
 Journal of Applied Solution Chemistry and Modeling, 2013, 2, 33-46 33 

 
 E-ISSN: 1929-5030/13  © 2013 Lifescience Global 

Hyperbranched Polymers in a Supercritical Fluid: Recent Progress 
on Phase Behavior and Modeling 

Yue Wu* 

Department of Chemical and Life Science Engineering, Virginia Commonwealth University, Richmond, 
Virginia, 23284, USA 

Abstract: The advent of new chemistries has led to the creation of well-defined, novel polymer architectures. Due to 
their unique structures, hyperbranched polymers are receiving more and more attention and widely applied in various 

fields in the past two decades. In spite of their increasingly mature applications, some fundamental properties of star 
polymers are still lacking, such as their solubility behavior in different solvents, especially at high pressures. On the other 
hand, supercritical fluids (SCF) are ideal environmentally preferable solvents for polymer processing. This article intends 

to review the recent progress on the experimental determination and modeling of phase behavior of hyperbranched 
polymer systems, especially hyperbranched polymers in SCF. Following a brief description of the definition, properties, 
and applications of hyperbranched polymers, a detailed overview will be presented on the recent studies on phase 

behavior of hyperbranched polymer systems. Emphasis will be laid on the high-pressure phase behavior of polymers in 
SCF. Different models proposed by previous researchers will be then compared for the purpose of accurately predicting 
the phase equilibrium data. Finally current challenges will be discussed for future work. 
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1. INTRODUCTION 

Over the past decades, a great number of novel 

polymers with unique well-defined architectures have 

been created with the advent of new chemistries. 

Hyperbranched polymers, one of those uniquely 

structured macromolecules, have been attracting more 

and more attentions. They are essentially globular and 

they do not exhibit chain entanglements, leading to 

their low melt viscosity. They possess a large number 

of functional groups within a single molecule, and the 

functional groups can be readily modified to control 

their physical properties for specific uses. Their simple 

synthesis processes are another benefit for scale-up 

industrial applications. Those unique properties ensure 

their wide applications in various fields. Compared with 

their increasingly mature applications, the fundamental 

research on the physical chemistry properties is still in 

its infancy, such as solubility and phase transition data 

especially at various temperatures and pressures, let 

alone modeling. In the past eight years more and more 

researchers have noticed the gap and devote 

themselves to this area, generating a number of 

experimental data and predicting them with different 

models. 

On the other hand, supercritical fluids (SCF) have 

been extensively studied for the past 40 years as 

environmentally friendly solvents for solution coatings, 

powder formation, and polymer purification and  
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fractionation [1]. The combination of hyperbranched 

polymers and SCF has been receiving a number of 

attentions in the past five years accompanied with an 

increasingly deeper understanding of the solution 

properties of hyperbranched polymer systems. 

Generally, from the point of fundamental studies, there 

are two major advantages for the phase behavior 

investigation of a hyperbranched polymer in a SCF 

solvent. First, the phase behavior of a polymer in these 

common SCF has been extensively studied from both 

experimental determination and modeling work [2]. The 

comparison of hyperbranched polymer – SCF mixture 

with its comparable linear polymer in these commonly 

used SCF can give an insight about the architectural 

effects of hyperbranched polymers on the phase 

behavior and the performance of different models. 

Secondly, since most commonly used supercritical 

fluids, such as carbon dioxide and propane, are very 

small molecules with not very strong solvent power, a 

slight structural difference can spread out and be 

clearly reflected on the phase diagram of a polymer in 

one of those small molecules.  

Therefore, this article intends to review the recent 

progresses of the experimental determination and 

modeling on the phase behavior of hyperbranched 

polymer systems at different temperature and pressure 

conditions. Starting with a brief description of 

hyperbranched polymer definitions, unique properties 

and applications, phase behavior results from recent 

studies will be detailed. Special attention will be given 

to the high-pressure phase behavior investigation of a 

hyperbranched polymer in a supercritical fluid, followed 
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by several models proposed to predict those phase 

transition data. Last, several challenges in this area will 

be put forward by the author for future work. 

2. DEFINITIONS, PROPERTIES, AND 
APPLICATIONS  

Hyperbranched polymers are highly branched 

macromolecules with three-dimensional dendritic 

architecture [3], although up to now still not a very 

refined definition is assigned to the term 

“hyperbranched polymers” partly because of the word 

“hyperbranched”. In addition to random hyperbranched 

polymers, some polymers also exhibit highly branched 

structures or dendritic architectures, while they are 

usually given as different names, for example, 

“dendrimers”, “dendrigrafts”, and “star polymers”. 

Figure 1 shows the structures of different types of 

polymers with dendritic architectures from Gao, et al. 

[3]. Note that the term “hyperbranched polymer” in 

Figure 1 means random hyperbranched polymer.  

Generally speaking, those polymers with dendritic 

architectures like dendrimers, dendrigrafts, and star 

polymers are different types of hyperbranched 

polymers and they are included in the term 

“hyperbranched polymers” in some academic 

researches and commercial uses. On the other hand, 

other studies only consider the random hyperbranched 

polymers as “hyperbranched polymers” and other 

dendritic structured polymers have their own names 

although they exhibit highly branched architecture, 

given that random hyperbranched polymers have their 

own unique properties and advantages. For example, 

compared with dendrimers which exhibit perfection in 

structures and require complicated multistep synthesis, 

random hyperbranched polymers have larger 

polydispersity and irregularity in the structure and can 

be easily synthesized via one-step or two-step 

reactions, which is especially beneficial for those 

applications that do not require structural perfection. 

