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ABSTRACT: The understanding of the phase behavior of dendritic polymers, i.e., hyperbranched polymers
and dendrimers, is still in its infancy. No systematic thermodynamic investigations on the phase behavior
of dendritic polymer solutions have been reported so far. Therefore, this experimental study focuses on
the low- and high-pressure phase behavior of hyperbranched polymer—solvent and hyperbranched
polymer—solvent—supercritical gas systems. The influence of the solvent polarity, the nature and number
of polymer functionalities, and the degree of polymer branching, as well as the polymer and supercritical
gas concentration on the phase behavior of selected hyperbranched polymer solutions, is discussed.
Thermodynamic phenomena such as the merging of the upper critical solution temperature (UCST) and
the lower critical solution temperature (LCST) curves, the pH dependence of the polymer solubility and
a remarkably distinct solutropic phase behavior are presented.

1. Introduction

Hyperbranched polymers represent highly branched,
polydisperse macromolecules with a treelike topology
and a large number of functional groups. These kinds
of polymer structures are known from polysaccharides
such as glycogen, dextran, and amylopectin since the
1930s.! In 1952, Flory discussed the synthesis of
branched condensation polymers by step-growth polym-
erization from multifunctional monomers.? However,
since he expected highly branched, nonentangled poly-
mers with a broad molecular weight distribution and
poor mechanical properties, he did not pursue this
synthetic methodology further. During the last 10 years,
the rapidly growing interdisciplinary interest in the
structurally perfect dendrimers promoted the rediscov-
ery of hyperbranched polymers.2 The tedious and com-
plex multistep synthesis of dendrimers results in ex-
pensive products with limited use for large-scale
industrial applications. For many applications, which
do not require structural perfection, using hyper-
branched polymers can circumvent this major drawback
of dendrimers. Unlike dendrimers, randomly branched
hyperbranched polymers with similar properties can be
easily synthesized via one-step reactions and therefore
also represent economically promising products for
large-scale industrial applications. Companies such as
the Perstorp Group (Perstorp, Sweden) and DSM Fine
Chemicals (Geleen, Netherlands) already produce com-
mercially available hyperbranched polymers on a large-
scale. Most of the applications of hyperbranched
polymers are based on the absence of chain entangle-
ments and the nature and the large number of func-
tional groups within a molecule. The functionalities of
hyperbranched polymers allow for the tailoring of their
chemical, thermal, rheological, and solution properties
and thus provide a powerful tool to design hyper-
branched polymers for a wide variety of applications.3

An area of application that, until now, has remained
unconsidered in scientific discussions is the field of
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process engineering. Since the polarity of hyperbranched
macromolecules can be adjusted by controlled function-
alization of the end groups, selective solvents (consisting
of either pure hyperbranched polymers or fractions of
hyperbranched additives) can be tailored.® Unlike the
conventional linear polymers, hyperbranched polymers
show not only a remarkable selectivity and capacity*
but, in many cases, also a comparatively lower solution
and melt viscosity® as well as an enormous thermal
stability.6 Therefore, hyperbranched polymers can be
used for optimizing a number of separation and produc-
tion processes. Even a variety of biomedical applications
seems possible.”® Only recently, the authors suggested
the use of hyperbranched polymers as entrainers for
extractive distillation®4°1° and as selective solvents for
liquid—liquid extraction.#1® Figure 1 illustrates the
breaking of the tetrahydrofuran—water and the etha-
nol—water azeotropes by adding commercially available,
highly selective hyperbranched polymers to the azeo-
tropic systems. In Figure 2, a remarkably distinct
solutropic phenomenon is depicted for the ternary
system tetrahydrofuran—water—hyperbranched poly-
ester. The broad liquid—liquid miscibility gap allows for
the breaking of the tetrahydrofuran—water azeotrope
by means of solvent extraction.# Furthermore, also the
use of hyperbranched polymers as selectivity- and
capacity-increasing solvent additives for absorption
processes and as stationary phases for preparative
chromatography seems promising.'!

