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Thermodynamic properties of a series of commercial hyperbranched aliphatic polyesters (Boltorn® H20,
H30 and H40) were examined for the first time by inverse gas chromatography (IGC) using 13 different
solvents at infinite dilution as probes. Retention data of probes were utilized for an extensive character-
ization of polymers, which includes the determination of the Flory—Huggins interaction parameter, the
weight fraction activity coefficient as well as the total and partial solubility parameters. Analysis of the
results indicated that the total and partial solubility parameters decrease with increase of temperature.
Furthermore, upon increase of the molecular weight, while the hydrogen bonding component decreases,
no influence on the total solubility parameter is noticed within the experimental error margins. Results
from the present study while providing new insight to the thermodynamic characteristics of the exam-
ined systems, they are also expected to reflect more general aspects of the behavior of hyperbranched

polymers bearing similar end-groups.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, dendritic macromolecules such as den-
drimers and hyperbranched polymers have attracted considerable
scientific interest. They are characterized by a well defined glob-
ular macromolecular architecture with nanosized dimensions and
a large number of functional groups. Due to their structure, they
present a number of unique properties [1] which render them
appropriate candidates for a wide variety of applications [2-4].
While dendritic molecules with perfectly symmetric structure (i.e.,
dendrimers) are only available through laborious multistep pro-
cedures, synthetic procedures of hyperbranched analogues with
non-regular topological features, remain much cheaper. Due to
their multifunctional characteristics and their cost-effective syn-
thesis hyperbranched polymers have recently become the focus of
intense academic and industrial research. A characteristic example
of such hyperbranched molecules which can now be produced on
an industrial scale, belong to the aliphatic polyester family bearing
the commercial name Boltorn®. Due to their commercial availabil-
ity and their unique properties, these molecules have been used as
basic constituents for several practical purposes [5-7]. However,
despite the great variety of their applications, there is still a lack
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of data concerning some of the key thermodynamic properties of
these materials.

Inverse gas chromatography is a useful and quite versatile
technique for materials’ characterization, because it can provide
information on thermodynamic properties over a wide tempera-
ture range. The term “inverse” indicates that the stationary phase
of the chromatographic column is of interest, in contrast to conven-
tional gas chromatography. The chromatographic column contains
the material under study. The method is simple, fast, and efficient. It
has been used for the characterization of hyperbranched polymers
[8], block copolymers [9], polymer blends [10], nanocomposites
[11], fillers [12], cement pastes [13], fibers [14], and crude oils
[15].

The interactions between one probe and the polymer are
usually characterized by the values of Flory-Huggins interaction
parameter, while, in this direction, the pure compound solubility
parameters are also quite useful [16]. The knowledge of solubility
parameters is very important for a number of relevant applications,
where the solubilization properties of systems involving polymers
are of great importance, such as drug delivery [17], nanoparticle
fabrication [18], and coating applications [19].

In the present study, inverse gas chromatography was applied to
investigate thermodynamic properties of hyperbranched aliphatic
polyesters, bearing the commercial names Boltorn® H20, H30 and
H40. The molar heat of sorption, the partial molar heats of mixing,
the weight fraction activity coefficient, the Flory-Huggins inter-
action parameter, the total and the partial solubility parameters
were calculated. In addition, the influence of molecular weight and
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temperature on the solubility parameters of the hyperbranched
systems was examined.

2. Inverse gas chromatography-infinite dilution theory
2.1. Thermodynamics of IGC

In inverse gas chromatography, molecular probes are injected
at the infinite dilution limit in order to avoid lateral probe-probe
interactions. Therefore, their retention on the solid surface is gov-
erned only by solid-probe interactions. The specific retention
volume, Vg, or the net retention volume, Vy, used to describe the
elution behavior of probes, can be calculated according to the fol-
lowing relationship [20]:

273 273 w
Ve= T = P (1-5) () (1)

where tg, ty are the probe’s and marker’s retention times, respec-
tively, Ws is the mass of the polymeric stationary phase, Fy; is the
carrier gas flow rate measured at the column outlet at ambient pres-
sure, p’, and temperature, Tg. Also, T is the column temperature, py
is the vapor pressure of water at Tg and J is the James and Martin
factor used to correct for the gas carrier compressibility, defined as:
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where P; and P, are the inlet and outlet pressures, respectively.
The specific retention volume, Vg, can be used for the calculation
of thermodynamic properties. The molar heat (enthalpy) of probe’s
absorption in the polymer, AHS, the molar heat of mixing at infi-
nite dilution, AH{°, and the weight fraction activity coefficient at
infinite dilution of the probe, £29°, can be calculated as follows [20]:
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The Flory-Huggins parameter, x33, which reflects the strength of
the interaction between the polymer and the probe, can be calcu-
lated from the relation [20,21]:

273.15Rv P2(By1 -V
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where P{, My, V1, and By1, are the vapor pressure, molecular weight,
molar volume, and the second virial coefficient, respectively, of the
probe. R and v, are the gas constant and the specific volume of the
polymer, respectively.

Furthermore, heats of vaporization of the probes are calculated
through the equation [20]:

AHy = AHY — AHS 7)

The solubility parameter of the probe, §1, is calculated through the
well known equation [22]:
AHy — RT\ /2
o= (=) (8)
1

where AHy is the molar enthalpy of vaporization.

Based on a set of X(O? 2 and §;; values for the respective test

solutes, one may calculate the slope of the linear relationship

between the left hand-side of Eq. (9) versus 8y;:
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where xg° is the entropy term of interaction parameter, x75. The
slope (26, /RT) is proportional to the solubility parameter of the
examined material, §,, [23-26].

Voelkel and Janas [27] proposed a method for the estimation
of Hansen’s partial solubility parameters. These are related to the
total solubility parameter, 1, by the equation [28]:

& =03+8+8 (10)

where &4, 0p and 8y, are the partial solubility parameters due to
dispersive, polar, and hydrogen bonding interactions, respectively.
The partial parameters are calculated from the slope of Eq. (9), when
this is used separately for three groups of probes (i) n-alkanes, (ii)
polar non-hydrogen bonding and (iii) hydrogen bonding, which are
defined by the following equations:
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where m,_;jkanes 1S the value of the slope of Eq. (9) using C8-C11 n-
alkanes as (non-polar probes), my is the value of the slope of Eq. (9)
using 2-butanone, 2-pentanone, acetonitrile, cyclopentanone and
nitropropane (polar probes) and m; is the value of the slope of Eq.
(9) for ethanol, n-propanol, n-butanol and 1,4-dioxane (hydrogen
bonding fluids).

3. Experimental
3.1. Materials

Hyperbranched aliphatic polyesters Boltorn H20, H30 and H40
(see Fig. 1) were obtained from Perstorp with a weight—average
molecular weight (My,) of 2100, 3500, and 5100 g/mol, respectively.
The column solid support was Chromosorb W HP (80/100 mesh)
from Supelco.

Thirteen solvents (n-octane, n-nonane, n-decane, n-undecane,
acetonitrile, 2-butanone, 2-pentanone, nitropropane, cyclopen-
tanone, 1,4-dioxane, ethanol, 2-propanol and n-butanol) of
analytical grade were used as the probes and were purchased from
Aldrich.

3.2. Inverse gas chromatography apparatus and conditions

A Hewlett Packard HP 5890 gas chromatograph, equipped with
a flame ionization detector (FID), was used. The flow rate was
determined using soap bubble flow meter at room temperature.
Commonly, either methane or air [20,29] can be used as non-
interacting marker for the determination of the column dead
time. In this case methane was used as non-interacting marker. A
small amount of the solvent (0.1 pl) was injected manually with a
1 pl Hamilton syringe. Five injections were made for each probe.
Because the eluted peaks had a small asymmetrical profile, the
retention times were determined via the first moment of the con-
centration distribution [20]. The columns were made from stainless
steel and washed with acetone prior to use. Each hyperbranched
aliphatic polyester was dissolved in a proper solvent (methanol). In
this study, in order to have better control of the amount of polymer
coated on Chromosorb, the coating method proposed by Al-Saigh
and Munk [21] was adopted for the preparation of the stationary
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Fig. 1. Theoretical chemical structures of the hyperbranched aliphatic polyesters Boltorn H20, H30 and H40 used in the present investigation.

phase. The loading of the column was made by the aid of a mechan-
ical vibrator and a vacuum pump. After packing, the column was
capped by glass wool. Column specifications and conditions of the
measurements are presented in Table 1.