Further, those different types of highly branched 

macromolecules are not entirely independent. For 

example, some star polymers can be synthesized by a 

hyperbranched polymer as the core and other polymers 

such as copolymer as the arms [4]. In this paper, the 

term “hyperbranched polymers” means random 

hyperbranched polymers unless noted clearly 

elsewhere. 

The most common method for preparing 

hyperbranched polymers is the polycondensation of 

ABm monomers, which is performed in concurrent 

mode or by slow addition of the branching ABm 

monomer. However this approach is not desired when 

requiring a narrow molecular weight distribution for 

hyperbranched polymers [5]. Hence, a large number of 

researches focus on narrowing the molecular weight 

distribution via different synthesis methods, which can 

be found from several reviews [3, 6-11].  

As is briefly mentioned above, the hyperbranched 

polymers have a number of unique properties. They 

are essentially globular and do not exhibit chain 

entanglements, leading to the low viscosity of polymer 

melts and polymer solutions. For example, Ye, et al. 

 

Figure 1: Structures of polymers with dendritic architectures [3]. 
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[12, 13] investigated the melt rheological properties of 

hyperbranched polyethylenes, which is synthesized 

with the chain walking strategy [14]. They found that 

the hyperbranched polymer flow behavior, flow 

activation energy, and dynamic moduli are very 

different from linear polyethylene. The hyperbranched 

polymer exhibits very low melt viscosity and follows 

Newtonian flow behavior. Hyperbranched polymers 

also possess a large number of functional groups 

within a single molecule, and the functional groups can 

be readily modified to control their physical properties 

such as solubility in different solvents, compatibility with 

other large molecules, self-assembly, fluorescence, 

and electrochemical properties for specific uses. They 

can be synthesized via one-step or two-step reactions, 

making them promising for large-scale industrial 

applications. Further hyperbranched polymer properties 

can be found from Seiler’s review [7, 9]. 

Those unique properties and easy synthesis 

process ensure their wide applications. For example, in 

the field of chemical engineering, hyperbranched 

polymers are promising entrainers for extractive 

distillation, extraction solvents for liquid-liquid 

extraction, and agents for gas absorption due to their 

high selectivity and separation efficiency, low melt and 

solution viscosities, noncorrosive and nontoxic 

behavior, relatively good thermal stabilities, and 

adjustable physical and chemical properties [7]. Seiler, 

et al. [15-18] evaluated the potential of using 

hyperbranched polyglycerol in the separation of the 

azeotropic system and they found that adding the 

hyperbranched polymer effectively broke the 

azeotrope. Rolker, et al. [19] investigated the 

absorption capabilities of several hyperbranched 

polymers for CO2 and nitrogen, showing that the 

hyperbranched polymers are promising as gas 

absorbers with high selectivity. In the field of lubricant 

industry, hyperbranched polymers can be used as 

rheology modifiers. Wang, et al. [20] investigated the 

potential of hyperbranched high-molecular-weight 

polyethylenes as lubricant viscosity-index improvers. 

They found that the hyperbranched polyethylene 

exhibited high shear stability with almost zero shear 

degradation, although its viscosity thickening power is 

lower than the linear polymer. In the field of biomedical 

engineering, hyperbranched polymers are widely used 

as micro- or nano-capsules as a carrier for drug 

delivery system [21-24]. Suttiruengwong, et al. [24] 

compared the feasibility of hyperbranched polymers as 

drug carriers with different microencapsulation methods 

and the release behavior with different loading methods 

using a commercially available hyperbranched 

polyester as a carrier and acetaminophen as a model 

drug. They concluded that release kinetics depends on 

the method used to prepare microcapsules. More 

applications of hyperbranched polymers can be found 

in [3, 7-9, 11, 25, 26]. 

3. PHASE BEHAVIOR OF HYPERBRANCHED 
POLYMER SYSTEMS 

Despite wide applications in a large number of 

fields, some fundamental data such as phase behavior 

and pVT results of hyperbranched polymer solutions 

are still scarce, especially at high pressures. Such data 

may play a key role in the successful applications to a 

field. For example, in the field of oil industry, the 

hyperbranched polymers can be used as additives in 

engine oils for lubrication. The combustion in the 

engine will generate a very high pressure and 

temperature conditions, leading to the possible phase 

separation of hyperbranched polymers and oils, which 

may cause clogging problems. To this perspective, 

phase behavior data of hyperbranched polymers in oils 

are very important over a wide range of pressures and 

temperatures. Further, the phase behavior data along 

with high-pressure density data are needed for the 

optimization of parameters in some models. 

Seiler [7] gave a general overview of phase 

behavior of branched polymers, hyperbranched 

polymers, and dendrimers in different solvents. 

