Benzene/acetone Benzene/acetone-methanol (9/1) Water (0.1% w/w FL-70 detergent + 0.02% sodium azide Heptane Benzene/acetone.dioxane followed by acetone: methanol Benzene/methanol



Remarks



Two dimension TLC, silica gel, 779 lA-trans,\A-cis and l,2-vinyl SEC 2925,2927 SEC, carboxy -f hydroxy term. 1879 Three-arm star 2608 Precipitation chromatogr. 1397 Precipitation chromatogr., 1,4-cw 1397 Hydroxytelechelic; SEC, styragel 740 Column elution, carboxy term. 1880 Hydroxytelechelic; SEC, Porasil 740 SEC, lArtrans, 1,4,-cw and 1919 1,2,-vinyl (modified) Precipitation chromatogr. 50-400C 1272 SEC, 1300C 1251,1252 SEC, 1400C, 1,2141,142 SEC, 1500C, It4-cis 3031 SEC, 250C, I A-cis 1214 SEC 12,379,380,381,547, 886,956,1824,1852, 2667,2677,3314,3346 SEC, 25°C 2555 SEC, deuterated 146 SEC, low MW 1842,1878 SEC, modified 2900,2901 SEC, phenogel, telechelic 592 SEC, star branched 1196,1783 SEC, u-styragel, 300C, three arms 2561 SEC, carboxy term 2925,2926,2927 SEC, cyclized 366 SEC 7,2073,3241 Precipitation chromatogr., 44-24°C 1379 Precipitation chromatogr, 1,4,-cw. 1397 SEC, 135°C> hydrogenated 2555 SEC, 23°C 3195 1214 Branched polymer 3364 28°C 625 Sedimentation, latexes 352 Several temperatures, \ A,-trans



25°C 25°, IArCiS 25°C, Hydroxy term. Low. temp., 1,4,-ns Benzene/rc-butanol Heptane/acetone rc-pentane-dioxane/methanol Pentane/methanol Tetrahydrofuran/water Toluene/ethanol Toluene/heptane Toluene/methanol



Fractional solution



Toluene/n-butanol Benzene/methanol Chloroform, chloroformethanol, ethanol, carbon tetrachloride, carbon tetrachloride-chloroform



Refs.



1,4,-m Hydrogenated 300C, carboxy term. Chlorinated 1,4,-cw I Ar trans lArcis 28°C Cyclic, 1,4,-cw-tri- and tetrachain Cyclopolymer Column elution, carboxy 4- hydroxy term,



3241,3242 1001 428,430 '882 2373 1396 7 1726 2260 3510 922 3136,3346 442 3416 813,3597 ' HO 2666,3586 1726 3524 1879



TABLE 1. cont'd Polymer



Method of fractionation



Sedimentation velocity



Turbidimetric titration Poly[(3,5-di-/erf-butyl-4-hydroxyphenyl)acetylene] Chromatography Poly(fm-butylacetylene) Chromatography PoIy(I-chloro-1-decyne) PoIy(I -chloro-1-hexadecyne) PoIy(I-chloro-1-hexyne) PoIy(I -chloro-1-octyne) PoIy(1,1,2-trichlorobutadiene) Poly(chloroprene)



Chromatography Chromatography Chromatography Chromatography Fractional precipitation Chromatography



Fractional precipitation



Fractional solution Sedimentation velocity Thermal diffusion Turbidimetric titration Poly( 1 -ferrocenyl-1,3-butadiene) Chromatography Poly[0-(trifluoiomethyl)phenyl)acetylene] Chromatography Poly(2,4-hexadiyn-1,6-ylene-asbacate) Chromatography PoIy(1,4-bis(homoallyl)cubane) Chromatography Poly(5-hydroxyoctylene) Chromatography Poly(isoprene) Chromatography



Solvent or solvent/nonsolvent mixture



Remarks



Refs.