The large body of interdisciplinary research on den-
dritic polymers, i.e., dendrimers and hyperbranched
polymers, is a guarantee for emerging applications.312-14
However, the understanding of essential fundamentals
such as the phase behavior of dendritic polymer solu-
tions is still in its infancy. The experimental investiga-
tion of the phase behavior of hyperbranched polymer
systems is a crucial requirement for a successful intro-
duction of new applications to highly competitive mar-
kets. In this context, thermodynamic models, which
accurately account for the impact of polymer branching
on the phase behavior of polymer systems, play a very
important role; they enable the optimization of new
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Table 1. Polymer Samples Used

no. of OH
molar mass groups per hydroxyl no. acid no.
sample (g/mol) Mw/Mp macromolecule (mg KOH/qg) (mg KOH/qg) provider
Hybrane H1500 M, = 1500 ~ 8 DSM
Boltorn H20 My = 2100 1.3 16 490—520 5-9 Perstorp
Boltorn H40 My = 5100 1.8 64 470-500 7-11 Perstorp
1.00 7 in considering explicitly the influence of the degree of
o 20wt by aovalycerol oy polymer branching on the phase behavior of highly
o ;gm:wer‘ polve:vcero: S branched polymer systems over a wide temperature and
ry mmﬁm::m.,’:::. m r./" pressure range. An important prerequisite_ for the
085 L x=y | = & development and testing of new thermodynamic models
S T=363.15K . /_‘/,{" is the availability of appropriate experimental phase
£ equilibrium data, especially in the high-pressure range.
= A L] P But until now, no experimental studies on the high-
070 | A P pressure phase_ behavior of dendritic polymer systems
O o have been carried out.
ol - - Therefore, this paper aims at providing the first
P A extensive experimental study on the phase behavior of
ass [ , , | hyperbranched polymer—solvent and hyperbranched
025 040 055 0.70 085 1.00 polymer—solvent—supercritical gas systems. Both the
Xethanol phase behavior at moderate and at high pressure are
Lo investigated systematically. The influence of the nature
40 wi% hyperbr. polyesteramide Hybrane 51200 /\f‘ii} and number of polymer functionalities, the degree of
= 60 wit hyperbr. polyesteramide Hybrane 51200 A . polymer branching, and the solvent polarity as well as
o THE et ot a4 o the concentration of a supercritical gas on the phase
000l x=y . behavior of selected hyperbranched polymer solutions
" i .m0 is discussed.*!
n:-: T=34315K ay B .
> . . . 2. Experimental Section
0.80 1 ’i-\ o’ 2.1. Apparatus and Experimental Procedure. 2.1.1.
e °® Gravimetric Method. Vapor—liquid equilibria of polymer—
. (2 . d e solvent systems at 393.15 K were measured using a gravi-
A B metric-sorption method. The experimental apparatus and the
0.70 T T experimental procedure are accurately described by Sadowski
01 02 03 04 05 06 07 08 08 10 et al.15
XTHF 2.1.2. Cloud-Point Measurements. Upper and lower

Figure 1. Influence of hyperbranched polymers on vapor—
liquid equilibria of aqueous azeotropic systems:®38 (A) ethanol—
water—hyperbranched polyglycerol at 363.15 K;° (B) THF—
water—hyperbranched polyesteramide Hybrane S1200 at 343.15
K_38

THF

hyperbr.

polyester

Boltorn H3200
Figure 2. Experimental liquid—liquid (LLE), solid—liquid-
liquid (SLLE), and solid—liquid (SLE) equilibrium results of
the ternary system THF—water—hyperbranched polyester at
Tequitibrium = 321.15 K.4

water

applications of hyperbranched polymers without requir-
ing an unjustifiable amount of experimental phase
equilibrium data. But so far, despite the scientific effort
of thermodymists in this field,® no gE-model or equation
of state has been developed, which proved to be suitable

solution temperature curves as well as the LLV curve of
hyperbranched polyester solutions were determined using a
variable-volume autoclave of about 1 dm? designed for liquid—
liquid (LL), vapor—liquid—liquid (VLL), and vapor—liquid—
solid (VLS) experiments at pressures up to 20 MPa and
temperatures up to 520 K. A detailed description of the
autoclave has been given earlier.'%17 The experimental proce-
dure has been previously described by several authors, e.g.
Bungert et al.*” and Chen et al.*8