4. Results and discussion

Initially, the specific retention volume for each probe was esti-
mated from the elution profile for all the examined systems. Next,
given the values of Vg, the molar heat of sorption and the partial
molar heats of mixing were calculated for the Boltorn® H20 sample.
Following, the values of the weight fraction activity coefficient and
the Flory-Huggins interaction parameter were estimated. Finally,
the influence of molecular weight and temperature on solubility
parameters was also determined. More details on the procedures
followed for the determination of the aforementioned quantities
are provided in the next sections.

4.1. Specific retention volumes and interaction parameters

Specific retention volumes, Vg, of 13 probes were obtained
for the Boltorn H20 at three different temperatures, 343.15,
353.15 and 363.15K and for Boltorn H30 and H40 at 353.15 and

Table 1
Column specifications and chromatograph conditions.
Boltorn H20 Boltorn H30 Boltorn H40

Loading (%) 16 15.5 16
Mass coated (g) 0.0882 0.0866 0.0889
Column length (cm) 65 65 65
Column i.d. (in) 0.0625 0.0625 0.0625
Column temperature (°C) 70, 80, 90 80 90
Injector temperature (°C) 200 200 200
Detector temperature (°C) 200 200 200
Carrier gas Helium Helium Helium
Flow (ml/min) 12.8 12.8 12.8
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Table 2

Specific retention volumes, Vg (cm? g~1) of probes on Boltorn H20 at 343.15, 353.15 and 363.15K, on Boltorn H30 at 353.15 K and on Boltorn H40 at 363.15K.
Probes Boltorn H20 Boltorn H30 Boltorn H40

343.15 353.15 363.15 353.15 363.15

n-Octane 22.16 19.22 16.91 20.40 11.49
n-Nonane 39.64 33.04 29.32 34.60 20.27
n-Decane 71.35 56.74 46.30 60.18 33.85
n-Undecane 110.04 90.46 75.93 108.85 55.12
Acetonitrile 117.27 92.48 71.23 82.89 67.67
Cyclopentanone 471.50 360.92 267.20 348.93 249.15
Nitropropane 266.78 194.61 148.54 188.97 136.17
2-Butanone 67.22 53.51 43.84 54.40 39.23
2-Pentanone 100.82 78.00 61.11 75.28 59.45
1,4-Dioxane 206.59 160.04 125.24 147.79 107.28
Ethanol 124.43 88.57 65.83 86.91 63.05
n-Propanol 206.50 139.18 100.58 133.15 91.98
n-Butanol 369.22 243.95 164.64 230.23 146.98

Table 3

The molar heat of sorption, AH7, the partial molar heat of mixing, AH{® of probes on Boltorn H20, and the heats of vaporizations, AHy of probes at 343.15-363.15K.
Probes AH? AH]”“ AHy AHy?
n-Octane —14.03 £ 042 24.04 + 0.36 38.07 £ 0.78 37.99
n-Nonane —15.65 + 1.59 26.99 + 0.72 42.64 + 2.31 42.66
n-Decane —2241 + 1.11 24.75 + 0.15 47.16 + 1.26 47.19
n-Undecane —22.60 £ 2.55 29.38 + 1.44 51.98 + 3.99 52.14
Acetonitrile —25.80 £ 0.72 5.49 + 1.32 31.30 + 2.04 30.28
Cyclopentanone —29.39 + 1.02 9.89 + 1.77 39.28 + 2.79 39.09
Nitropropane —30.34 £ 1.35 9.71 £ 0.57 40.05 + 1.92 40.39
2-Butanone —22.14 £ 0.87 9.72 +£ 0.24 31.87 + 1.11 31.53
2-Pentanone —25.93 + 0.36 9.43 + 0.36 35.36 + 0.72 34.98
1,4-Dioxane —25.92 £ 033 9.17 £ 0.39 35.08 + 0.72 35.63
Ethanol -32.99 +1.29 6.56 + 0.45 39.55 + 1.74 38.51
n-Propanol —37.28 £ 2.07 6.38 + 1.14 43.66 + 3.21 41.70
n-Butanol —41.83 £ 0.63 5.64 + 0.39 47.47 + 1.02 47.44