However, the majority of the phase behavior data are 

obtained at low pressures before the year 2005. In the 

past eight years, an increasing number of researchers 

have noticed the gap. More and more original high-

pressure liquid-liquid phase equilibrium data are 

reported by several groups in addition to the low-

pressure vapor-liquid equilibrium results. On the other 

hand, supercritical fluids (SCF) have been known for 

over 100 years and studied extensively for decades of 

years. A larger number of papers have been published 

on the use of SCF as ideal environmentally preferable 

solvents for polymer processing [1, 27-30]. All those 

SCF-based processing technology requires a solid 

understanding of the polymer-SCF solution behavior. 

Kirby and McHugh made a detailed review on the 

phase behavior and modeling of homopolymer, 

copolymer, and fluoropolymer in SCF [2]. The section 

of this article will focus on the recent progresses on 

experimental phase behavior results of hyperbranched 

polymer systems, especially high-pressure results in a 

supercritical fluid. Some hyperbranched polymers 

commonly used in recent phase behavior studies will 
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be introduced first, followed by an overview of recent 

progresses on low-pressure phase behavior. Then in 

the high-pressure phase behavior section, after a brief 

description of experimental methods used for high-

pressure determination, a detailed review on the high-

pressure phase behavior studies will be presented. 

3.1. Materials 

Up to now, several commercially available 

hyperbranched polymers are used in most recent 

phase behavior studies. Figure 2 shows the structures 

of these common commercial polymers including 

hyperbranched polyglycerol, hyperbranched polyester 

(Boltorn
®
 series), and hyperbranched polyesteramide 

(Hybrane
®
 series). Among those polymers, the Boltorn

®
 

series polyesters with different terminal groups are the 

most studied in recent phase behavior researches. 

Table 1 shows the nominal molecular weight (Mw) and 

structural information about various derivatives of 

Boltorn
®
 series polymers obtained from the polymer 

supplier website [31]. 

In addition to the commercially available 

hyperbranched polymers, some researchers [32, 33] 

have been focusing on synthesis of their own 

hyperbranched polymers with desired structures to 

           

    (a)      (b) 

 

(c) 

Figure 2: Structures of commercial hyperbranched polymers, (a) hyperbranched polyglycerol, (b) hyperbranched polyester 
(Boltorn

®
 series), and (c) hyperbranched polyesteramide (Hybrane

®
 series). 

Table 1: Nominal Molecular Weight (Mw) and Structural Information of Boltorn
®
 Series Hyperbranched Polyesters [31] 

Commercial Name Nominal Mw Structural Information 

Boltorn
®
 H20 1,750 16 terminal hydroxyl groups 

Boltorn
®
 H30 3,608 32 terminal hydroxyl groups 

Boltorn
®
 H40 7,323 64 terminal hydroxyl groups 

Boltorn
®
 H2004 3,100 6 terminal hydroxyl groups 

Boltorn
®
 H3200 10,500 Hydroxyl terminal groups functionalized with a mixture of eicosanoic and docosanoic acid 

Boltorn
®
 U3000 6,500 Modified with unsaturated fatty acid 

Boltorn
®
 W3000 10,000 Modified with non-ionic groups and unsaturated fatty acid 
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isolate and study the effect of a single factor on the 

phase behavior of hyperbranched polymer systems. 

The information of those customized polymers will be 

detailed in Section 3.3.2. 

3.2. Low-Pressure Phase Behavior 

Domanska, et al. [34-40] reported a number of 

experimental phase behavior data of the binary and 

ternary mixture of the commercial hyperbranched 

polyesters, Boltorn
®
 U-3000, W-3000, and H-2004, in 

various solvents such as alcohols, hydrocarbons, and 

ethers, with different compositions over a wide 

temperature range at ambient pressure. Liquid-liquid 

phase equilibrium results were obtained for Boltorn
®
 

U3000, W3000, and H2004 [35, 36, 38-40] and the 

solid-liquid phase equilibrium data were determined for 

Boltorn
®
 W3000 [39]. The temperature – composition 

(T-x) diagrams were reported along with the actual data 

points with different compositions and temperatures at 

ambient pressure. Domanska, et al. [34, 37] also 

determined the densities and viscosities of the binary 

mixtures of Boltorn
®
 polymers (Boltorn

®
 U3000 and 

Boltorn
®
 H2004) in alcohols or ethers with different 

compositions at temperatures up to 338.15 K. Negative 

deviations were found for excess volumes and 

viscosities in both cases, indicating the dispersion 

interaction dominates the interactions between the 

hyperbranched polymer and the solvent. The effect of 

the alcohol chain length was also investigated on the 

mixture densities and viscosities. With the increase in 

the alkyl group number in an alcohol, a modest 

increase was observed for the mixture density while a 

more noticeable increase for the viscosity. 

Enders’ group [41-44] reported the liquid-liquid 

phase equilibrium (LLE) data of the binary and ternary 

system containing Boltorn
®
 series hyperbranched 

polyester in water and/or alcohol with different 

compositions and temperatures at ambient pressure for 

their further lattice cluster theory (LCT) modeling 

studies. The liquid-liquid phase behavior results they 

reported are found to be very different from those found 

by Jang and Bae before [45]. The authors gave a 

possible explanation that the phase transition data 

determined by Jang and Bae might be SLE data 

instead of LLE data given the fact of the melting 

temperature of Boltorn
®
 H20 above 323 K [42]. In the 

case of the binary mixture of Boltorn
®
 H40 and water, 

the LLE data was determined very carefully to avoid 

the decomposition of the polymer due to the limited 

thermal stability of the aqueous Boltorn
®
 H40 solutions 

after a longer time staying at temperatures near the 

phase transition point, which was found with size 

exclusion chromatography by the authors [43]. It should 

be noted that each LLE temperature of Boltorn
®
 H20 

solution at a given composition was taken as the 

average of the phase change temperature by heating 

up and the temperature by cooling down, while the LLE 

temperature of Boltorn
®
 H40 solution was only taken as 

the temperature by cooling down. 

