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Infinite-dilution activity coefficients are measured for several polar and nonpolar solvents in hyperbranched
polymers using inverse gas chromatography in the temperature range 40-160 °C. Two kinds of polymers
are studied: comb polymers and dendritic polymers. The combs are poly(styrene-co-maleic anhydride)
with alkyl side chains of different lengths (C12, C22). The solvents are: acetone, toluene, tetrahydrofuran
(THF), and chloroform. Solvent solubility in the combs depends on the ratio between the polar backbone
and the nonpolar side chain of the polymer. The dendrimers are amine-terminated poly(propylenimine)
of generation 2 to 5. The solvents are: methanol, ethanol, ethyl acetate, toluene, and THF. Solvent activity
coefficients change with respect to the dendrimer generation number, reaching a minimum at generation
4. Because the dendrimers are basic, the solvent quality is higher for slightly acidic solvents, such as
methanol and ethanol. Flory’s interaction parameters are calculated for the solvent/dendrimer systems.

Introduction
Hyperbranched polymers (such as star, comb, brush, and

dendritic polymers) have applications in many fields. For
example, they can be used as chemical sensors (Wells and
Crooks, 1996), catalysts (Knapen et al., 1994), liquid
crystals (Allia et al., 1997), chromatographic materials
(Dubin et al., 1992; Castagnola et al., 1995), surfactants
(Xu et al., 1992; Li et al., 1992), or in the biomedical field
as drug-delivery devices or gene vectors (Merrill, 1993;
Jansen et al., 1995; Haensler and Szoka, 1993), or also in
blends with linear polymers to improve the performance
of plastics, coatings, or lubricants (Gersappe et al., 1994;
Israels et al., 1995; Simms, 1993; Carr et al., 1996).

Despite the wealth of potential applications, so far few
experimental studies of thermodynamic properties of poly-
mers in solution have focused on polymers with a well-
characterized branched structure (Cowie et al., 1979; Faust
et al., 1989; Yokoyama et al., 1991; Mio et al., 1997; 1998),
probably because of the difficulty in manufacturing these
macromolecules. Because of recent advances in polymer
synthesis, regularly branched polymers are now more
easily available (Frechet and Hawker, 1996; Lutz and
Rempp, 1988; Newkome et al., 1996; Tomalia and Durst,
1993).

In industrial polymer production, design and develop-
ment of processes require thermodynamic data, such as
vapor pressure as a function of liquid composition. Com-
paring the experimental solution behavior of well-defined,
monodisperse branched, and linear macromolecules may
provide insight as to what extent branching affects polymer-
solution properties; in addition, it is useful for testing and
developing models for branched polymers toward rational
design of products with specific characteristics. In particu-
lar, comparison of properties of classical linear polymers
and dendrimers is of special interest because the globular
shape and the high number of surface groups of dendrimers
may soon lead to new applications for this type of polymer.

Our work aims to measure activity coefficients of several
solvents infinitely dilute in some hyperbranched polymers,

using a standard gas-chromatographic technique. Inverse
gas chromatography provides a convenient and fast method
to obtain infinite-dilution solvent volatilities from concen-
trated polymer solutions (see, for example, Smidsrod and
Guillet, 1969; Newman and Prausnitz, 1973; Romdhane
and Danner, 1991).

We studied the thermodynamic behavior of several
common organic solvents in two kinds of hyperbranched
polymers: comb and dendritic polymers.

Solvent infinite-dilution activity coefficients are provided
at temperatures ranging from 40 to 160 °C and Flory’s
interaction parameters are given for the solvent/dendrimer
systems.

Experimental Section

Apparatus. Inverse gas chromatography (gas-liquid
chromatography) was applied to study polymer-solvent
interactions. The gas chromatograph (GC) was a Shimadzu
Model GC-14A. Solvent samples were injected directly into
the chromatographic column with a 1-µL Hamilton Micro-
liter No. 7001 syringe. A thermal-conductivity detector
(TCD) and a recorder were used to measure solvent
concentration in the carrier gas.

