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ABSTRACT: To compare the phase behavior of linear and hyperbranched polymers, the phase envelopes of the ternary system
linear polyglycerolþmethanolþ carbon dioxide were determined for polymers of varyingmolarmass. Phase changes were detected
by a static synthetic method using the Cailletet setup for temperatures between 331 K and 421 K and pressures up to 13.1 MPa.
Besides the vapor�liquid and liquid�liquid equilibria, also the vapor�liquid to vapor�liquid�liquid and vapor�liquid�liquid to
liquid�liquid phase boundaries are reported. The experimental results are similar to systems with hyperbranched polymers (rather
than linear polymers). For the systems with linear polymers, however, the bubble-point pressures show no significant dependence
on the polymer molar mass, whereas for hyperbranched polymers the bubble-point pressure was found to vary substantially with the
polymer molecular mass. Further, the polymer concentration at the lower critical solution temperature is remarkably high when the
polymers have a hyperbranched structure (Schacht et al., Fluid Phase Equilib. 2010, 299, 252�258), while the polymer
concentration is much lower for systems with linear polymers.

’ INTRODUCTION

According to Flory and Huggins' theory, the solvent activity
coefficient of a typical polymer solution converges toward a
minimum with an increasing size difference of polymer and
solvent at a constant temperature and composition.1,2 These
mixtures exhibit a constant bubble-point pressure upon reaching
sufficiently high molar masses at a given temperature and
composition.3,4 In contrast, it was shown that the bubble-point
pressures for mixtures of hyperbranched polyglycerol5þmetha-
nol þ carbon dioxide changes significantly with the polymer
molar mass.6 Seemingly, the phase behavior of the hyper-
branched polyglycerol system deviates from the Flory�Huggins
theory. This suggests that a structural effect, for example, the
crowding of functional groups in the shell of the polyglycerol
molecule, causes the polymer size dependency of the bubble-
point pressure in these systems. To substantiate this finding, we
here determine the vapor�liquid equilibria of the system linear
polyglycerol (lPG) þ methanol þ carbon dioxide at varying
polymer molar masses. These linear polyglycerols have approxi-
mately the same molecular composition as the hyperbranched
polyglycerols used in the earlier investigations.6 The comparison
of the two different systems then allows a direct comparison of
how the linear and hyperbranched polymer structures influence
the phase behavior of polymer�solvent mixtures.

’MATERIALS AND EXPERIMENTAL METHODS

The carbon dioxide used in this work was obtained fromHoek
Loos with a minimum purity of wCO2

= 0.99995, and methanol
with a purity of wMeOH = 0.985 was purchased from J.T. Baker,
where wi is the mass fraction of compound i. R-(1,1-
Dimethylethyl)-ω-hydropoly[oxy(1- hydroxymethyl)ethylene],
more commonly known as linear polyglycerol, with a number

based molar mass ofMn = 3.9 (Mw/Mn = 1.4),Mn = 4.8 (Mw/Mn

= 1.2), and Mn = 7.8 kg 3mol�1 (Mw/Mn = 1.3) was used in this
work. The synthesis was performed according to literature
procedures7,8 using potassium tert-butanolate as the initiator
and ethoxy ethyl glycidyl ether (EEGE) as a monomer to yield
linear polyglycerol after the removal of the protection groups
under acidic conditions. The molar mass distributions as well as
the polydispersities (Mw/Mn) have been determined by size
exclusion chromatography using polystyrene standards. The
structure of the polymer is shown in Figure 1. Prior to sample
preparation the polymer was kept in a vacuum oven at 80 �C to
reduce the water content to a minimum. Mixtures of methanol
and polyglycerol were prepared and degassed by repeated
freezing and melting under vacuum. Carbon dioxide was added
by a gas volumetric method. The size of a typical sample was 0.1 g
with uncertainties of less than ( 0.0001 g for each component.
The water content of all samples was determined by Karl Fischer
titration and is given in Table 1. The mixtures' isopleths were
determined by a static-synthetic method using the Cailletet
apparatus. A detailed description of the experimental setup can
be found elsewhere.9 Using this method, phase changes can be
determined visually by pressure adjustments at constant tem-
perature. Pressures are measured with a dead weight gauge at an

Figure 1. Chemical structure of linear polyglycerol.
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accuracy of( 0.005 MPa. Temperature measurements are taken
with a platinum resistance thermometer at an accuracy of( 0.02 K.