Seiler, et al. [15-18, 46, 47] focused on the phase 

behavior of commercial hyperbranched polymers such 

as hyperbranched polyglycerol, Boltorn
®
 series 

hyperbranched polyester, and Hybrane series
®
 

hyperbranched polyesteramide in azeotropic systems 

such as ethanol + water and tetrahydrofuran + water to 

assess the potential application of hyperbranched 

polymers as additives for the separation of azeotropic 

mixtures with extractive distillation. The gravimetric 

method and headspace-gas chromatography (HSFC) 

[48] were used to determine the phase behavior of 

binary and ternary mixture, respectively. The effects of 

branching, molecular weight, and number of 

functionalities were discussed. The influence of 

hydrogen bonding was also considered. It was found 

that the addition of hyperbranched polyglycerol and 

polyesteramide can break the azeotropic behavior of 

various systems including ethanol + water, 2-propanol 

+ water, and tetrahydrofuran + water due to the 

formation of hydrogen bonds between polymer and 

water molecules. The solubility behavior of such 

polymers increased with the decrease in molecular 

weight and the separation factor of the azeotropic 

system increased in the number of functional groups 

such as surface hydroxyl groups in the hyperbranched 

polyglycerol molecule [15]. However, the 

hyperbranched polyester molecules tended to form 

agglomerates, affecting their solubility and separation 

efficiency.  

Rolker, et al. [19] investigated the solubility behavior 

of CO2 and nitrogen in different polymers including 

linear and branched polyethers, hyperbranched 

polyesters and polyamines in terms of Henry constants. 

The selectivity of the polymers for the gases and the 

enthalpies of absorption at infinite dilution were 

determined. The results showed that the aqueous 

polyamidoamine dendrimer solution had a good 

solubility of CO2 and selectivity toward nitrogen. 

3.3. High-Pressure Phase Behavior 

3.3.1. Experimental Methods 

A large number of methods were developed today 

for the determination of high-pressure phase equilibria. 
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The details can be found in several reviews [49-53]. 

This article will focus on two experimental apparatus 

used in recent studies on hyperbranched polymer 

phase behavior determination, Cailletet apparatus and 

variable-volume high-pressure view cell, both of which 

belong to the category of “synthetic method with a 

phase transition” defined by Dohrn, et al. [53]. Based 

on over 140-year-old design, Cailletet apparatus mainly 

consists of a thick-walled glass tube. Samples are filled 

into the tube and the open end of the tube is then 

immersed in the mercury, which separates the samples 

from the pressurizing fluid. The phase transition is 

determined visually by changing the pressure slowly at 

a constant temperature. The detailed description and 

schematic diagram of the Cailletet apparatus can be 

found in [54, 55]. One of the disadvantages, however, 

for this system is the needs for handling hazardous 

mercury. Further, the glass tube limits the use of the 

apparatus at ultra-high pressures. 

A more popular apparatus for high-pressure phase 

behavior studies nowadays is the variable-volume high-

pressure view cell, which can avoid the use of mercury 

and reach ultra-high pressures. Figure 3a shows a 

schematic diagram of a typical variable-volume high-

pressure view cell. The cylindrical cell body is 

constructed of metal such as high nickel content steel 

to ensure the strength. Along its cylindrical axis a bore 

is drilled for placing samples. A sapphire window is 

sealed at one end of the bore for the visual observation 

inside with the help of a borescope. The other end is 

placed by a movable piston. The cell contents are 

compressed to the desired operating pressure by 

displacing a piston in the cell. Close to the sapphire 

window, there are several side ports for mounting 

temperature and pressure detectors as well as side 

sapphire windows for the laser and sensor to automatic 

record the phase transition point based on the intensity 

change.  

Another advantage of the equipment is its capability 

of combining high-pressure density measurements. As 

is shown in Figure 3b, a rod with a magnetic core end 

is connected to the piston and travels through a linear 

variable differential transformer (LVDT), which records 

the piston position and can be translated to the internal 

volume of the cell. Knowing the amount of the samples 

loaded into the cell, the densities at each pressure level 

can be calculated.  

3.2.2. Progress on High-pressure Phase Behavior 

Besides the low-pressure studies mentioned above, 

Seiler, et al. [57] are the pioneers who reported the 

phase behavior data of binary and ternary mixtures 

containing Boltorn
®
 series hyperbranched polyesters at 

elevated pressures with a variable-volume autoclave 

[58, 59]. While the phase transition pressure of the 

binary mixture of polymer-water is lower than 0.6 MPa 

at the temperature up to 433 K, the upper critical 

solution temperatures (UCST) and lower critical 

solution temperatures (LCST) were determined for the 

hyperbranched polyester solutions in either water or 

ethanol at the presence of supercritical CO2 at the 

pressures up to 18 MPa. The pH effect on UCST was 

also discussed by comparing the effects of CO2 

concentrations in two ternary systems, polymer + water 

+ CO2 and polymer + ethanol + CO2, based on the fact 

that the easy dissolution of CO2 in water led to the 

decrease in pH for the polymer-water-CO2 system 

while the difficulty in dissolving CO2 in ethanol made 

the pH condition unchanged for polymer + ethanol + 

CO2 system as the CO2 concentration increased. It was 

found that the decrease in pH lowered the UCST, 

indicating an increase in polymer solubility at lower pH. 