Chloroform/methanol Ethyl ether Diethyl ketone tt-heptane/isooctane rc-Hexane/n-heptane (1/1) Octane Carbon tetrachloride/rc-butanol



Column elution Extraction Ultracentrifuge, 10.30C Ultracentrifuge, 20.50C 1,4,-ds Ultracentrifuge, strereoreg. Ultracentrifuge



Tetrahydrofuran Chloroform Chloroform Chloroform Chloroform Chloroform Chloroform Benzene/petroleum ether Benzene Benzene/methanol Butanone Butanone: methyl alcohol (0.887/0.113) Chloroform Tetrahydrofuran Benzene/acetone Benzene/methanol



SEC, SEC, SEC, SEC, SEC, SEC, SEC,



Butanone/methanol Benzene/isopropanol Benzene/methanol Butanone Benzene Benzene/methanol



2925,2926 2371 3333 2259 59,2624 429,430 1332,1332,3559



styragel u.-styragel styragel styragel styragel styragel styragel



SEC, 25°C Precipitation chromatogr., 28-35°C SEC, 25°C SEC, 25°C SEC SEC



XA.-trans 250C 300C Neoprene, 300C cont, film ext. 200C



2401 2071 2356 3568 3568 3568 3568 2546,3027 1984 2636 1610 1610 2890 649 1233 1206,2221, 2222,2223 2847 682 344 345,2890 2890 1725,1789 2129



Tetrahydrofuran



SEC



Chloroform



SEC, styragel



2067,2070



Tetrahydrofuran Tetrahydrofuran Tetrahydrofuran Benzene/methanol



SEC, styragel SEC, jA-styragel SEC, ultrastyragel Precipitation chromatogr.



1814 557 2700 365,1964, 2332,2636 436



Chloroform Cyclohexane Cyclohexanone Methylene chloride 0-Dichlorobenzene Tetrahydrofuran



3347



Precipitation chromatogr., glass beads 300C, SEC, styragel 297,708,716 SEC, ultrastyragel 3553 SEC 716,1962 Partition on paper 195,309 SEC u-styragel 1919 SEC, 135°C 709 SEC, j.i-styragel, 25°C, amino-capped 700 SEC, u-styragel, 30°C, three 2561 and four arms SEC, styragel, several 22,81,112,427, structures 495,886,1166,



1184,1185,1243, 1308,2105,2677, 3396 Tetrahydrofuran, toluene/methanol (95/5) Toluene Toluene/isopropyl alcohol Trichlorobenzene



SEC, u-styragel and sodium salt carboxylated SEC, preparative styragel Precipitation chromatogr. SEC, 130°C



888 551 1379 1215,1380
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TABLE 1. confd Polymer



Method of fractionation Field flow Fractional precipitation



Solvent or solvent/nonsolvent mixture Tetrahydrofuran Benzene/acetone Benzene/ethanol Benzene/isopropanol Benzene/methanol BenzeneM-butanol Chloroform/acetone Dichloroethane/butanone Hexane/1-propanol Toluene-ethanol (4: l)/ethanol Toluene/boiling methanoi Toluene/methanol



Fractional solution



Thermal diffusion Trubidimetric titration Poly( 1 -isopropylidenedicyclopentadiene) Fractional precipitation Poly (1,4-(2,3-dimethylbutadiene) Fractional crystallization PoIy(1,4-cis-(2-methyl-1,3-pentadiene) Fractional solution Poly(norbornadiene) Extraction PoIy(1,3-pentadiene) Fractional solution Poly(perfluorobutadiene) Fractional solution PoIy(I-phenylbutadiene) Chromatography Poly(phenylacetylene) Chromatography Poly(spiro-2,4-hepta-4,6-diene) Fractional precipitation 1.2.



Toluene/n-butanol Acetone Acetone, n-hexane Amyl acetate/2-ethoxyethanol mixtures Benzene/methanol Tetrahydrofuran Carbon tetrachloride/«-butanol Toluene-ethanol (4: l)/ethanol



Remarks



Refs.



Thermal 1146 Havea 1233 Gutta percha, balata, synthetic 625 fran.y-poly(isoprene) Low temp. 359 cis 10 Low temp. 359,551,1039,1158 2640 Pale crepe 484 1963 cis, 26°C 2597 Rubber 3230,3438 Chlorinated natural rubber 65 87,88,112,256, 386,470,883, 1828,2332, 2759,3406 trans,l-4,cis,\-4 436,3507 300C 2639 Have a extraction 1505 Guayule, extraction 1231,1232,2123 Column extraction 1828 25°C, column extraction, natural rubber Natural rubber 25°C



Toluene/methanol



437,3455 1904 1332 2643 533



Toluene/methanol



28°C



Diethyl ether, heptane, toluene Toluene, o-dichlorobenzene Benzene/butanone Hexane, hexafluorobenzene Tetrahydrofuran Tetrahydrofuran Benzene/isopropanol