Silicone oil served as the thermostat liquid, and the temperature
could be kept in a range of ( 0.02 K by PID control.

’RESULTS AND DISCUSSION

Vapor�liquid phase equilibria were determined for systems
of linear polyglycerolþmethanolþ carbon dioxide. A target of
this study is the evaluation and comparison of how the molar
mass of linear and of hyperbranched polymers affect the phase
behavior. Mixtures with linear polyglycerol of Mn = 3.9 kg 3
mol�1, Mn = 4.8 kg 3mol�1, and Mn = 7.8 kg 3mol�1 were
investigated at different ratios of methanol to polyglycerol and
for two carbon dioxide concentrations. The experimental
results are given in Tables 2 to 4. The pressure�temperature
phase envelopes for these systems are given in Figures 2 to 5.
As can be seen in Figure 2, the water concentration has a
significant influence on the phase behavior of these mixtures. In
the following only systems with approximately the same water
content are compared.

Figure 3 shows the increasing bubble-point pressure for the
system linear polyglycerol (Mn = 3.9 kg 3mol�1) þ methanol þ
carbon dioxide with increasing carbon dioxide concentrations.
Increasing methanol concentrations, on the other hand, result in
decreased bubble-point pressures and, thus, in higher carbon
dioxide solubilities. For mixtures of polymers with higher molar
mass (Mn = 4.8 kg 3mol�1 and 7.8 kg 3mol�1), in Figures 4 and 5,
one can observe the formation of a liquid�liquid�vapor region
with lower solution temperature (LST) due to the demixing of
the liquid phase at higher temperatures. The demixing is a result
of the reduced entropy of mixing caused by the different
expansivities of methanol and polyglycerol at higher tempera-
tures. The addition of carbon dioxide reduces the solvent power
of methanol and shifts the LST to lower temperatures and higher
pressures. This behavior is in accordance with other systems in
literature.10,11 Increasing the methanol concentrations or the
polymermolarmass results in decreased LSTs. It could further be

Table 2. Experimental Bubble-Point Pressures p forw1 CO2þ
(1 � w1) [w2 lPG (3.9 kg 3mol�1) þ w3 CH3OH] at Given
Temperature T, where wi is the Mass Fraction of Compound ia

w2 = 0.499, w3 = 0.501 w2 = 0.250, w3 = 0.750

w1 = 0.053 w1 = 0.105 w1 = 0.050 w1 = 0.100

T/K p/MPa T/K p/MPa T/K p/MPa T/K p/MPa

333.16 2.412 331.53 4.382 333.03 1.579 331.59 2.948

343.12 2.755 341.46 5.042 343.06 1.797 341.56 3.340

353.00 3.122 351.47 5.722 353.09 2.030 351.55 3.748

363.04 3.512 361.43 6.418 363.15 2.280 361.54 4.166

373.11 3.913 371.43 7.133 373.22 2.555 371.58 4.599

383.08 4.348 381.35 7.866 383.23 2.838 381.52 5.042

393.10 4.798 391.29 8.602 393.21 3.156 391.51 5.500

403.09 5.286 401.22 9.353 403.09 3.499 401.48 5.968

413.09 3.864 411.46 6.458

423.02 4.289 421.17 6.959
a u(T) = 0.02 K, u(p) = 0.005 MPa, and u(w1) = u(w2) = u(w3) = 0.001.