Seiler [7] also reported density data for hyperbranched 

polyglycerol and Boltorn
®
 H20 at the temperatures up 

to 423.15 K and pressures up to 60 MPa. 

Following Seiler’s work, more and more researchers 

have been making a sustained effort to generate high-

pressure phase equilibrium data in the past five years. 

Researchers at Delft University of Technology [60-62] 

reported the high-pressure phase behavior results of 

   

    (a)       (b) 

Figure 3: Schematic diagram of (a) variable-volume high-pressure view cell, (b) combination of a linear variable differential 
transformer (LVDT) for high-pressure density measurement [56]. 
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binary system of hyperbranched polyester in 

supercritical CO2 and propane as well as the ternary 

mixture of hyperbranched polyglycerol + methanol + 

CO2 with the Cailletet apparatus. A variety of phase 

equilibrium data were determined at pressures up to 15 

MPa, including vapor-liquid equilibrium for Boltorn
®
 

U3000 + CO2; vapor-liquid, liquid-liquid, liquid-liquid-

vapor, solid-liquid-liquid, and solid-liquid-vapor 

equilibrium for Boltorn
®
 H3200 + propane; and vapor-

liquid, liquid-liquid, and liquid-liquid-vapor equilibrium 

for hyperbranched polyglycerol + methanol + CO2. The 

phase behavior of hyperbranched polyglycerol + 

methanol + CO2 was also compared with the ternary 

system of linear polyglycerol in the same solvents [62, 

63]. The bubble-point pressures for the linear polymer 

system did not change much with the increase in the 

molecular weight of the polymer, while for 

hyperbranched polymer system the molecular weight 

showed a more pronounced effect on the bubble-point 

pressures, indicating that the branched structure is the 

main reason for the dependence of bubble-point 

pressures on the polymer size. It was also found that 

the polymer concentration at UCST for the 

hyperbranched polymer was much higher than its 

corresponding linear polymer.  

Unlike the commercial hyperbranched polymers 

with fixed structures used in the above studies, 

Gregorowicz, et al. [32] made an original contribution to 

customize the hyperbranched polyether and polyester 

by modifying the terminal –OH groups with aliphatic 

carboxylic acids derivatives, trimethylchlorosilane, and 

trifluoroacetic acid anhydride for the purpose of 

tailoring the solubility of polymers in supercritical CO2. 

Figure 4 shows the structure of each type of terminal 

groups used for the substitution of the original –OH 

group in the hyperbranched polyether and polyester. 

The phase behavior of the hyperbranched polymers 

with a variety of terminal groups was determined in 

supercritical CO2, ethane, and propane at pressures up 

to 200 MPa. The effects of types and length of terminal 

groups and interior architecture of hyperbranched 

polymers were investigated. A number of interesting 

observations were found. For example, the original 

hyperbranched polyether and polyester cannot be 

dissolved in supercritical CO2 at pressures up to 200 

MPa and temperatures up to 420 K, while they become 

soluble by replacing the –OH terminal group with the 

above terminal groups due to the interaction of the 

solvent with the end groups in the polymer molecules, 

indicating that terminal groups play a significant role in 

the solubility of hyperbranched polymers. The phase 

transition pressure dependence on temperatures was 

also investigated by comparing different types of 

terminal groups. 

Gregorowicz, et al. [32] also found that for the same 

type of terminal group such as aliphatic carboxylic 

acids, the phase transition pressure of hyperbranched 

polymers in CO2 was strongly dependent on the chain 

length of the alkyl group and polymer concentration. 

The phase transition pressure increased with the 

increase in chain length. The possible reason is that 

the long-chain end group may form a shell, preventing 

 

Figure 4: Structures of the derivatives of hyperbranched polyether and polyester with different types of terminal groups [32]. 
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the solvent molecules from going into the interior of the 

polymer while the short-chain alkyl group does not. And 

the increase in the composition of the polymer led to 

the decrease in phase transition pressure. The effect of 

interior architecture was also investigated based on the 

comparison of phase behavior data between 

hyperbranched polyether and hyperbranched polyester 

with the same terminal group. However, the interior 

architectural effect was not very well isolated from the 

molecular weight effect. Further, the authors compared 

the solubility behavior of their modified hyperbranched 

polymers with some commonly used CO2-philic 

polymeric materials in supercritical CO2 and light 

hydrocarbons and showed that the hyperbranched 

polyester with silane and fluorinated end groups was 

soluble in CO2 to the same extent with most CO2-philic 

polymers. Despite of many impressive results, still 

several mysteries remained, such as the unexpected 

phase behavior of certain hyperbranched polymers 

modified with caprolactone, silane, or fluorinated 

terminal groups. 

Following Gregorowicz’s work , Tryznowski, et al. 