2.2 Materials. Perstorp Speciality Chemicals AB provided
aliphatic hyperbranched polyesters, known as the Boltorn
family. The Boltorn samples used (Boltorn H20 and Boltorn
H40) are hydroxyl functional hyperbranched polyesters, which
are produced from polyalcohol cores and hydroxy acids. DSM
provided the hyperbranched polyesteramide Hybrane H1500.
The specifications of the hyperbranched polymers used are
listed in Table 1. Ethanol (purity > 99.8 mol %) was obtained
from Merck and carbon dioxide (technical grade, purity > 99.5
mol %) was provided by Linde. Both ethanol and carbon
dioxide were used as received. Distilled water was degassed
and repeatedly filtered using a 0.2 um Millipore filter in order
to remove dust.

3. Results and Discussion

The following experimental results describe the phase
behavior of hyperbranched polymer solutions over a
wide pressure and temperature range. For a better
understanding, the qualitative arrangement of the
investigated miscibility gaps is illustrated in Figure 3.

Figure 3A schematically shows the phase behavior of
a binary monodisperse polymer—solvent system with an
upper critical solution temperature (UCST). At low
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Figure 3. Qualitative arrangement of the investigated mis-
cibility gaps of hyperbranched polymer solutions at moderate
and high pressures: (A) low- and high-pressure phase behavior
in the vicinity of the upper critical solution temperature;
(B) high-pressure phase behavior showing an upper critical
and a lower critical miscibility gap.

T—

pressure, the vapor—liquid equilibrium (VLE) can be
found, which—for a limited polymer concentration range
and pressures larger than the vapor pressure of the
solvent—is superposed by a liquid—liquid miscibility
gap. At moderate temperatures, the UCST curve sepa-
rates this miscibility gap from the homogeneous polymer
solution. Upon heating, due to thermal motions, the
polymer solubility increases, resulting in the disappear-
ance of the second liquid phase at T > Tycst (Figure
3B). When the temperature of the homogeneous system
increases further, the solvent expands at a much faster
rate than the polymer, leading to a continuous decrease
in solvent power and the occurrence of a second liquid—
liquid miscibility gap of LCST character at high tem-
peratures. For further details see ref 3.

3.1. Phase Behavior at Moderate Pressure. 3.1.1.
Vapor—Liquid Equilibria. In Figure 4A, bubble point
lines for different hyperbranched polymer—solvent
systems are shown at an equilibrium temperature of
393.15 K (see also Table 2). In the case of ethanol as
solvent, a steep rise of the isothermal partial pressure
curves can be observed, whereas the lower solvent
volatility of water results in a flatter curve shape.
Although a variety of different hyperbranched polymer
systems have been investigated, it becomes obvious that
the different VLE are more dominated by the solvent
volatility and polarity than by the structures of the
respective hyperbranched polymer. It is known that the
degree of branching has a pronounced effect on the
radius of gyration and the center of mass diffusion of a
polymer.1® However, when comparing polymers with a
different degree of branching in the same solvent, only
a small influence on the VLE was found such as
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Figure 4. Vapor—liquid equilibria of different hyperbranched
polymer—solvent systems at Teguilibrium = 393.15 K: (A) iso-
thermal partial pressure curves of ethanol or water in different
hyperbranched polymers; (B) solvent activity vs polymer
weight fraction.

observed for the hyperbranched polyglycerol (M, = 1400
g/mol) and its perfect linear polyglycerol analogue*? in
ethanol. The ethanol absorption by polyglycerol tends
to increase with decreasing molecular weight and
increasing degree of polymer branching (Figure 4A).
This corresponds to a comparatively lower ethanol
activity in the hyperbranched polyglycerol (M, = 1400
g/mol) solution (see Figure 4B).