Table 3. Experimental Data for the Bubble Point (gl), Cloud Point (ll), Phase Boundary Vapor�Liquid to Liquid�Liquid�Vapor
(gll), and the Phase Boundary Liquid�Liquid�Vapor to Liquid�Liquid (lgl) forw1 CO2þ (1�w1) [w2 lPG (4.8 kg 3mol�1)þw3

CH3OH], where wi is the Mass Fraction of Compound i, T the Temperature, and p the Pressurea

w2 = 0.501, w3 = 0.499 w2 = 0.250, w3 = 0.750

w1 = 0.052 w1 = 0.100 w1 = 0.050 w1 = 0.100

T/K p/MPa T/K p/MPa T/K p/MPa T/K p/MPa

333.12 2.430 (gl) 331.74 4.537 (gl) 333.04 1.403 (gl) 331.68 2.748 (gl)

343.10 2.790 (gl) 341.70 5.258 (gl) 343.03 1.614 (gl) 341.66 3.131 (gl)

353.04 3.181 (gl) 351.68 5.944 (gl) 353.07 1.839 (gl) 351.65 3.541 (gl)

363.03 3.581 (gl) 361.64 6.682 (gl) 363.12 2.096 (gl) 361.76 3.957 (gl)

373.04 3.999 (gl) 371.63 7.432 (gl) 373.15 2.364 (gl) 371.62 4.382 (gl)

383.01 4.442 (gl) 381.56 8.200 (gl) 383.13 2.654 (gl) 381.67 4.825 (gl)

393.00 4.907 (gl) 391.19 8.976 (gl) 393.11 2.965 (gl) 391.31 5.283 (gl)

403.01 5.408 (gl) 401.13 9.776 (gl) 403.10 3.305 (gl) 401.27 5.751 (gl)

412.98 5.943 (gl) 406.15 9.778 (gll) 413.05 3.681 (gl) 411.25 6.234 (gl)

422.99 6.517 (gl) 411.08 9.916 (gll) 423.02 4.101 (gl) 421.23 6.744 (gl)

406.15 10.100 (lgl)

411.08 10.391 (lgl)

406.15 11.026 (ll)

411.08 12.462 (ll)
a u(T) = 0.02 K, u(p) = 0.005 MPa, and u(w1) = u(w2) = u(w3) = 0.001.

Table 1. Water ContentwH2O (Mass Fraction) of the Samples

systema wH2O

[0.499 lPG (3.9 kg 3mol
�1) þ 0.501 CH3OH] 0.0021

[0.250 lPG (3.9 kg 3mol
�1) þ 0.750 CH3OH] 0.0011

[0.501 lPG (4.8 kg 3mol
�1) þ 0.499 CH3OH] 0.0022

[0.250 lPG (4.8 kg 3mol
�1) þ 0.750 CH3OH] 0.0007

[0.501 lPG (7.8 kg 3mol
�1) þ 0.499 CH3OH] 0.0019

[0.250 lPG (7.8 kg 3mol
�1) þ 0.750 CH3OH] 0.0010

aNumbers indicate mass fractions.
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observed, that the polymer concentration at the lower critical
solution temperature is lower than wpolymer = 0.25 for all systems
investigated. This has also been reported for other solutions with
linear polymers12 and deviates from the findings for systems
including hyperbranched polyglycerols.6 For these systems poly-
mer concentrations at the lower critical solution temperature
were exceeding wpolymer = 0.5.

The systems investigated in this work can be classified as type
IV systems according to Van Konynenburg and Scott13 (type 2Pl
as recommended by the IUPAC14), and their phase behavior is
similar to the phase behavior of hyperbranched polyglycerol þ
methanol þ carbon dioxide systems, which were determined in
earlier works.6,15 This is demonstrated in Figure 6 by comparing
the bubble- and cloud-point curves of a hyperbranched and a

Figure 3. Influence of polymer concentration on the phase behavior of
linear polyglycerol (lPG) (Mn = 3.9 kg 3mol�1) þ methanol þ CO2,
with wCO2

= 0.05 (circles) and wCO2
= 0.1 (triangles). The open symbols

are for wCO2
CO2 þ (1 � wCO2

) [0.25 lPG þ 0.75 methanol], and the
closed symbols are for wCO2

CO2 þ (1 � wCO2
) [0.5 lPG þ 0.5

methanol]. The lines are polynomial fits to the data.