Direct extraction Amorph/cryst, 1,4-c/s, isotactic Extraction SEC, styragel SEC, 25°C, styragel



111 485 2218 2370 3220,3221 3106 2932 1247



POLY(ALKENES)



Poly(a-olefins) (General) Chromatography Poly(l-butene) See Poly(ethylethylene) Poly(butylethylene) Chromatography Fractional precipitation Poly(cyclohexylethylene) Poly(cyclopentylethylene) Poly(cyclopropylethylene)



Fractional solution Fractional solution Fractional solution



Poly(ethylene)



Chromatography



Benzene/ethanol



Precipitation chromatogr.



843



1,2,4-Trichlorobenzene Tetrahydrofuran Cyclohexane/acetone Toluene/fl-butanol Xylene/triethylene glycol Benzene Ethyl ether Benzene Ethyl ether, n-heptane, octane, nonane 1,2,4-Trichlorobenzene



800C, styragel, SEC SEC, ultrastyragel, 300C



3418 160 1931 3223 2974 2497 2497 2497 2501



Chlorobenzene Diphenyl ether, tetralin/triethylene glycol



13O0C Extraction Extraction Extraction Extraction SEC, 135°C SEC, u-styragel, 145°C, HDPE, LLDPE, LDPE SEC, styragel, 140°C SEC, styragel, 145°C SEC, ultrastyragel, 135°C SEC, 1000C merckogel, and styragel Continuous fractionation (counter current extraction) > 1300C



2520 731 3456 1925 824 1266 1018



TABLE 1. cont'd Polymer



Method of fractionation



Solvent or solvent/nonsolvent mixture Ligroin/2-(2-butyl)ethanol 0-Dichlorobenzene



Perchloroethylene Propane Tetralin Tetralin/2-butoxyethanol Toluene Trichlorobenzene



Coacervation



Cross-fractionation



Extraction Fractional crystallization



Dibutyl phthalate/decalin (60/40) o-Dichlorobenzene/triethylene glycol Xylene/poly(oxyethylene) Xylene/triethylene glycol Xylene: ethyl cellosolve-poly(oxyethylene) (50/50) o-Dichlorobenzene Trichlorobenzene Xylene Phenyl ether, tetralin/triethylene glycol 1,2,4-Trichlorobenzene



Xylene



Fractional demixing Fractional precipitation



Xylene, perchloroethylene or 1-Chloronaphthalene Dimethylformamide/methylcyclo hexane 2,4-Dimethylpentane 2-Ethylhexanol/decalin (85/15) Amyl acetate



Remarks



Refs.



Precipitation chromatogr. 3015 SEC 3318 SEC, Low MW HDPE 3376 SEC, styragel 2355 SEC, styragel, 1300C, 135°C, 190,235,236,617, 138°C 709,712,963,1045, 1411,1646,1981, 1982,2347,3030, 3479 SEC, 1100C 2783,3394 Supercritical fluid fractionation 2127 SEC, 125°C 1984 Precipitation chromatogr., 611,1143 110-1600C SEC, 25°C, low MW 81,126 SEC 379,381,509,607, 614,615,639,723,751, 785,786,1006,1311,1643, 1644,1704,1989,2076, 2139,2346,2347,2348, 2349,2482,2509,2590, 2661,2697,2698,2820, 2821,2868,2881,3282, 3377,3403,3433,3434, 3435,3441,3458,3462, 3469,3470,3471,3472, 3480 SEC, styragel, 135-1400C, 1823 branched 3480 138°C



709 1839,2451,2919 1823 2661



Branched 1200C SEC (135°C), LLDPE TREF; SEC, 1400C, LLDPE TREF-Chromosorb, SEC 1400C TREF (silica)



3602 3318 2183 3602 1014



CRYSTAF, LLDPE, 95-300C 1675,2237 CRYSTAF, LLPDE, 95-300C 2235 CRYSTAF, LLPDE, VLDPE, 2236 95-300C CRYSTAF, metallocene resins 2236 blend 1287,1625,1627,1645, 1748,2076,2559,2560, 2665 UHMWPE 2119 Lowering temp, stirred 2560 Chlorinated PE



1817



At a lower critical solution, temp, is sensitive to the side-group content Solvent volatilization., low temp. 133°C, lowering temp.