The flow rate of the helium carrier gas was measured
within (0.1 mL/min with a bubble flowmeter at the output
of the TCD. The carrier-gas flow was controlled with the
same accuracy by the manual pressure regulators of the
GC. A membrane manometer with precision of 0.1 bar (FM,
Marcon, Italy) was used to measure the column-inlet
pressure.

The temperature was kept constant within (0.1 °C by
the air bath of the GC equipped with a temperature
controller. The chromatographic column was placed in the
middle of the bath, where the temperature gradient along
the column was checked to be within ( 0.5 °C.

Materials. The column solid support was 100/120 mesh
Chromosorb pink, acid washed, and silanized (Supelco,
Bellefonte, PA). Because solvent adsorption on the support
is prevented because of the silanizing treatment, this
support can be used with both polar and nonpolar solvents.* To whom correspondence should be addressed.
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In addition, it is characterized by a high surface area, thus
allowing higher amounts of stationary phase to be loaded.
Solvent characteristics are given in Table 1. All solvents
were used without further fractionation.

Two kinds of hyperbranched polymers were studied:
comb and dendritic polymers. Comb polymers have a linear
backbone and several side chains, also called teeth, at-
tached to it. The degree of branching of comb polymers can
be changed by changing either the number of teeth (or their
frequency along the backbone) or the tooth length.

The backbone of the combs was the copolymer of poly-
styrene and poly(maleic anhydride) (PSMA) of 50% molar
composition and MW ) 116 000 Da. It was obtained
through radical polyaddition of styrene and maleic anhy-
dride.

The structure of the comb polymer repeat unit is:

The alkyl side chains were attached by esterification of the
anhydride group with alcohols (1-dodecanol and 1-docosanol).
The yield of the reaction was approximately 50%; therefore,
the molecular weights of the comb, named C12 and C22,
were approximately 213 000 and 293 400 Da, respectively.
PSMA, C12, and C22 were kindly donated by P. R.
Chatterji (Indian Institute of Chemical Technology, Hy-
derabad, India).

Differential scanning calorimetry (DSC) was performed
on the polymers using a Perkin-Elmer calorimeter (model
DSC-4). The DSC traces did not show a clear glass
transition for the polymers, but the glass-transition tem-
perature Tg was less than 100 °C for PSMA and C12; C22
showed a sharp crystalline peak around 64 °C (the long
C22 side chains probably form crystalline structures).

The decomposition temperatures in inert atmosphere
were 125, 180, and 150 °C for PSMA, C12, and C22,
respectively. The GC experiments were performed below
these decomposition temperatures.

Dendrimers are highly branched, tree-like molecules that
emanate from a central multifunctional core. They are
grown in concentric layers, called generations, through
multistep repetitive synthesis (Frechet and Hawker, 1996;
Newkome et al., 1996). After several layers, the surface
becomes densely packed and the dendrimer assumes a
spherical, globular shape. Dendrimers possess three ar-
chitectural components: a core, an interior, and a surface
with numerous end groups that can be functionalized by
chemical reaction.

The dendrimers used were poly(propylenimine) with a
tetrafunctional diaminebutane core (DSM Fine Chemicals,
Geleen, Netherlands). They were synthesized with the

divergent method, through successive Michael additions
and hydrogenations of the nitrile groups (de Brabander-
van den Berg et al., 1994; de Brabander et al., 1996). Their
commercial name is Astramol. Four generations were
used: Astramol Am 8, MW ) 773 Da (generation 2);
Astramol Am 16, MW ) 1687 Da (generation 3); Astramol
Am 32, MW ) 3514 Da (generation 4); Astramol Am 64,
MW ) 7166 Da (generation 5).

The samples were monodisperse. They were obtained
through successive Michael additions of acrylonitrile and
subsequent hydrogenation of the surface groups from
nitrile to amine. For Am64, 1% of the nitrile surface groups
did not react to become amines in the last hydrogenation
step. All other samples were highly pure.

All dendrimers were viscous liquid at room temperature;
their Tg was approximately -65 °C (de Brabander et al.,
1994) and their thermal decomposition temperature was
greater than 400 °C.