Table 4. Experimental Data for the Bubble Point (gl), Cloud Point (ll), Phase Boundary Vapor�Liquid to Liquid�Liquid�Vapor
(gll), and Phase Boundary Liquid�Liquid�Vapor to Liquid�Liquid (lgl) for w1 CO2 þ (1 � w1) [w2 lPG (7.8 kg 3mol�1) þ w3

CH3OH], where wi is the Mass Fraction of Compound i, T the Temperature, and p the Pressurea

w2 = 0.501, w3 = 0.499 w2 = 0.250, w3 = 0.750

w1 = 0.050 w1 = 0.100 w1 = 0.050 w1 = 0.100

T/K p/MPa T/K p/MPa T/K p/MPa T/K p/MPa

333.12 2.391 (gl) 331.75 4.243 (gl) 333.07 1.480 (gl) 331.83 2.694 (gl)

353.07 3.082 (gl) 341.40 4.884 (gl) 343.04 1.697 (gl) 341.68 3.077 (gl)

363.07 3.467 (gl) 351.71 5.559 (gl) 353.02 1.930 (gl) 351.62 3.485 (gl)

373.05 3.858 (gl) 361.63 6.245 (gl) 362.97 2.173 (gl) 361.59 3.903 (gl)

383.06 4.257 (gl) 371.61 6.945 (gl) 372.97 2.441 (gl) 371.56 4.336 (gl)

393.04 4.708 (gl) 381.56 7.660 (gl) 382.96 2.731 (gl) 381.51 4.778 (gl)

403.04 5.182 (gl) 391.19 8.286 (gll) 392.97 3.041 (gl) 391.48 5.236 (gl)

413.04 5.693 (gl) 401.13 8.406 (gll) 402.99 3.382 (gl) 401.44 5.712 (gl)

423.01 6.244 (gl) 406.27 8.436 (gll) 412.97 3.757 (gl) 411.45 6.197 (gl)

391.43 8.386 (lgl) 422.96 4.202 (gl) 416.37 6.157 (gll)

401.34 8.979 (lgl) 421.41 6.045 (gll)

406.27 9.261 (lgl) 416.37 6.440 (lgl)

401.34 11.383 (ll) 421.41 6.662 (lgl)

406.27 13.083 (ll) 416.37 7.145 (ll)

421.41 8.796 (ll)
a u(T) = 0.02 K, u(p) = 0.005 MPa, and u(w1) = u(w2) = u(w3) = 0.001.

Figure 2. Comparison of the bubble-point curves of the ternary system
(1�wCO2

) [0.5 lPG (Mn = 7.8 kg 3mol�1)þ 0.5methanol]þCO2with
wCO2

= 0.1 at different water contents of wH2O = 0.0043 (open circles)
and wH2O = 0.0019 (solid circles). The lines are polynomial fits to
the data.
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linear polyglycerol in mixture with methanol and carbon dioxide.
The molar masses of the hyperbranched and the linear poly-
glycerol are Mn = 5.7 kg 3mol�1 and Mn = 4.8 kg 3mol�1,
respectively. The dependency of the LST on the methanol
concentration is, however, more pronounced in the system
containing the hyperbranched polymer. The experimental find-
ings in this work also indicate that the LST is less dependent on

Figure 4. Influence of polymer concentration on the phase behavior of
lPG (Mn = 4.8 kg 3mol

�1) þ methanol þ CO2, with wCO2
= 0.05

(circles) andwCO2
= 0.1 (triangles). The open symbols are forwCO2

CO2

þ (1� wCO2
) [0.25 lPGþ 0.75 methanol], and the closed symbols are

for wCO2
CO2 þ (1 � wCO2

) [0.5 lPG þ 0.5 methanol]. The lines are
polynomial fits to the data.

Figure 5. Influence of polymer concentration on the phase behavior of
linear polyglycerol (lPG) (Mn = 7.8 kg 3mol�1) þ methanol þ CO2,
with wCO2

= 0.05 (circles) and wCO2
= 0.1 (triangles). The open symbols

are for wCO2
CO2 þ (1 � wCO2

) [0.25 lPG þ 0.75 methanol], and the
closed symbols are for wCO2

CO2 þ (1 � wCO2
) [0.5 lPG þ 0.5

methanol]. The lines are polynomial fits to the data.