Apart from the latter system, Figure 4B shows that
there is almost no difference in the solvent activity for
the investigated polymer solutions. This result under-
lines that the macromolecular topology, the chemical
backbone structure, and, for a certain range, the mo-
lecular weight of the polymer are of minor importance
for the VLE. When comparing the results of Figure 4,
parts A and B with other VLE investigations,®202! jt
can be concluded that the VLE of hyperbranched
polymer solutions primarily depends on the interactions
between the solvent molecules and the polymer func-
tionalities.

3.1.2. Vapor-—Liquid—Liquid Equilibria. In
Figure 5, the bubble point curve (Figure 5A) and the
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Table 2. VLE and LLV Results of Different Hyperbranched Polymer—Solvent Systems?

Hybrane H1500—water

Boltorn H40—water

VLE at T = 393.15 K VLE at T =393.15K LLV curve
Wpolymer P (Pa) Wpolymer P (Pa) Wpolymer T (K)
0.919 105 770 0.817 144 340 0.062 364.4
0.949 84 500 0.891 125 640 0.082 378.1
0.958 74 535 0.901 119 650 0.100 412.2
0.972 61 025 0.922 105 200 0.130 414.4
0.983 49 210 0.944 87 080 0.170 406.0
0.989 38 420 0.967 60 560 0.201 394.1
0.994 30 400 0.972 51 270 0.300 381.0° 377.5¢
0.984 36 310 0.350 371.8° 358.8¢
0.992 22 350 0.398 370.0° 331.6¢
0.999 4 280

a Cooling/heating rate of LLV cloud point experiments ~ 1 K/h, ? Phase transition LLV = LV. ¢ Phase transition LV = LLV.
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Figure 5. LLV and VLE results of the hyperbranched
polyester solution Boltorn H40—water: (A) LLV curve in the
pressure—concentration diagram as connection between the
liqguid—liquid miscibility gap (UCST-type) and the VLE;
(B) LLV curve in the temperature—concentration space.

LLV curve (Figure 5B, Table 2) of the system water—
hyperbranched aliphatic polyester Boltorn H40 are
depicted. In addition to Figure 4, Figure 5A shows a part
of the LLV— region at 393.15 K, i.e., the plateau upon
which the UCST miscibility gap is located (see also
Figure 3A). Experimental results for the LLV curve are
illustrated in Figure 5B. At polymer concentrations <
30 wt %, the cloud point temperatures of the cooling
procedure (LV — LLV) coincide with the cloud point
temperatures of the respective heating procedure (LLV
— LV). For the aqueous Boltorn H40 solutions with
Wpolymer = 30 Wt %, the cloud point temperatures of the
heating and cooling procedures show a deviation which
increases with the polymer concentration. As observed

by Min Xu et al., due to their strong intermolecular
interactions, hydroxyl-terminated hyperbranched ali-
phatic polyesters tend to form clusters in solution.??
Particularly at high polymer concentrations, the
macromolecular agglomerate formation is likely. There-
fore, we presume that the deviations of the cloud point
measurements at large polymer concentrations are due
to hydrogen-bonded hyperbranched polymer clusters,
which require more energy for their dissolution.2425
Thus, the heating induced phase transition (LLV — LV)
is located at higher temperatures than the cooling
induced demixing temperature (LV — LLV). Further
investigations on the nucleation and growth mechanism
as well as on the spinodal decomposition mechanism will
lead to a better understanding of the underlying phe-
nomena.?>

3.2. High-Pressure Phase Behavior. The following
high-pressure phase equilibria focus on the UCST and
LCST miscibility gaps of hyperbranched polyester—
solvent and hyperbranched polyester—solvent—CO,
systems. Because of the concentration dependence of
UCST and LCST curves, the chosen polymer—solvent
weight fraction of Wyoymer = 0.10 (on a gas free basis)
does not always coincide with the critical concentration
of the respective miscibility gap. Therefore, in the
following, the presented miscibility curves will be
termed upper and lower solution temperature (UST and
LST) curves.