Column Preparation. The columns were prepared by
first dissolving a known mass of polymer in a suitable
solvent. PSMA and C12 were dissolved in acetone, C22 in
chloroform, and the Astramol dendrimers in methanol.

The solution was stirred with a known mass of solid
support to obtain a column packing with about 15% mass
polymer. The exact percentage was obtained by calcination
of a sample of the coated support at high temperatures
(700-800 °C) for 8 h. Because the calcination process
removes all polymer coating from the support, the amount
of polymer is calculated from the difference in sample
weight before and after calcination. The solvent was
eliminated using a rotating evaporator (Inlabo, model EVI
90/1), whereas the suspension was stirred continuously for
2-3 h to obtain a perfectly homogeneous coated support.
The support was then dried to constant weight in a
thermostatic oven for 4-6 days. The oven temperature was
kept low enough to prevent polymer melting or flow.

The coated support was packed into 1/4- or 1/8-in. o.d.
stainless steel tubings, while vibrating the column to
ensure uniform packing. The columns were bent in a U or
spiral shape to fit inside the thermostatic bath of the GC.
Table 2 gives the diameters of the columns and the
amounts of each polymer in them; the loading percentage
was always between 14 and 20%, with a precision of (0.5
mg.

After mounting the columns onto the chromatograph, the
connections were checked carefully for leaks. All columns
were conditioned overnight to remove any moisture or
solvents still present. The process was carried out at 15-
20 °C higher than the maximum temperature reached
during the GC experiments. The carrier gas flow rate was
60 mL/min and 15 mL/min for 1/4- and 1/8-in. o.d. columns,
respectively.

Procedure. A very small amount of the solvent (0.1 µL)
was injected into the carrier gas where it was vaporized

Table 1. Solvent Characteristics

solvent manufacturer purity

chloroform Baker >99.0%
chloroform PROLABO >99.2-99.6%
toluene PROLABO >99.7%
methanol Baker >99.8%
THF PROLABO >99.0%
acetone PROLABO >99.8%
ethanol PROLABO >99.8%
ethyl acetate Rudi Pont >99.5%

Table 2. Mass of Polymer Loaded and GC Column
Diameters

polymer

mass of
polymer

w2, g
column external
diameter, mm

poly(styrene-co-maleic anhydride) 0.290 3.17
C12 esterified poly(styrene-

co-maleic anhydride)
0.683 6.35

C22 esterified poly(styrene-
co-maleic anhydride)

0.564 6.35

Astramol-Am 8 0.945 6.35
Astramol-Am 16 0.545 6.35
Astramol-Am 32 0.759 6.35
Astramol-Am 64 0.767 6.35
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and carried through the chromatographic column, together
with air (0.1-0.2 µL), used as reference (air is not absorbed
by the polymer).

Table 3 gives the experimental conditions. At the re-
ported (low) values of the carrier flow rate, the solvent
injected could distribute between the mobile (helium gas)
and fixed (liquid polymer) phase as a series of vapor-liquid
equilibrium steps (Heintz et al., 1979).

The detector recorded the air peak, related to the column
dead volume, and the solvent peak. For both air and
solvent, the maximum of the recorded peak was taken as
the retention time. This procedure was correct because of
peak symmetry.

For each solvent, 5 to 10 injections were performed to
ensure a good reproducibility of the data at any given
temperature. This can be checked from the values of σ, the
standard deviation reported in the results (Tables 4 to 12).

Reliability of the apparatus was established by repro-
ducing experimental data from the literature for toluene,
n-heptane, acetone, chloroform, THF, and methanol in poly-
(styrene) and for methanol, toluene, and THF in poly-
(methyl methacrylate). The data obtained agreed with
those of Alessi et al. (1992) within experimental uncer-
tainty.