2 Experimental values from Ref. [25].

363.15K, respectively. The temperatures are higher than the cor-
responding glass transition temperatures of Boltorn H20, H30
and H40 (303.15, 308.15 and 313.15K, respectively, as measured
by Differential Scanning Calorimetry). Three different groups of
probes were used to determine the thermodynamic properties
of the systems: normal alkanes from octane to undecane; polar
non-hydrogen bonding probes such as ketones, acetonitrile, nitro-
propane, cyclopentanone; and hydrogen bonding probes such as
alcohols and 1,4-dioxane. Table 2 shows the specific retention
volumes of probes on the hyperbranched polymers at different
temperatures. The reported Vg values refer to the average of at least
four measurements. In all cases the standard deviation was lower
than 2% of the reported value.

For the Boltorn H20 sample, the specific retention volume, Vg,
of the probes decreases as the temperature increases. Further-
more, the weight fraction activity coefficient and the Flory—-Huggins
interaction parameter decrease as the temperature increases. Also
interactions between groups such as CH,, OH, O and COO of Boltorn
H20 and groups such as CH,, OH and CO of probes, are expected
to increase with temperature. This can be understood, since an
increase in temperature leads to an increase of the kinetic energy
of the polymer and the probes, enhancing thus the probability of
these groups to be in the proper position for an efficient inter-
action between them to take place. Consequently, the solubility
of the Boltorn H20 in these probes increases as the temperature
rises.

A comparison of the data presented in Tables 2 and 3 reveals that
the specificretention volume and the molar heat of sorption of polar
probes are higher than the corresponding values of the non-polar
probes with comparable boiling points. This should be attributed
to the fact that non-polar probes, like n-alkanes, interact with poly-
mers only with dispersion forces in contrast to polar probes which

in addition interact with dipole-dipole (or dipole-quandupole,
etc.) interactions with their OH, COO and O groups.

In addition, the weight fraction activity coefficient and the
Flory—-Huggins parameter of the alkanes, ketones, and alcohols
increase as the chain length of the probe increases. This could be
due to the fact that penetration of probes inside the polymeric
structure becomes more difficult as the chain length of the probe
increases. In other words, the longer the alkanes, ketones and alco-
hols chain lengths, the weaker their interactions with the examined
polymers.

Furthermore, as presented in Table 3, the heats of vaporization,
AHy, for all probes are comparable with literature values [30],
indicating that the experimental values of AHj and AH{® were
amenable to thermodynamic analysis.

The experimental values of the weight fraction activity coeffi-
cient, £29°, and of the Flory-Huggins parameter, x5, are reported
in Tables 4 and 5, respectively. These parameters are related to
the ability of a solvent to dissolve the investigated polymer. The-
oretically, if x75 is smaller than 0.5 or £2{° is smaller than 5, the
probe is characterized as “good solvent” for the polymer, whereas
if 5 < £29° < 10, the probe is characterized as “moderate solvent”.

Subsequently, as shown in Tables 4 and 5, in the investigated
temperature range, alkanes can be characterized as poor solvents,
while all the hydrogen bonding probes as good ones. From the
polar probes, cyclopentanone, 2-butanone, 2-pentanone, and ace-
tonitrile can be considered as good solvents, whereas nitropropane
as amoderate solvent. 1,4-Dioxane, because of the strong hydrogen
bonding interaction between O group and OH groups of hyper-
branched polymers shows significantly low values of x5, and £2{°
indicating that this is the best solvent amongst all examined probes.
This behavior appears to be independent from the molecular weight
of the hyperbranched polymers.
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Table 4
Weight fraction activity coefficient, £27° of probes on Boltorn H20 at 343.15, 353.15
and 363.15K, on Boltorn H30 at 353.15 K and on Boltorn H40 at 363.15K.