212 1619,3451, 3452,3453 21
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TABLE 1. cont'd Polymer



Method of fractionation



Solvent or solvent/nonsolvent mixture Benzene/poly(oxyethylene) Epichlorhydrine/rt-hexane Liquid ethylene at 130 atm. and 800C /7-Xylene/n-hexanol Tetralin/2-ethoxyethanol (1/3) Tetralin/benzyl alcohol (3/2) Toluene/methanol Toluene/«-butanol Toluene/rc-propanol Toluene/poly(oxyethylene) Toluene/triethylene glycol Xylene/n-butanol Xylene/n-propanol Xylene/poly(oxyethylene) Xylene/triethylene glycol



Remarks



Refs.



750C 35°C Releasing pressure



2364 1566 3298



Turbidimetric by lowering temp. Lowering temp., branched Lowering temp. 105-165 0 C 115-1000C Lowering temp. Lowering temp. 800C 1070C 100-115 0 C 900C 75°C, 800C, 1300C 900C



16 1990 1578,1709 697 1815 2364,3299 2392 1578 1815 125 1555,2314,2364, 2450,2451 18,278,279,280, 281,342,1628,



1630,2339,2701, 2974,3163,3279, 3280,3281 Fractional solution



1,2,4-Trichlorobenzene 2-Ethoxy ethyl acetate (cellosolve)/decalin Anhydric carbonic, pentane Carbon dioxide, propane, propane-modified carbon dioxide Cyclohexanone Decalin Decalin/2-ethoxy-ethyl acetate Decalin/ethylene glycol -hexanol Diisopropyl ether, benzene, xylene Ethyl benzene/cellosolve Mesitylene/2-butoxyethanol o-Dichlorobenzene/dimethyl phthalate Petroleum ether Tetralin Tetralin/2-butoxyethanol Trimethylbenzene/butylcellosolve Toluene Toluene/poly(oxyethylene) Xylene Xylene, chloronaphthalene, perchloroethylene Xylene/butyl cellosolve Xylene/2-butoxyethanol Xylene/2-ethoxy-ethyl acetate (cellosolves) Xylene/butyl cellosolve Xylene/diethylene glycol monomethyl ether



LLDPE 1300C, glass beads



2895,3478 3480



Supercritical SCFF, Low MW HDPE



2884 3376



Rising temp. 1500C Column elution 1390C, column elution Extraction, waxes



2896 1872 1126 1735 1722



1200C, column elution 963 Column elution, 126°C 3224 127°C, glass beads column 2933,2934 elution Column elution, low MW 1025 Quartz sand, column extraction, 467 variable temp, gradient 126°C, column elution analytical 3224 and preparative, branched Column elution, glass beads, 13O0C 1954 Column elution 743,744,2364 800C 2390,2391 1235,1628,1629,1642 128°C, column extraction 2466 Rising temp. 305,615 Increasing temp. 2560 125°C, Column elution Column elution Column elution, 125°C Column elution, 1270C Column elution 126°C



2808,3220 574,641,871,1224, 1246,2338,2340, 2344,3224 2466 2343 917,1200,1276,1342, 1359,1632,1668,1669, 1832,2076,2138,2246, 2354,2804,2820,2821, 2867,3452,3453,3469, 3470,3519



TABLE 1. cont'd Polymer



Method of fractionation



Sedimentation equilibrium Sedimentation velocity Stirring-induced fractional precipitation Thermal field flow TREF



Solvent or solvent/nonsolvent mixture



Column elution, 1200C, LLDPE Film extraction Boiling mixt., 46-86°C Column elution Ultracentrifuge, 123.2°C Ultracentrifuge, 1100C Ultracentrifuge, 1200C 100-78 0 C



o-Dichlorobenzene Water/ethylene glycol or silicone oil, water/glycerol 1,2,4-Trichlorobenzene



90-140 0 C 90-130 0 C



Trichlorobenzene



Xylene



Poly(ethylethylene) PoIy(I -butene) Chromatography Extraction Fractional precipitation



Fractional solution Poly(hexadecylethylene) (poly( 1-octadecene) Chromatography Fractional precipitation PoIy(I-hexene) see Poly(butylethylene) Poly(hexylethylene) poly( 1 -octene) Chromatography Fractional precipitation



Refs.