Inverse GC can be applied correctly only if the solvent
pulse establishes local equilibrium with the polymer
throughout the column, and if all the mass of polymer
participates in the solvent equilibrium distribution. The
first goal was achieved by sufficiently lowering the carrier
flow rate. For the second goal, a practical way to check it,
according to Smidsrød and Guillet (1969), is to plot the
logarithm of the retention volume as a function of the
inverse of the absolute temperature: if a straight line is
obtained in a large temperature range, the measurement
is reliable in that range. This condition was satisfied for
all our experiments. Figures 1 and 2 show plots for a comb
polymer (C22) and for a dendrimer (Am 32), respectively.

Data Reduction

The mass-based infinite-dilution activity coefficient of the
solvent, Ω1

∞, is obtained from the experimental GC data,
i.e., from the retention time, using (Kikic, 1980):

In Eq 1 Ω1
∞ is the mass fraction solvent activity coef-

ficient at infinite dilution, W2 is the mass of polymer loaded
in the GC column, R is the universal gas constant, T is
the absolute temperature, Q is the carrier-gas flow rate,
tr∞ is the retention time of solvent at infinite dilution, tm is
the dead time of the column, MW1 is the solvent molecular
weight, j is the James Martin’s factor, φ1

v is the vapor-

phase solvent fugacity coefficient, P1
sat is the solvent vapor

pressure, B11 is the solvent second virial coefficient, v1sat
l

is the liquid molar volume of solvent at saturation, and P
is the total pressure. The gas-phase mixture was considered
ideal; therefore: φ1

v ) 1.
Tables 4-12 summarize the experimental solvent infinite-

dilution activity-coefficient data.

Table 3. Experimental Conditions

polymer temperature t,°C carrier flow rate, mL/min column pressure drop, bar

poly(styrene-co-maleic anhydride) 90-120 1.6-2 0.75
C12 esterified poly(styrene-co-maleic anhydride) 90-160 8-12.2 0.15-0.25
C22 esterified poly(styrene-co-maleic anhydride) 90-155 7.8-8.6 0.15-0.2
Astramol-Am 8 40-140 9.1-10.1 0.2-0.25
Astramol-Am 16 60-140 10.3-11.1 0.14-0.2
Astramol-Am 32 60-140 9.2-9.9 0.175-0.25
Astramol-Am 64 60-140 10.6-11.3 0.15-0.2

Figure 1. Specific retention volume as a function of temperature
for C22 comb polymer: toluene ([); acetone (9); chloroform (2);
THF (×).

Figure 2. Specific retention volume as a function of temperature
for Am 32 dendrimer: ethyl acetate ([); toluene (9); methanol
(2); ethanol (×); THF (*).

Table 4. Infinite-Dilution Activity Coefficients of
Toluene in Comb Polymers

backbone C12 C22

t ) 160 °C tr - tm [min] 0.597
σ(tr - tm) 0.0065
Ω1

∞ 13.2
σ(Ω1

∞) 0.14
t ) 155 °C tr - tm [min] 1.823

σ(tr - tm) 0.031
Ω1

∞ 5.44
σ(Ω1

∞) 0.091
t ) 140 °C tr - tm [min] 0.863 2.754

σ(tr - tm) 0.0073 0.0066
Ω1

∞ 13.5 5.15
σ(Ω1

∞) 0.11 0.012
t ) 120 °C tr - tm[min] 5.801 2.192 4.406

σ(tr - tm) 0.041 0.046 0.017
Ω1

∞ 10.5 11.8 4.84
σ(Ω1

∞) 0.073 0.24 0.018
t ) 105 °C tr - tm [min] 7.279 4.187 6.516

σ(tr - tm) 0.56 0.12 0.035
Ω1

∞ 10.6 8.97 4.92
σ(Ω1

∞) 0.80 0.26 0.026
t ) 90 °C tr - tm [min] 8.843 7.989 9.959

σ(tr - tm) 0.62 0.090 0.024
Ω1

∞ 11.9 7.09 4.70
σ(Ω1

∞) 0.86 0.080 0.011

Ω1
∞ )

W2RT

Q(tr∞ - tm)jMW1

φ̂1
ν

P1
sat exp[P1

sat(B11 - ν1sat
l ) + Pν1sat

l

RT ]
(1)
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From Ω1
∞, the mass-based Henry’s constant is calcu-

lated using the expression:

where MW2 is the polymer molecular weight. For liquid
polymers, Flory’s interaction parameter at infinite dilution,
ø, can be calculated from the relation:

where r, the number of sites occupied by the polymer in
Flory’s lattice, is given by:

In Eq 4 F1 and F2 are the solvent and polymer density,
respectively.