[33] in the same research group synthesized 

hyperbranched polycarbonates with different types of 

terminal groups and compared the phase behaviors of 

the hyperbranched polymers in supercritical CO2 with 

those of linear polycarbonates and hyperbranched 

polyesters. The hyperbranched polycarbonate with 

fluorinated terminal groups was found to be dissolved 

in supercritical CO2 while the same type of 

hyperbranched polymer with hydroxyl terminal groups 

was not soluble at the temperatures up to 423 K and 

pressures up to 150 MPa, verifying the terminal group 

effect. Different concentrations of hyperbranched 

polycarbonate with fluorinated terminal groups showed 

different types of phase behavior. When increasing 

temperature, the phase transition pressure increased 

for the low concentration of the polymer, whereas the 

pressure decreased for the polymer concentration 

higher than 3.5 wt%. Further, the phase transition 

pressure of hyperbranched polyester with fluorinated 

terminal groups was lower than the hyperbranched 

polycarbonate with the same terminal groups at a 

similar polymer concentration and the same 

temperature range. The authors ascribed such a 

difference to the internal structure between polyether 

and polycarbonate. Since the polyester structure is 

more CO2-philic, the phase transition pressure of 

hyperbranched polyester should be lower. However, it 

should be noted that when making this point the 

authors did not mention the molecular weight difference 

of the two hyperbranched polymers, which was also a 

possible factor for the phase transition pressure 

difference. The effect of the chain lengths was also 

discussed by comparing the phase behavior of different 

types of linear polycarbonates. 

4. THERMODYNAMIC MODELING 

Experimental results on the phase behavior and 

density data offer a database for the theoretical 

researchers to develop and test suitable 

thermodynamic models to predict the solution behavior 

of hyperbranched polymer systems. Earlier modeling 

work includes Monte Carlo simulation by Lue [64] and 

Timoshenko and Kuznetsov [65], molecular dynamics 

method by Steinhauser [66], lattice cluster theory (LCT) 

modeling by Jang, et al. [45, 67-71], universal 

functional activity coefficients-free-volume (UNIFAC-

FV) method by Kouskoumvekaki, et al. [72] and Seiler, 

et al. [47], etc., which have been reviewed by Seiler [7]. 

In the past eight years after the review, more models 

have been developed for hyperbranched polymer 

systems accompanied with a deeper understanding of 

the hyperbranched polymer architecture and an 

increasing number of low-pressure and high-pressure 

experimental data.  

Rissanou, et al. [73] performed Monte Carlo 

simulations to investigate the phase behavior of lattice 

model dendrimers of generations from 2 to 5 in 

solution. The effect of branching on the polymer critical 

properties was calculated. It was observed that for 

higher generation dendrimers the infinite-system critical 

temperature decreased while the critical volume 

fraction increased. The radius of gyration was also 

calculated, showing the globular confirmation of the 

hyperbranched polymer. 

Enders’ group [41-44, 74, 75] predicted the low-

pressure phase behavior of hyperbranched polyester 

systems with an incompressible LCT model. Compared 

with earlier work done by Jang, et al. [45, 67-71], the 

authors introduced several corrections and combined a 

more realistic method for determination of the 

geometric parameters [74]. In this model, only one 

parameter, the interaction energy, needed to be 

adjusted to the maximum of the cloud-point curve and 

the polymer architecture effect can be considered 

geometrically without any adjustable parameter [74]. To 

eliminate the drawback of lack of association force 

involved, the model was then improved by 

incorporation of the Wertheim lattice theory [42], which 

was originated from Wertheim for the purpose of 
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describing the association with a perturbation theory 

[76-79]. The LCT model combined with Wertheim 

lattice theory exhibited an improvement of the phase 

behavior of binary system especially at higher polymer 

concentration [42], followed by the extension to ternary 

systems, hyperbranched polyester + propanol + water 

and hyperbranched polyester + 1-butanol + water, 

which LCT- Wertheim lattice theory model also showed 

a reasonable predictive capability [41, 44]. A 

generalized LCT equation combined with a modified 

extended chemical association lattice model (ECALM) 

were also developed to allow both of the component 

molecules in a binary system to posses any 

architecture and describe both the self-association and 

cross-association for both components [75]. The 

generalized LCT-ECALM equation agreed well with 

various experimental data [43, 75]. 

Simha and Utracki [80] applied Simha-Somcynsky 

(S-S) equation of state (EOS) to predict the high-

pressure density data and the derivatives such as 

isothermal compressibility and thermal expansion 

coefficient for the linear polystyrene (PS) and 

poly(benzyl ether) dendrimers (PBED). By fitting the 

high-pressure density data from Hay, et al. [81] to the 

equation, the S-S EOS predicted the density data very 

well and also showed a good agreement for thermal 

expansion coefficient at ambient pressure, while the 

calculated isothermal compressibility was lower at low 

pressures and higher at high pressures than the 

experimental data. The calculated values of the second 

and higher derivatives with this equation were very 

different from the theoretical predictions and behavior 

of linear polymers, indicating that the model was not 

able to predict the pressure effects on the dendritic 

structure with variable segment density [80]. 

Kozlowska, et al. [60] proposed the perturbed-chain 

polar statistical association fluid theory equation of 

state for branched molecules (bPCP-SAFT) for high-

pressure phase behavior and densities predictions. 