Table 6
Boltorn H20 solubility parameters, §, (MPa)'/2, calculated from Eq. (9) at 343.15,
353.15 and 363.15K.

Probes Boltorn H20 Boltorn H30  Boltorn H40

343.15 353.15 363.15 353.15 363.15
n-Octane 57.58 4537  36.20 42.74 53.25
n-Nonane 71.32 55.86 42.33 53.34 61.23
n-Decane 89.31 70.09 55.38 66.08 75.74
n-Undecane 142,59 103.14 75.80 85.72 104.43
Acetonitrile 7.26 6.74 5.42 7.52 6.88
Cyclopentanone 4.40 3.88 3.64 4.02 3.90
Nitropropane 7.83 7.19 6.49 7.41 7.08
2-Butanone 6.54 5.98 5.42 5.88 6.06
2-Pentanone 7.77 7.05 6.48 7.31 6.66
1,4-Dioxane 3.61 3.29 3.03 3.56 3.54
Ethanol 5.65 5.34 4.97 5.44 5.19
n-Propanol 5.71 5.47 5.05 5.72 5.52
n-Butanol 6.20 5.83 5.56 6.18 6.23

Table 5

The Flory-Huggins parameter, x5 of probes on Boltorn H20 at 343.15, 353.15 and
363.15K, on Boltorn H30 at 353.15K and on Boltorn H40 at 363.15K.

Probes Boltorn H20 Boltorn H30  Boltorn H40
343.15 353.15 363.15 353.15 363.15
n-Octane 243 2.18 1.95 2.13 2.33
n-Nonane 2.67 241 2.13 2.37 2.50
n-Decane 291 2.66 242 2.60 2.73
n-Undecane 3.30 297 2.66 2.79 2.98
Acetonitrile 0.45 0.37 0.32 0.50 0.37
Cyclopentanone  0.16 0.03 -0.04 0.07 0.03
Nitropropane 0.79 0.70 0.59 0.73 0.67
2-Butanone 0.37 0.27 0.16 0.27 0.27
2-Pentanone 0.56 0.45 0.36 0.50 0.39
1,4-Dioxane 0.05 —0.05 -0.14 0.03 0.01
Ethanol 0.22 0.16 0.07 0.19 0.12
n-Propanol 0.25 0.20 0.11 0.25 0.20
n-Butanol 0.34 0.28 0.22 0.34 0.34
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Fig. 2. Variation of §; against [(8§12/RT)-x12/V1] on Boltorn H20 at 343.15 K.

4.2. Solubility parameters

The solubility parameter, §,, of the polymeric samples can be
determined from the slope of Eq. (9) (Fig. 2). The experimental data
for the so-calculated solubility parameters together with the max-
imum error, are shown in Table 6 for Boltorn H20 and in Table 7 for
Boltorn H30 and H40. In all cases, the correlation coefficients were
relatively high (>0.996). A small decrease of the solubility param-
eter of Boltorn H20 with increase of temperature can be observed.
Moreover, no influence of the molecular weight on the solubility
parameter can be noticed.

Temperature Slope 8, from slope

343.15 0.01432 +2.53E-04 2042 + 0.36

353.15 0.01369 +2.5E-04 20.09 + 0.37

363.15 0.01309 +2.53E-04 19.76 + 0.38
Table 7

Boltorn H30 and Boltorn H40 solubility parameters, 8, (MPa)'/2, calculated from Eq.
(9) at 353.15 and 363.15 K respectively.

Temperature Slope 8 from slope
Boltorn H30 353.15 0.01353 £ 2.66E-04 19.86 + 0.39
Boltorn H40 363.15 0.01318 +£2.54E-04 19.89 + 0.38

The total solubility parameter ét and its components 4, dp, Jp,
were determined by using Eqs. (10) and (11). The experimental val-
ues for the examined polymers at all temperatures, are presented
in Figs. 3-6. In all cases, the correlation coefficients remained high
(>0.992). The values of the total solubility parameters §t which
were calculated from Eq. (10) are lower than those calculated from
Eq. (9) (see Table 6), in agreement with the behavior noticed by
Voelkel and Janas [27] for linear polymer systems.