Table 13 gives Flory’s interaction parameters for solvent-
dendrimer systems.

Results and Discussion

Comb Polymers. The experimental data for the combs
show that the solubility of toluene generally increases (i.e.,
its activity coefficient decreases) from the backbone to C12,
to C22 (Figure 3), whereas the solubility of acetone
decreases as the polymer side-chain length increases
(Figure 4). The solvent activity coefficients have an unusual
behavior in C12 at high temperatures (above 105 °C). On
the other hand, we did not detect any Z-shape curve when
plotting logVg versus 1/T for C12; we cannot explain the
rapid rise of the activity coefficients in C12 with temper-
ature.

With respect to one another, the affinity of acetone and
toluene changes completely in the backbone and in the two

Table 5. Infinite-Dilution Activity Coefficients of
Acetone in Comb Polymers

backbone C12 C22

t ) 160 °C tr - tm [min] 0.265
σ(tr - tm) 0.0066
Ω1

∞ 13.6
σ(Ω1

∞) 0.34
t ) 155 °C tr - tm [min]

σ(tr - tm)
Ω1

∞

σ(Ω1
∞)

t ) 140 °C tr - tm [min] 0.368 0.685
σ(tr - tm) 0.014 0.018
Ω1

∞ 13.3 8.71
σ(Ω1

∞) 0.50 0.21
t ) 120 °C tr - tm [min] 8.036 0.817 0.909

σ(tr - tm) 0.21 0.069 0.058
Ω1

∞ 2.79 12.2 9.00
σ(Ω1

∞) 0.073 0.99 0.60
t ) 105 °C tr - tm [min] 11.160 1.350 1.111

σ(tr - tm) 0.27 0.071 0.081
Ω1

∞ 2.42 9.86 10.2
σ(Ω1

∞) 0.059 0.51 0.70
t ) 90 °C tr - tm [min] 24.960 2.429 1.496

σ(tr - tm) 1.45 0.040 0.034
Ω1

∞ 1.47 7.59 10.2
σ(Ω1

∞) 0.089 0.13 0.22

Table 6. Infinite-Dilution Activity Coefficients of
Chloroform in Comb Polymers

backbone C12 C22

t ) 160 °C tr - tm [min] 0.285
σ(tr - tm) 0.0045
Ω1

∞ 7.35
σ(Ω1

∞) 0.11
t ) 155 °C tr - tm [min] 0.743

σ(tr - tm) 0.024
Ω1

∞ 4.69
σ(Ω1

∞) 0.15
t ) 140 °C tr - tm [min] 0.415 1.156

σ(tr - tm) 0.0079 0.012
Ω1

∞ 6.84 3.00
σ(Ω1

∞) 0.13 0.030
t ) 120 °C tr - tm [min] 2.644 0.933 1.657

σ(tr - tm) 0.099 0.067 0.045
Ω1

∞ 4.76 6.19 2.85
σ(Ω1

∞) 0.18 0.43 0.079
t ) 105 °C tr - tm [min] 4.676 1.536 2.298

σ(tr - tm) 0.22 0.072 0.044
Ω1

∞ 3.72 5.02 2.86
σ(Ω1

∞) 0.18 0.23 0.054
t ) 90 °C tr - tm [min] 8.779 2.737 3.281

σ(tr - tm) 1.68 0.039 0.033
Ω1

∞ 2.31 3.89 2.68
σ(Ω1

∞) 0.41 0.055 0.027

Hw1 ) Ω1
∞ MW1

MW2
P1

sat exp[P1
sat(B11 - v1sat

l ) + Pv1sat
l

RT ] (2)