Xylene/ethyl cellosolve Xylene/n-butanol Xylene/trichloroethylene Xylene/triethylene glycol Biphenyl 1 -Bromonaphthalene 1-Chloronaphthalene Decalin



Butyl cellosolve Chloronaphthalene o-Dichlorobenzene



Turbidimetric titration



Remarks



a-Chloronaphthalene/20% dimethyl phthalate Xy lene/rt-hexanol



1367 935 1642 279,3279 2893 2117 2244 1293 2520 2520



Chromosorb-P, TREF room 3241 - 20°C/hour Glass beads, LLDPE 2896 LLDPE 728,1514,1849 Glass beads, deuterated 1954 HP-LPDE, HDPE, LLDPE 1648 Chromosorb-P, analytical, low 1710 density and low linear density Direction of separation SCB 3318 SEC 3603 TREF (glass beads) 2355 20°C/h 3474 Chromosorb-P, analytical 4- preparative, 1581 very low density HP-LDPE/LLDPE blends 3026 LLDPE, 1400C 2183 Steel shot, analytical 41255 preparative, low linear density 25-120 0 C 1367 Chromosorb P, branched 1823 Chromosorb-P, analytical 3473 4- preparative, low density LLDPE, sylanated glass beads 186 Sand, preparative, low density 2973 1413,3162 123 8



Benzene/butanone Dichlorobenzene Trichlorobenzene Boiling ether Cyclohexane/acetone Cyclohexane/cyclohexanolglycol (3/1) Decane c-Dichlorobenzene/ dimethylformamide Petroleum ether/acetone Toluene/methanol Xylene/triethylene glycol Benzene/methanol



Precipitation chromatogr., 18-50 0 C SEC, 125°C SEC, styragel, 800C, 135°C Tacticity 35°C 115°C



Trichlorobenzene Xylene/triethylene glycol



800C 1300C



3415 2974



Trichlorobenzene Cyclohexane/acetone Xylene/triethylene glycol



SEC, styragel, 800C



3418 1682 2974



Lowering temp.



300C, atactic 1300C Extraction



1300C



1179 1982 2758,3418 480 635,2841 3083 1589 548,2263 735 2261,2263 2974 843
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TABLE 1. cont'd Polymer



Method of fractionation



Solvent or solvent/nonsoivent mixture



Poly(isobutene) see Poly(l,l-dimethylethylene) Poly(3-methyl-l-hexene) Fractional solution



Acetone, ethyl acetate, diethyl ether, cyclohexane Poly(4-methyl-l-hexene) Fractional solution Acetone, ethylacetate, diethyl ether, cyclohexane Poly(3,7-dimethyl-l-octene) see PoIy(1,5-dimethylhexyl-ethylene) Poly(3-methyl-l-pentene) see PoIy(I-methylpropyl)ethylene) Poly(4-methyl-l-pentene) see Poly(2-methylpropyl)ethylene) Poly(endo, exo-5,6-dimethylbicyclo[2.2. l]hept-2-ene) Chromatography Tetrahydrofuran Poly(2-methylbutyl)ethylene) (poly-4-methyl-1 -hexene) Chromatography Alcohols, aromatic hydrocarbons, ethers Methylcyclohexane Fractional precipitation Benzene-nitrobenzene Fractional solution Benzene and ethyl ether Boiling (acetone, ethyl acetate, ethyl ether, isopropyl ether and cyclohexane) Poly( 1,1 -dimethylethylene) Poly(isobutylene) Chromatography 2-Methylheptane Benzene/acetone Carbon tetrachloride Chloroform Diisobutene/n-butanol Heptane Hexane/ethanol Tetrachloromethane, chloroform, ethanol - chloroform Tetrahydrofuran



Remarks



Refs.



Extraction



3387



Extraction



3387



SEC, Shodex



3095



Column elution on active support



2603



SEC, styragel, 600C Lowering temp. 61-25°C Stereoisomers, extraction Stereoisomers, extraction



2382 1973,2382 2382 331



Column elution Charcoal and 1959 colloidal silica Precipitation chromatogr., glass 500,501,2648 beads, 28-5O°C SEC 620 SEC, jn-styragel, 38°C 772 Precipitation chromatogr., 10-60 0 C 2513 SEC, styragel 2657 Precipitation chromatogr., 10-60 0 C 2513 Column elution, 300C silica gel 3583 965 1389,1657,1663,2387,2679 1595 431,504,966,1655,2229, 2294,2398,2399,3570 SEC, ultrastyragel 164 SEC, 1500C 2650 Precipitation chromatogr., 25-70 0 C 2229 glass bead Precipitation chromatogr., 10-60 0 C 2513 1959 SEC u-styragel SEC, ultrastyragel SEC, styragel