3.2.1. Hyperbranched Polyester—Water—CO..
Figure 6 displays UST curves of agueous hyperbranched
polymer solutions. As polymers, two hyperbranched
polyesters of different generations, Boltorn H20 and
Boltorn H40, were used. When comparing the two CO»-
free polymer solutions (Wpoiymer = 0.10, see circles), the
influence of the molecular Boltorn weight on the poly-
mer solubility becomes evident. Despite the larger
number of hydroxyl groups, the bigger Boltorn H40
molecules (4 pseudo-generations) are less soluble in
water than the smaller hyperbranched polyester Boltorn
H20 (2 pseudo-generations). Hence, the UST curve of
the CO,-free Boltorn H20 system is located approxi-
mately 45 K lower than the one of the Boltorn H40
solution.

As Figure 6 (triangles, squares) shows, the addition
of CO, to the respective aqueous polyester solution of
Wpolymer = 0.10 shifts the UST curve to lower tempera-
tures (see also Tables 3 and 4). For both gas-containing
hyperbranched polyester solutions, this temperature
shift corresponds to an increased polymer solubility.

When discussing the influence of the CO, concentra-
tion on the UST-location of hyperbranched polymer
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Table 4. Partial Pressure Curve of Water for Gas-Free,
Aqueous Hyperbranched Polyester Solutions
(Wpolymer = 0.10)

Boltorn H20—water Boltorn H40—water

P (MPa) T (K) P (MPa) T (K)
0.045 348.2 0.046 350.6
0.052 353.7 0.062 358.4
0.069 361.2 0.073 363.1
0.083 366.5 0.087 368.2
0.095 370.1 0.107 374.0
0.113 375.5 0.123 378.2
0.135 381.0 0.145 383.1
0.163 386.6 0.185 390.9
0.203 393.4 0.271 403.3
0.235 398.3 0.320 408.8
0.291 405.4 0.363 413.2
0.346 411.4 0.418 418.2
0.387 415.4 0.477 423.2

0.553 428.7
0.622 433.4

24
O BoltornH20, w{CO2)=0.0 wit%
BoltornH20, wi{CO2)=4 .0 wt%
22 ® BoltornH40, w(C02)=0.0 wi%
A BoltornH40, w{CO2)=2.0 wi%
20 - M BoltornH40, wiCO2)=4.0 wi%
< partial pressure curve of water-BoltornH20, w(C02)=0.0 wi%
8 # partial pressure curve of water-BoltornH40, wiCO2)=0.0 wt%
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Figure 6. Influence of the CO, concentration on the location
of the upper solution temperature curve for two aqueous
hyperbranched polyester solutions containing polymers of
different molecular weight (Boltorn H20 and Boltorn H40).

Table 3. UST Results of Hyperbranched

Polyester—Solvent—CO; Systems?

Wco, P (MPa) T (K)
Boltorn H20—Water—CO;
0.0 1.10 369.9
0.0 3.10 370.2
0.0 6.10 369.8
0.0 8.10 369.9
0.04 12.10 356.7
0.04 13.60 355.7
0.04 15.10 355.5
0.04 17.10 355.1
Boltorn H40—Water—CO,
0.0 1.10 414.7
0.0 3.10 415.0
0.0 7.10 414.0
0.0 10.10 413.8
0.0 12.10 412.8
0.0 16.10 414.7
0.02 4.40 407.1
0.02 10.10 405.0
0.02 13.10 405.3
0.02 15.90 405.2
0.04 11.93 395.6
0.04 14.10 394.7
0.04 16.60 393.9

a The CO,-free polymer weight fraction of all solutions amounts

to 10 wt %.

solutions, two phenomena have to be taken into con-

sideration:

(1) The hydrodynamic radii of hyperbranched poly-
mers in solution predominantly depend on solvent
properties such as pH and intrinsic viscosity,23:26

(2) CO, represents an antisolvent for hydrophilic,

aliphatic polymers and decreases the solvent power of

polar solvents when added to the solution.
The addition of CO; to the aqueous polyester solution
results in a sharp decrease in pH. In the presence of

CO,, water becomes acidic due to the formation and
dissociation of carbonic acid according to CO;, + H,0 <
H,CO3 < HT + HCO3™. Toews et al. showed?’ that the
pH of water in equilibrium with supercritical CO, varies
from 2.8 t0 2.95 for 298 K < T <343 Kand 7 MPa < P
< 20 MPa.*3

Investigations of a series of buffered aqueous Boltorn
solutions (Wpolymer = 0.10) have shown that, for pH < 7,
the cloud point temperature under saturation conditions
(THLV) decreases with decreasing pH.2> Therefore, it can
be concluded that the addition of supercritical carbon
dioxide to the Boltorn—water solutions (Figure 6 and
Tables 3 and 4) decreases the pH successively, which,
most likely, results in an increase of the hydrodynamic
radii of the dissolved hyperbranched Boltorn H40 and
Boltorn H20 macromolecules. Thus, at low pH, the
hydroxyl groups of the hyperbranched polyesters are
better accessible for the water molecules, leading to an
increased polymer solubility and the corresponding shift
of the respective UST curves to lower temperatures (see
Figure 6).

It is worth mentioning that the comprehension of the
phase behavior of dendritic polymer solutions is an
essential prerequisite for contemporary polymer science
and engineering. Phase separation and segregation
often occur during the production and processing of
polymers, either due to a process-based necessity or
owing to undesirable circumstances such as the incom-
patibility between polymers or an insufficient solvent
power. The results above have shown the pH-dependent
solubility behavior of hyperbranched polyesters, i.e.,
coherences which, for instance, are important to ensure
the homogeneity of a dendritic polymer solution. In this
context it is noteworthy that the sales specifications of
commercially available hyperbranched polymers some-
times do not guarantee a constant acidity/basicity,
which might lead to a considerable change in the phase
behavior if one uses the same kind of a hyperbranched
polymer but from different batches.*

3.2.2. Hyperbranched Polyester—Ethanol— CO..
Figure 7 shows UST and LST curves of the system
Boltorn H20—ethanol—-CO,. By comparing the UST
curves of the gas-free hyperbranched polyester solutions
of Figure 6 (Tables 3 and 4) and Figure 7 (Table 5), the
increased Boltorn H20 solubility in ethanol becomes
obvious. Furthermore, when adding CO, to the solution
of 10 wt % of polymer, it can be seen that the locations
of the UST curve do not depend on the CO, concentra-
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Figure 7. High-pressure phase behavior of the system hyperbranched polyester Boltorn H20—ethanol—CO,.

tion anymore. Since, for ethanol as solvent, no carbonic
acid formation and no pH phenomenon can occur, the
UST location of this solution does not change with
increasing gas content even at large CO, concentrations
(Wco, = 15.3 wt %). This result is in accordance to the
demixing behavior of gas-expanded solutions containing
linear polymers, such as previously observed for the
system polystyrene—cyclohexane—CO0,.28 Unlike the
enthalpic dominated liquid—liquid phase separation at
moderate temperatures (T = Tycst), at higher system
temperatures the entropic contribution to the Gibbs free
energy of the mixture gmix dominates the enthalpic
contribution, resulting in a negative second derivative
of gmix [(%Umix/dx?)Tp < 0)] and thus the formation of
another liquid—Iliquid miscibility gap at T = T csr.