A small decrease of the total, dispersive, polar, and hydrogen
bonding components of the solubility parameter of Boltorn H20
with increase of temperature can be observed in Figs. 3 and 4.
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Fig. 3. The total and dispersive components of the solubility parameters in Boltorn
H20 as a function of temperature.

g
—D—
D— ]
>—
1

~1
|

12
5, 5., (MPa)
P
——
[ ™
——

44 4
A
3 6 hb
o 9
P
2 T T T T T =
340 345 350 355 360 365 370

T, (K)

Fig. 4. Effect of temperature on the hydrogen bonding and polar components of the
solubility parameters in Boltorn H20.
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Fig. 5. Molecular weight dependence of the total and dispersive components of the
solubility parameters.

In order to investigate the influence of molecular weight on the
solubility parameter and its partial components, it is reasonable to
keep the difference between the examined temperature and glass
transition temperature of each sample the same. The H20 and H30
systems are characterized by almost the same glass transition tem-
perature, while that of the third generation sample (i.e., H40) is
approximately ten degrees higher compared to those of the lower
molecular weight systems. Taking this into account, as shown in
Fig. 5, the molecular weight does not seem to influence the total
solubility parameter.

It is also evident from Fig. 6 that the hydrogen bonding com-
ponent decreases with increase of molecular weight. This behavior
might be accounted for by the expected differences in the geometri-
cal features between the smallest in size and the higher generation
molecules; the star-like structure of the H20 molecule (Fig. 1) could
allow for a higher accessibility of the probes to almost all the molec-
ular sites, and, thus, increase the probability of hydrogen bond
formation. On the other hand, the dispersive component increases
with increase of the molecular weight (see Fig. 5). The effect of
molecular weight on the polar component appears to be analo-
gous to the one observed for the hydrogen bonding component,
as depicted in Fig. 6. This might be associated with the fact that a
significant percentage of the polar interactions involve polymeric
sites capable of hydrogen bond formation (e.g., hydroxyl and car-
bonyl groups) and, thus, may bear analogous to hydrogen-bonding
characteristics.
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Fig. 6. Influence of molecular weight on the hydrogen bonding and polar compo-
nents of the solubility parameters.

5. Conclusions

In this work we have presented a detailed study of thermody-
namic properties of a series of hyperbranched aliphatic polyesters
(Boltorn H20, H30 and H40) by means of inverse gas chromatogra-
phy.

Based on the detailed level of the analysis that could be per-
formed from the collected data, it appears that IGC can be used
as a particularly sensitive technique for the characterization of the
thermodynamic properties of such molecules.

More specifically, calculation of the values of the Flory-Huggins
parameter and the weight fraction activity coefficient, allowed the
classification of the probes regarding their quality as solvents for
the hyperbranched molecules: the non-polar probes were found to
behave as poor solvents, whereas the hydrogen bonding probes as
good solvents for the examined systems. In particular, 1,4-dioxane
was found to be the best solvent amongst the examined probes.

For the calculation of the total solubility parameter, both, Guil-
let [23] and Voelkel [27] methods were applied. The values of the
total solubility parameter, which were calculated from Voelkel and
Jannas method, were found lower than those calculated from the
Guillet method, in line with the observations of Voelkel and Janas
[27] for linear polymer systems. However, the behavior of the total
solubility parameter as a function of molecular weight and temper-
ature was found to be unaffected by the chosen method of analysis.

Increase of molecular weight does not seem to incur any signif-
icant change in the total solubility parameter, while elevation of
temperature imparts only a small decrease on the §1 values. The
hydrogen bonding and polar components decrease upon increase
of molecular weight and temperature. The dispersive component,
on the other hand, while decreasing as temperature rises, it appears
to increase with increase of molecular weight.

In view of the successful application of IGC in the studied sys-
tems, we believe that it can be a particularly useful tool in the study
of other polymers of technological importance bearing a hyper-
branched architecture as well.
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