Trichlorobenzene Xylene/rt-propanol Fractional precipitation



Fractional solution



2,4,4-Trimethylpentene/ n-butanol Benzene/acetone Benzene/methanol Chloroform-methylene chloride/acetone Cyclohexane/butanone Heptane/ethanol Liquid ethylene at 130 atm. releasing pressure Toluene/methanol Benzene (theta technique) Benzene, benzene/methanol Hexane/ethanol Toluene, methyl ethyl ketone Toluene/acetone mixtures Toluene/butanone, heptane/butanone Toluene/methanol



28°C 25° C 800C Column elution, 24.5°C Column elution Column elution, 25°C Continous operation Extraction, 300C Continous operation Column elution, charcoal



322,323,644,645, 678,903,913,914, 928,1796,2043,2044 785,909,1492 2833 2524 373 3298 184,2664,3126 2086 2353 3583 1016 322 1017 324,1857



TABLE 1. cont'd Polymer



Method of fractionation Sedimentation velocity Thermal diffusion Turbidimetric titration



Poly( 1,5-dimethylhexylethylene) Chromatography Extraction



Poly(2-methylpropene) PoIy(I-methylpropylethylene)



Chromatography Chromatography Fractional solution



Poly(2-methylpropylethylene)



Fractional precipitation



Fractional solution Poly(nonylethylene) PoIy(I-undecene) Chromatography Poly(octadecylethylene) Fractional solution Poly(1 -octenylene) Poly(octenamer) Chromatography Poly( 1 -pentenylene) Poly(pentenamer) Chromatography Fractional precipitation Poly(pentylethylene) PoIy(I -heptene) Chromatography Poly(propylene) Chromatography



Solvent or solvent/nonsolvent mixture 2,2,4-Trimethylpentane n-heptane Butyl acetate, butyl ether, methoxymethanol, methyl propyl ketone, diethyl ketone, ethyl amyl ketone, heptane/n-butanol Acetone/ethyl ether, benzene, ethyl ether Boiling (acetone, ethyl acetate, ethyl ether, diisopropyl ether, cyclohexane) Tetrahydrofuran Acetone/ethyl ether, benzene Boiling (acetone, ethyl acetate, and benzene) Benzene/nitrobenzene (3/1) Decalin/ethyl cellosolve Benzene and ethyl ether



Remarks



Refs.



Gradient 40-50 0 C Lowering temp.



3410 1833 2234



20-780C polymeric active support



2603 595



SEC, u-styragel Column elution, 18-200C, active support, acetone soluble fraction Extraction



2602



Stereoisomers, extraction



2382 3150 2382



Trichlorobenzene Boiling ethyl ether



SEC, styragel, 800C Extraction



3418 1996



Tetrahydrofuran



SEC, styragel, spherosil



126,1066



o-Dichlorobenzene Tetrahydrofuran Toluene/methanol



SEC, styragel, 135°C SEC, styragel, spherosil 40/20 (0C)



3608 126,2832,3490 1044,3490



Trichlorobenzene 1,2,4-Trichlorobenzene



SEC, styragel, 800C



1,2-Dichlorobenzene Cyclohexane Isopropyl ether Ligroin/2-butoxyethanol 0-Dichlorobenzene



Petroleum ether/methanol Tetralin Tetralin/2-butoxyethanol Tetralin/diethylene glycol monobutyl ether (mixtures) Tetralin/diethylene glycol monomethyl ethyl ether Trichlorobenzene



Lowering temp.



568 2603



3418 608 SEC 3541 SEC, u-styragel, 135°C 1907 SEC, u-styragel, 145°C 1925 SEC, ultrastyragel, 140°C 2670 SEC, ultrastyragel, 135°C 824 SEC, u-styragel, 135°C 185 SEC, u-styragel, 7O0C 3561 High MW and crystallinity 2367 Precipitation chromatogr., 75-1700C 3015 SEC 1634 SEC, styragel, 135°C 767,768,769,771, 1588,1638,1946, 1982,1994,2434, 2760,2789, 3365,3386 SEC, styragel, 1400C 2216 SEC, styragel, preparative 135°C 148 Silica gel, 0-48 0 C, low MW 1026 Column elution increasing 612 temp. 20-1500C SEC, 130-1450C 1853 Precipitation chromatogr, 611 140-1800C Column elution, 165°C according 612 to MW Column elution, 145°C 2265 SEC, 135°C,130oC,150°C