The LCST curve of the CO,-free hyperbranched
polyester—ethanol system is located in the temperature
and pressure range, which—due to the design criteria
of the autoclave (see section 2.1.2)—was not accessible.
Therefore, CO, was added to a hyperbranched polyester—
ethanol solution of wpoymer = 0.10, resulting in a
decrease of the solvent power and the corresponding
shift of the LST curve to lower temperatures. For the
CO, concentration of wco, = 27.1 wt %, the LST curve
of the system entered the experimentally accessible
pressure range (see Figure 7, Table 5). Unlike the UST
curves, the cloud point temperatures of the LST curves
crucially depend on the system pressure and the CO,
concentration. Moreover, the higher the carbon dioxide
concentration, the larger the size of the gas-expanded
LCST miscibility gap and the smaller the homogeneous
temperature corridor between the LST and UST curves.
Eventually, at the CO, concentration of wco, = 50.5
wt % the LST and the UST curve meet each other,
resulting in the merging of the two miscibility gaps into
one area of complete immiscibility, known as the
hourglass.

Generally, hydroxyl-functional polymers show a com-
plex competition between the highly oriented hydrogen-
bonding forces, the dispersion forces, and the combina-

torial entropy of mixing. This competition, with its
different contributions to the Helmholtz energy of
mixing, can also lead to the closed loop behavior such
as that observed for poly(vinyl alcohol) and poly-
(ethylene glycol) solutions.2%20 The phase behavior of the
system Boltorn H20—ethanol-CO, corresponds to type
IV of the classification of van Konynenburg and Scott.3132
Nevertheless, further investigations are necessary to
show how this type of phase behavior changes with the
degree of polymer branching and the nature and num-
ber of polymer functionalities.

4. Conclusions and Future Work

An extensive experimental study on the phase be-
havior of hyperbranched polymer solutions has been
presented. At moderate pressures the investigated VLE
of commercially available hyperbranched polymers such
as polyesters, polyesteramides and polyglycerols in
ethanol or in water allowed for a discussion on how the
nature and number of polymer functionalities, the
degree of polymer branching and the solvent polarity
determines the slope of the bubble point curve and the
solvent activity. It was found that the VLE primarily
depends on the interactions between the solvent mol-
ecules and the polymer functionalities. Neither the
molecular structure nor the molecular weight of the
investigated hyperbranched polymers changed the ab-
sorption behavior of the macromolecules considerably.
At large polymer concentrations, due to the great
number of functionalities, hydroxyl-functional hyper-
branched polyesters tend to form agglomerates. This has
to be taken into account when discussing the solubility
of hydroxyl-functional hyperbranched polymers.

Furthermore, cloud point measurements of aqueous
polyester solutions in the presence of supercritical
carbon dioxide lead to the conclusion that the enthalpic-
dominated phase behavior in the vicinity of the upper
critical solution temperature strongly depends on the
pH. This might be of great importance for the produc-
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Table 5. UST and LST Results of the System
Hyperbranched Polyester—Ethanol-CO;2

Boltorn H20—Ethanol—CO,

UST Measurements

Wco, P (MPa) T (K) Wco, P (MPa) T (K)
0.0 1.10 332.9 0.0 15.10 332.4
0.0 3.10 332.1 0.153 3.10 331.8
0.0 6.10 331.2 0.153 4.10 3315
0.0 10.10 3335 0.153 12.00 331.6

UST/LST Merging

Wco, P (MPa) T (K) Wco, P (MPa) T (K)
0.505 104 335.0 0.505 16.50 355.4
0.505 10.9 333.8 0.532 15.60 333.8
0.505 11.6 3335 0.532 16.10 334.1
0.505 12.6 333.2 0.532 16.60 334.1
0.505 10.09 335.5 0.532 17.10 334.0
0.505 10.27 335.7 0.532 15.20 334.1
0.505 10.75 337.3 0.532 15.59 335.2
0.505 10.90 337.4 0.532 15.86 336.0
0.505 11.28 338.6 0.532 16.07 336.8
0.505 12.05 341.3 0.532 16.38 337.6
0.505 13.47 345.3 0.532 16.76 338.2
0.505 14.10 347.3 0.532 17.02 338.7