ø ) lnΩ1
∞ - (1 - 1

r) + ln
F1

F2
(3)

r )
MW2

MW1

F1

F2
(4)

Table 7. Infinite-Dilution Activity Coefficients of THF in
Comb Polymers

backbone C12 C22

t ) 160 °C tr - tm [min] 0.377
σ(tr - tm) 0.0052
Ω1

∞ 9.39
σ(Ω1

∞) 0.13
t ) 155 °C tr - tm [min] 0.991

σ(tr - tm) 0.032
Ω1

∞ 4.41
σ(Ω1

∞) 0.14
t ) 140 °C tr - tm [min] 0.521 1.577

σ(tr - tm) 0.015 0.0063
Ω1

∞ 9.23 3.72
σ(Ω1

∞) 0.28 0.015
t ) 120 °C tr - tm [min] 7.089 1.243 2.320

σ(tr - tm) 0.22 0.061 0.043
Ω1

∞ 3.13 7.89 3.53
σ(Ω1

∞) 0.097 0.38 0.066
t ) 105 °C tr - tm [min] 2.203 3.275

σ(tr - tm) 0.11 0.059
Ω1

∞ 5.98 3.42
σ(Ω1

∞) 0.31 0.062
t ) 90 °C tr - tm [min] 3.943 4.723

σ(tr - tm) 0.077 0.068
Ω1

∞ 4.64 3.20
σ(Ω1

∞) 0.090 0.046

Table 8. Infinite-Dilution Activity Coefficients of
Toluene in Dendrimers

Am 8 Am 16 Am 32 Am 64

t ) 140 °C tr - tm [min] 1.169 2.181
σ(tr - tm) 0.0054 0.024
Ω1

∞ 8.45 7.24
σ(Ω1

∞) 0.039 0.079
t ) 120 °C tr - tm [min] 1.861 3.740

σ(tr - tm) 0.021 0.017
Ω1

∞ 8.10 6.94
σ(Ω1

∞) 0.091 0.032
t ) 100 °C tr - tm [min] 3.287 6.249

σ(tr - tm) 0.049 0.017
Ω1

∞ 8.11 6.65
σ(Ω1

∞) 0.12 0.018
t ) 80 °C tr - tm [min] 0.400 5.774 10.740 0.377

σ(tr - tm) 0.0035 0.061 0.025 0.015
Ω1

∞ 224 8.07 7.05 174
σ(Ω1

∞) 2.0 0.086 0.017 7.1
t ) 60 °C tr - tm [min] 0.742 10.070 0.764

σ(tr - tm) 0.012 0.028 0.0095
Ω1

∞ 230 8.94 161
σ(Ω1

∞) 3.8 0.024 2.0
t ) 40 °C tr - tm [min] 1.543

σ(tr - tm) 0.025
Ω1

∞ 247
σ(Ω1

∞) 4.1
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combs. In the backbone, the activity coefficients of acetone
are lower than those of toluene (Figure 5); in C12 they are
similar, whereas in C22 the activity coefficients of acetone
are much higher than those of toluene. Because the
backbone contains oxygen atoms of the anhydride groups,
it is likely that polar solvents, like acetone, are good
solvents. However, nonpolar solvents (for example, toluene)
are good solvents for the alkyl side chains. Therefore, the
polar character of the polymers, i.e., their affinity for
acetone, decreases as the comb side-chain length increases,
and the opposite happens with toluene. Similar results
were obtained in comb-polymer/solvent concentrated solu-
tions (solvent weight fraction from 0.05 to 0.5) by Mio et
al. (1997).

The activity coefficients of chloroform and THF do not
have a simple, monotonic behavior with side-chain length
of the comb polymers. Chloroform is a good solvent in C22,
whereas its quality worsens in C12 and in the backbone.