Based on the classical perturbed-chain association 

fluid theory (PC-SAFT) proposed by Gross and 

Sadowski [82, 83], Gross, et al. [84-86] improved the 

original PC-SAFT model to the perturbed-chain polar 

statistical association fluid theory equation of state 

(PCP-SAFT) by taking into account the dipolar and 

quadrupolar interactions, followed by the bPCP-SAFT 

model by adding a branching term, which has been 

applied to complex molecules by Blas and Vega [87], to 

the original PCP-SAFT EOS. Like other SAFT-based 

models, bPCP-SAFT EOS represents the pVTx 

relationship with Helmholtz free energy, which can be 

divided into several contributions. Keeping the hard-

chain contribution, dispersion contribution, and 

association contribution the same with PCP-SAFT, 

bPCP-SAFT equation adopts Wertheim’s second-order 

perturbation theory (TPT2) for chainlike molecules and 

adds the Helmholtz free energy contribution from the 

branched structure, which does not introduce any more 

parameters other than the original three PC-SAFT 

parameters, the segment number, m, the temperature-

independent segment size, , and the energy 

interaction parameter, /kB, for non-association 

systems, and two more parameters, association 

volume, 
AiBj

, and association energy, 
AiBj

/kB for 

association systems. Note that the branching term 

proposed here is only considered in the repulsive 

interactions, which was characterized as a “significant 

simplification” by the authors [60]. Further, the bPCP-

SAFT model assumes the branched structure is 

composed of branching tetramers shown in Figure 5 

and the bond angle is 120°.  

 

Figure 5: Schematic diagram of the branching tetramers that 
consist of the branched structure of a hyperbranched polymer 
[60]. 

The phase behavior of the ternary system of 

hyperbranched polyglycerol + methanol + CO2 was 

predicted with the bPCP-SAFT model and compared 

with the experimental data by Kozlowska, et al. [60]. 

The model gave a good prediction for the vapor-liquid 

phase equilibrium, although it only showed a modest 

improvement relative to the PCP-SAFT EOS. On the 

other hand, the bPCP-SAFT model was not able to 

predict the liquid-liquid and liquid-liquid-vapor phase 

equilibria at the right temperatures. The authors 

ascribed it to the overestimation of the hydrogen 

bonding interactions to methanol, since the association 

parameters of hyperbranched polyglycerol were 

estimated through analogy to 1-butanol, while the 

hyperbranched polymer has average less accessibility 
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to the hydroxyl groups due to its structure and hence 

made a less contribution to the intermolecular 

interactions than 1-butanol. The overestimation led to 

the cross-association between the hyperbranched 

polymer and methanol that prevented the demixing of 

the two components [60]. 

For the purpose of solving the above problem of 

hydrogen bonding overestimation, following 

Kozlowska’s work, Schacht, et al. [62] adjusted the two 

parameters of the bPCP-SAFT equation, association 

volume, 
AiBj

, and energy interaction parameter, /kB, 

and applied the linear temperature-dependent binary 

interaction parameters based on the experiment data of 

hyperbranched polyglycerol + methanol + CO2 with a 

specific composition. The obtained parameters were 

then used to predict the same system with different 

compositions and different polymer molecular weight. 

The bPCP-SAFT model with the optimized parameters 

predicted the ternary system with various compositions 

very well. It also showed a reasonable prediction for 

the same system where the polymer molecular weight 

was different, although the dew points were not 

described very accurately at higher molecular weight. 

However, the authors concluded that structural effects 

of the hyperbranched polyglycerol were not properly 

captured by the bPCP-SAFT model due to its 

incapability of taking into account intramolecular 

interactions. It was also verified by the fact that the 

prediction of the ternary system with bPCP-SAFT 

model requires a temperature-dependent binary 

parameter while the PC-SAFT EOS usually just needs 

a temperature-independent binary parameter when 

giving a reasonable prediction of the liquid-liquid-vapor 

equilibrium [62]. 

5. FUTURE WORK 

In spite of a number of progresses on the high-

pressure phase behavior work in the past eight years, 

most studies still focus on the commercially available 

hyperbranched polymers, such as hyperbranched 

polyglycerol from HyperPolymers GmbH, Boltorn
®
 

series hyperbranched polyester supplied by Perstorp 

AB, and Hybrane
®
 series hyperbranched 

polyesteramide from DSM. On one hand, these 

commercial hyperbranched polymers are beneficial for 

the phase behavior researchers, who do not have to 

worry about the synthesis, purification, and 

characterization process. The control of detailed 

polymer structure and polydispersity and the removal of 

side products, catalysts, and remained reactants have 

been always a challenge for polymer chemists, let 

alone phase behavior researchers. Using commercial 

products, they are able to focus on their familiar phase 

behavior determination and modeling and be more 

productive and efficient. On the other hand, however, 

commercial products are synthesized based on a 

standard process with a specific range of degrees of 

branching, numbers and types of functional groups, 

and molecular weights, limiting the complete 

understanding of the above effects on the phase 

behavior, which is almost impossible for researchers to 

investigate the influence of a single factor while fixing 

the other factors unchanged with commercial 

hyperbranched polymers. In other words, commercial 

products do not allow the researchers to customize the 

structure of hyperbranched polymers for isolation of 

each polymer architectural effect alone. From this point 

of view, Gregorowicz et al. [32] and Tryznowski, et al. 