0.505 15.97 352.4
LST Measurements

Wco, P (MPa) T (K) Wco, P (MPa) T (K)
0.271 12.97 446.2 0.352 15.07 421.0
0.271 13.78 448.9 0.352 17.06 429.7
0.271 14.26 450.9 0.396 16.32 407.2
0.271 15.38 456.7 0.396 16.99 409.8
0.271 16.83 459.8 0.396 17.98 413.4
0.271 17.57 465.2 0.396 18.73 416.6
0.328 14.94 438.5 0.456 17.10 3815
0.328 15.74 441.8 0.456 17.40 382.9
0.328 16.56 445.4 0.456 17.84 384.3
0.328 17.23 448.7 0.483 13.56 354.7
0.328 17.95 452.3 0.483 14.30 357.0
0.352 13.21 413.8 0.483 15.72 361.7
0.352 13.32 414.4 0.483 16.63 364.5
0.352 14.09 416.6 0.483 17.31 366.8

Partial Pressure Curve of Ethanol (wco, = 0.0)

P (MPa) T (K) P (MPa) T (K)
0.036 316.5 0.377 386.2
0.047 323.2 0.515 400.4
0.058 329.0 0.740 415.0
0.077 336.6 1.083 429.9
0.096 343.0 1.340 439.1
0.127 351.1 1.756 451.0
0.174 359.6 2.309 464.0
0.237 371.9 2.709 472.1

a8 The CO,-free polymer weight fraction of all solutions amounts
to 10 wt %.

tion, processing, and appliance of hyperbranched poly-
mers, since a slight change in the hydroxyl and/or acid
number of a polymer could lead to a considerable change
in the phase behavior. The high-pressure phase behav-
ior of nonaqueous hyperbranched polyester solutions
shows the characteristics of a type-1V system according
to the classification of van Konynenburg and Scott. The
location of the upper solution temperature curve proved
to be dependent on the molecular polymer weight and
the solvent polarity and independent of the system
pressure. However, the slope of the lower solution
temperature curve strongly depends on the pressure.
Moreover, an increase in CO, concentration leads to a
considerable shift of the lower solution temperature
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curve to lower system temperatures. For the system
hyperbranched polyester—ethanol—CO, the merging of
the UST and the LST curve into the hourglass miscibil-
ity gap is observed at a CO, concentration of 50.5 wt %.

Future work will focus explicitly on the influence of
polymer branching on the phase behavior of polymer
solutions. High-pressure PVT data will be provided for
a variety of hyperbranched polymers. Subsequently, the
ability of thermodynamic models such as the perturbed-
chain SAFT equation of state,® COSMO—RS,3* or ¢g&
models35~37 to describe enthalpic and entropic phenom-
ena of the phase behavior of highly branched polymer
solutions will be tested and possibly modified, so that
the adequate consideration of the degree of polymer
branching and the number and nature of polymer
functionalities can be ensured.
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Currently Perstorp Speciality Chemicals AB, produces hy-
perbranched polymers, known as Boltorn products, on a ton-
scale for 12 Euro/kg.

The results were presented by M. Seiler, J. Rolker, and W.
Arlt at the 17th IUPAC Conference on Chemical Thermo-
dynamics (ICCT), Rostock, Germany, 2002.

The linear polyglycerol (M, = 1400 g/mol, Hyperpolymers
GmbH) represents the perfect analogue to the hyperbranched
polyglycerol (M, = 1400 g/mol, Hyperpolymers GmbH), since
both polymers only differ in the degree of branching but not
in the molecular weight nor the number of hydroxyl groups.
For further details concerning the synthesis and the proper-
ties of these differently branched polyglycerols, see the recent
results of Frey and co-workers.??

For instance, the pH of an aqueous CO; solution at 343 K
changes from 2.95 to 2.84, when the pressure of the super-
critical CO; increases from 7 to 20 MPa.?’

The hyperbranched Boltorn products of the Perstorp Group
for instance show a varying hydroxyl and acid number (see
Table 1), whose range has to be taken into account.
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