Figure 6. Comparison of the LSTs of hyperbranched (circles) and
linear (triangles) polyglycerols (PG). The graph shows experimental
bubble-point and cloud-point curves of the ternary systems (1� wCO2

)
[0.5 PGþ 0.5 methanol]þCO2 (solid symbols) and (1� wCO2

) [0.25
PG þ 0.75 methanol] þ CO2 (open symbols), with wCO2

= 0.1. The
molar masses of the linear and hyperbranched polyglycerols areMn = 7.8
kg 3mol�1 and Mn = 5.7 kg 3mol�1, respectively. Data for the hyper-
branched poyglycerol system are taken from ref 6. The lines are
polynomial fits to the data.

Figure 7. Bubble-point curves of the ternary systems (1 � wCO2
) [0.5

hyperbranched PG þ 0.5 methanol] þ CO2 (open symbols) and (1 �
wCO2

) [0.5 linear PG þ 0.5 methanol] þ CO2, with wCO2
= 0.05. The

molar mass of the hyperbranched PG is varying; Mn = 2.7 kg 3mol�1

(open diamonds), Mn = 5.7 kg 3mol�1 (open triangles), Mn = 10
kg 3mol�1 (open circles), andMn = 18 kg 3mol�1 (open squares). Data
for Mn = 2.7 kg 3mol�1 are taken from ref 15, and data for Mn = 5.7
kg 3mol�1,Mn = 10 kg 3mol�1, andMn = 18 kg 3mol�1 are taken from ref
6. The molar mass of the linear polyglycerol isMn = 3.9 kg 3mol�1 (solid
diamonds),Mn = 4.8 kg 3mol�1 (solid triangles), andMn = 7.8 kg 3mol�1

(solid circles), respectively. The lines are polynomial fits to the data.
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the polymer molar mass than for comparable systems with
hyperbranched polymers.

A comparison of the bubble-point pressure of the system
polyglycerol þ methanol þ carbon dioxide with hyperbranched
and linear polyglycerols at increasing molar masses is shown in
Figure 7. The molar mass has almost no influence on the
vapor�liquid phase boundary of the system including linear
polyglycerol. This finding is in agreement with the Flory�
Huggins theory, which states that the solvent activity coefficient
in an athermal polymer solution becomes independent of the
polymer size at high enough polymer molar masses.1 For linear
polyglycerol þ methanol mixtures the activity coefficient can be
estimated from the Flory�Huggins expression.2 At polymer
molar masses above Mn = 3.0 kg 3mol�1 the activity coefficient
does not change significantly with increasing molar mass. We
conclude that the dependence of bubble-point pressures on the
molar mass of hyperbranched polymers, as described earlier6 and
shown in Figure 7, can be related to themolecular structure of the
polymer.

The differences in bubble-point pressures for the linear
polyglycerol systems of increasing molar mass can be explained
by the slight variations of carbon dioxide concentration (for the
exact concentrations compare Tables 2 to 4) and water content
in these samples.

’CONCLUSIONS

A systematic analysis of the impact of polymer molar mass on
the phase behavior of linear polyglycerol þ carbon dioxide þ
methanol mixtures is presented. The phase behavior of these
mixtures can be identified as a type IV system according to the
classification of Van Konynenburg and Scott.13 The experi-
mental results are similar to the phase behavior for systems of
hyperbranched polyglycerols þ methanol þ carbon dioxide.6

However, two aspects are different. First, in contrast to the
systems including hyperbranched polymers, the bubble-point
pressures for the systems with linear polymers did not change
with increasing polymer molar mass in the present investiga-
tion. It can, thus, be concluded that the dependence of the
bubble-point pressure on the polymer size is due to the
branched structure of the hyperbranched polyglycerol. This
behavior is not yet captured by statistically based thermody-
namic models and encourages their further development.
Second, the exceptionally high polymer concentration at the
lower critical solution temperature could only be found in
systems with hyperbranched polyglycerol6 and, therefore,
forms a characteristic trait of phase equilibria including den-
dritic compounds.
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