607,673,1774, 2487,2488,3377
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TABLE 1. cont'd Polymer



Method of fractionation



Ccacervation



Solvent or solvent/nonsolvent mixture Trichlorobenzene/dimethyl phthalate o-Dichlorobenzene/triethylene glycol Tetralin/poly(oxyethylene)



Extraction Acetone, ethyl ether, n-pentane, n-hexane, n-heptane, n-octane Boiling (acetone, ethyl ether, n-hexane, n-heptane Boiling (heptane, xylene) Boiling diethyl ether, hexane, heptane Boiling heptane, octane Boiling hexane, heptane, toluene Boiling xylene Boiling xylene, octane Boiling (ethyl ether, n-heptane, methyl cyclohexane) Different solvents Ethyl ether, n-hexane, n-heptane Heptane



Fractional crystallization



Heptane, diethyl ether, hexane/heptane Heptane, n-octane, xylene Hexane n-Octane, n-heptane, n-hexane, n-pentane Xylene/ethylene glycol monoethyl ether 1,2,4-trichlorobenzene n-Heptane



Fractional precipitation



Fractional solution



o-Xylene Octane Perchloroethylene Xylene Benzene/acetone Benzene/methanol Cyclohexane/acetone Cyclohexane/isopropanol Cyclohexanone/ethylene glycol or dimethyl phthalate Decalin/phenol-decalin/ propylene glycol 0-Dichlorobenzene/benzyl alcohol Trichlorobenzene/dimethyl phthalate Xylene/poly(oxyethylene) Xylene/triethylene glycol 17 Hydrocarbon fractions with increasing b.p. from 35 to 1300C Acetone, diethyl ether, n-pentane, n-hexane, n-heptane



Remarks Precipitation chromatogr. temp. grad. 55-125°C glass beads Isotactic



Refs. 169 191



1400C 2720 17 Hydrocarbon fractions 2337 with increasing b.p. from 35 to 1300C Isotactic 1956,2201,2372,2797



Amorphous and crystalline



958



Tacticity Tacticity



536 479



Tacticity Syndiotactic



213 185



Tacticity Tacticity Amorphous and crystalline Different temp. Syndiotactic Boiling Hot and cold Kumagawa extraction Tacticity Boiling Stereoregular separation



536 535 3351 1539 2438 1970,3032,3252 892 478 2536 2751 2539 2674



CRYSTAF, isotactic + sindiotactic mixture Stirred, opt. act. (amorphous and crystalline)



2236 2500



Isotactic, 130-135°C



341 2539 2560 1550 906 293,1679 1681,2252 124 1681



1300C, nitrogen atm.



1870



Lowering temp. 70-90 0 C, isotactic Stereoregular separation Atactic Atactic



2264 140° C 112°C,134°C 1300C



Extraction



169 704,1557 2974



1940



TABLE 1. cont'd Polymer



Method of fractionation



TREF Turbidimetric titration Poly(propylethylene) Fractional precipitation Poly(tetradecylethylene) PoIy(I-hexadecene) Chromatography Poly(undecylethylene) PoIy(I-tridecene) * Chromatography Poly(vinylcyclohexane) see Poly(cyclohexylethylene)



Solvent or solvent/nonsolvent mixture Acetone, diethyl ether, /7-pentane, tf-hexane, fl-heptane Butyl cellosolve/diethyleneglycol monobutyl ether Decalin Decalin/2-ethoxyethanol Decalin/acetophenone Decalin/benzyl alcohol Decalin/diethylene glycol monobutyl ether Decalin/ethyl carbitol Diethyl ether, pentane heptane, aliphatic hydrocarbons, decalin Ether, hexane, heptane Ethylene glycol monobutyl ether/diethylene glycol monobutyl ether Hexane, n-decane Kerosene/diethylene glycol monomethyl ether Kerosene/diethyleneglycol monobutyl ether Kerosene/ethylene glycol (10%) in 2-butoxyethanol Nine solvents of increasing solvent power and boiling point 0-Dichlorobenzene/diethylene glycol o-Dichlorobenzene/diethylene glycol monobutyl ether 0-Diehlorobenzene/dimethyl phthalate Tetralin Tetralin/2-butoxyethanol Tetralin/2-ethoxyethanol Tetralin/diethylene glycol monomethyl ether-ethylene glycol (75%-25%) Tetralin/dimethyl phthalate Xylene/2-ethoxyethanol Xylene/ethylene glycol monoethyl ether Xylene/ethylene glycol monoethyl ether, ethylene glycol monobutyl ether/diethyleneglycol monobutyl ether Xylene/methanol Xylene/poly(oxyethylene) Trichlorobenzene Xylene



Remarks



Refs.