[33] made a great leap in customizing the polymer 

architecture, although they mainly focused on the 

effects of terminal groups on the phase behavior of 

hyperbranched polymers in supercritical CO2 and their 

attempts on the discussion of internal structure’s effect 

cannot eliminate molecular weight effect. It is still in 

infancy when talking about customizing desired 

structures of hyperbranched polymers for the 

investigation of each factor’s influence on the phase 

behavior, which is a goal for future experimental work. 

Another goal is to compare the phase behavior of a 

hyperbranched polymer with its comparative linear 

polymer in a supercritical fluid. It has been known for 

years that relative to linear polymers, hyperbranched 

polymers posses a number of unique properties, for 

example, much lower viscosity and higher thermal 

stability. However, the difference in phase behavior of 

hyperbranched polymers and its linear analogue is still 

not very clear. Schacht, et al. [62, 63] made a 

comparison of the phase behavior of hyperbranched 

polyglycerol + methanol + CO2 and the ternary system 

of linear polyglycerol in the same solvents. Although 

they found some interesting observations on the 

difference in molecular weight dependence, the phase 

behavior data of hyperbranched polymer and linear 

polymer system cannot be directly compared on the 

same condition because molecular weight effect cannot 

be eliminated. Further, the phase transition points of 

hyperbranched and linear polymers almost fall on top 

of each other probably due to the existence of strong 

solvent methanol. Tryznowski, et al. [33] also tried 

comparing their synthesized hyperbranched 

polycarbonate with linear polymer, but did not make 

any conclusion also due to the difficulties in elimination 
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of molecular weight or, in another word, chain length 

effects. 

Therefore, to the perspective of comparing a 

hyperbranched polymer with its corresponding linear 

polymer, one of the challenges comes from the 

difficulties in synthesis of the hyperbranched polymer 

and its linear analogue at the same molecular weight 

level to eliminate molecular weight effect on the phase 

behavior, which again traces back to the goal of 

customizing hyperbranched polymers mentioned 

above. Further, the selection of a solvent is also 

important for the comparison. A solvent with a strong 

solvent power may mask the phase behavior difference 

between a hyperbranched polymer and its comparative 

linear analogue, since both the hyperbranched and 

linear polymers can form a single phase easily at room 

conditions in such a strong solvent. That is one of the 

reasons for the high-pressure study with a supercritical 

fluid such as CO2, ethane, or propane that exhibits 

weak solvent power. A slight structural difference can 

spread out and be clearly reflected on the phase 

diagram of a polymer system. Wu, et al. [88, 89] made 

a preliminary study on the comparison of phase 

behavior of a synthesized star polymer with its 

corresponding linear polymer in supercritical propane. 

Apparently, however, more studies need to be done for 

a complete comparison of the phase behavior of 

hyperbranched polymers and its linear analogue in s 

supercritical fluid. 

In terms of thermodynamic modeling, it is still a 

challenge for the prediction of the architectural effect 

on the hyperbranched polymer system phase behavior 

at elevated pressures. Although Kozlowska, et al. [60] 

tried the SAFT-based EOS to predict the high-pressure 

phase behavior by adding a branching term to the 

original PCP-SAFT equation, it still seems impossible 

to capture the structural effect with the same 

parameters in the SAFT-based equation [62] and this 

model also has to assume that the branched structure 

is only composed of branching tetramers instead of any 

other possible arbitrary structures that actually exist in 

a hyperbranched polymer [60]. Other models, as far as 

is concerned, only focus on the prediction of phase 

behavior of hyperbranched polymer systems at low 

pressures, most of which, for example, UNIFAC-FV, 

only deal with incompressible models and hence 

cannot extent to high-pressure conditions, where the 

dependence of thermodynamic properties on the 

pressure has to be considered. Up to now, LCT model 

seems a promising method for the prediction for the 

hyperbranched polymers at high pressures. Unlike 

SAFT-based equation in which none of the parameters 

was originally set to account for the structural effect 

and UNIFAC-FV that can only deal with incompressible 

systems, LCT model performs the calculation of the 

statistical partition function that directly depends on the 

polymer structure for both incompressible and 

compressible systems [90]. Along with their previous 

studies on the incompressible LCT model [41-44, 74, 

75], Enders’ group started working on the modeling of 

the thermodynamic properties of pure n-alkanes at high 

pressures with compressible LCT model, namely LCT 

equation of state (LCT-EOS), recently [90]. Although a 

lot of work needs to be done, LCT-EOS gives a 

direction for the future modeling work that can take into 

account both the structural effect and the pressure 

dependence. 

Another challenge for the future work is the 

modeling of hyperbranched copolymer or the 

hyperbranched polymer with different types of terminal 

groups. Up to now, all the models only focus on the 

hyperbranched homopolymer, especially those 

commercially available hyperbranched polymers that 

are only composed of one type of segment. There is a 

gap for the extension to the prediction of the phase 

behavior of hyperbranched polymers composed of 

several different types of segments, such as 

hyperbranched polymers with a different type of 

terminal group proposed by Gregorowicz, et al. [32] 

and the star polymers with a divinylbenzene core and 

methacrylate copolymer arms from Wu, et al. [88, 89]. 

Further modeling work should be considered on those 

polymers. 
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