Extraction, anisotactic



2752



165°C



1360



Rising temp. Column extraction, 1100C Column elution,146.5°C Column elution, 152°C Column elution,161°C



2435 1416 2556 2556 2434



Column elution,160°C Successive extraction



2435 1907 609 1907



Gradient extraction several temp. Column extraction, 1500C



1684 3350,3467



Column elution,155°C,160°C



1420,2433



Column extraction 156°C, isotactic According to crystallinity Column elution, 168°C, 1700C and 172°C Column elution, 166°C



673,872,2983 2385 704,1329,2137,2649 3517,3518



Column elution, 1500C



2933



Column extraction, increasing temp. Column extraction Column extraction, 1700C Column extraction, 180°C, isotactic



3016 3146 2519 1312



Column extraction, 155-178°C 165°C Gradient extraction, several temp. Temperature (121 - 128°C) and (159-161°C)



2161 1359 1907 536



Benzene/methanol Chloroform/isopropanol Tetralin/butyl cellosolve Toluene/methanol



Column extraction, 56°C, atactic Coacervate extraction, 134°C 140-300C 20-1300C, column extraction 25-1300C, glass beads 300C, atactic 300C, atactic 1100C 300C, isotactic



2649,2983 704 3026 1536 2216 1522 1522 3145,3146 696,2262



Trichlorobenzene



SEC, styragel, 800C



3418



Trichlorobenzene



SEC, styragel, 800C



3418



References page VII-438



TABLE 1. confd Polymer 1.3.



Method of fractionation



Solvent or solvent/nonsolvent mixture



Remarks



Refs.



SEC, aquagel-OH



2121 2686



POLY(ACRYLIC ACID) AND DERIVATIVES



Poly(acrylamide)



Chromatography Electron microscopy Fractional precipitation



Poly (acrylic acid)



Sedimentation velocity Chromatography



Electrophoresis Extraction Extraction (CPF) Fractional precipitation



Fractional solution Poly(acrylic acid), sodium salt Field



flow



Fractional precipitation Poly (aery lie anhydride) Chromatography Poly(N-acryloyl-oaminobenzoic acid) Chromatography Fractional precipitation Poly(Af-acryloyl-iV'-methyl piperazine) Chromatography Poly[4-(acryloyloxy)propoxy)-4'-cyanobiphenyl] Chromatography Poly(benzyl acrylate) chromium tricarbonyl Chromatography Poly(n-butyl acrylate) Chromatography



Sodium sulfate 0.5 M Water/n-propanol (dispersant agent) Formamide Formamide/water (1/15) Sodium nitrate (water) 0.5 N Sodium sulfate (water) 0.1N Water Water/acetone-methanol Water/isopropyl alcohol Water/methanol Water Dioxane Sodium chloride (water) 0.3 N Water Sodium acetate buffer, pH = 5.0 Water/isopropanol Dioxane Methanol/ether Methanol/ethyl acetate Methanol/water «-Propanol/1,2-dichloroethane Dioxane Dioxane-water Water -f 0.02 M triethanolamine + 0.1 M potassium chloride Sodium hydroxide 0.4 N (water)/ methanol-water-sodium hydroxide 2.2 N Tetrahydrofuran Tetrahydrofuran Tetrahydrofuran/petroleum ether



SEC SEC, surface modified silica SEC SEC SEC, TSK-gel, Sephadex



2465 336 752 1703 1224,2361 3500 3375 300C, 25°C 252,253,336,805, 2199,2465,2910 Hydrolyzed, decreasing temp. 2920 1993 Continuous fractionation (counter 1177 current extraction) > 400C SEC, TSK-gel sodium salt 1616 SEC 1636 560 Partially neutralizated 868 1177 1680,1708 200C 3255,3263 
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