The solubility of THF is good in C22 and in the backbone,
but it is low in C12. THF and chloroform are better solvents
than acetone and toluene in both C12 and C22, whereas
in the backbone the solvent quality improves from toluene
to chloroform to acetone. THF and chloroform are consid-
ered good solvents for both alkyl polymers (such as poly-
isobutylene and polyethylene) and for polystyrene, and
THF (but not chloroform) is a good solvent also for poly-
(maleic anhydride) (Brandrup and Immergut, 1989). We
could not detect any trend in the GC data, probably because
there is no specific affinity between these two solvents and
a particular portion of the combs.

Dendrimers. The experimental data for the 4 genera-
tions of the Astramol dendrimers show that the solubilities
of the solvents are higher in Am 16 and Am 32 than in
Am 8 and Am 64. It seems that there is a minimum in the
infinite-dilution solvent activity coefficients in the fourth
dendrimer generation (Am 32) (see Figures 6 and 7).
However, Am 64 is not completely hydrogenated and 1%
of its terminations are nitrile groups and not primary
amines. Therefore, it is possible that the presence of the
nitrile groups lowers the affinity of the polymers to the
solvents, thus explaining why the activity coefficients are
higher in Am 64 than in Am 32.

Table 9. Infinite-Dilution Activity Coefficients of Ethyl
Acetate in Dendrimers

Am 8 Am 16 Am 32 Am 64

t ) 140 °C tr - tm [min] 0.389 0.698
σ(tr - tm) 0.0078 0.031
Ω1

∞ 11.5 10.2
σ(Ω1

∞) 0.23 0.47
t ) 120 °C tr - tm [min] 0.555 1.130

σ(tr - tm) 0.0050 0.010
Ω1

∞ 11.6 9.78
σ(Ω1

∞) 0.10 0.089
t ) 100 °C tr - tm [min] 0.856 1.770

σ(tr - tm) 0.033 0.036
Ω1

∞ 12.5 9.52
σ(Ω1

∞) 0.49 0.20
t ) 80 °C tr - tm [min] 1.422 2.994

σ(tr - tm) 0.040 0.011
Ω1

∞ 12.4 9.54
σ(Ω1

∞) 0.35 0.035
t ) 60 °C tr - tm [min] 0.349 2.201 5.250 0.386

σ(tr - tm) 0.0050 0.093 0.016 0.0091
Ω1

∞ 172 14.4 9.76 112
σ(Ω1

∞) 2.4 0.58 0.030 2.7
t ) 40 °C tr - tm [min] 0.699

σ(tr - tm) 0.024
Ω1

∞ 179
σ(Ω1

∞) 6.0

Table 10. Infinite-Dilution Activity Coefficients of THF
in Dendrimers

Am 8 Am 16 Am 32 Am 64

t ) 140 °C tr - tm [min] 0.527 0.930
σ(tr - tm) 0.020 0.029
Ω1

∞ 7.76 7.03
σ(Ω1

∞) 0.32 0.22
t ) 120 °C tr - tm [min] 0.758 1.533

σ(tr - tm) 0.015 0.039
Ω1

∞ 7.51 6.39
σ(Ω1

∞) 0.15 0.17
t ) 100 °C tr - tm [min] 1.208 2.408

σ(tr - tm) 0.021 0.013
Ω1

∞ 7.52 5.95
σ(Ω1

∞) 0.13 0.031
t ) 80 °C tr - tm [min] 1.888 3.933

σ(tr - tm) 0.010 0.048
Ω1

∞ 7.50 5.86
σ(Ω1

∞) 0.041 0.070
t ) 60 °C tr - tm [min] 0.294 2.830 6.710 0.286

σ(tr - tm) 0.035 0.041 0.011
Ω1

∞ 155 8.48 5.77 114
σ(Ω1

∞) 0.11 0.036 4.3
t ) 40 °C tr - tm [min] 0.513

σ(tr - tm) 0.031
Ω1

∞ 170
σ(Ω1

∞) 11

Table 11. Infinite-Dilution Activity Coefficients of
Ethanol in Dendrimers

Am 8 Am 16 Am 32 Am 64

t ) 140 °C tr - tm [min] 1.216 0.925 1.745 0.534
σ(tr - tm) 0.032 0.018 0.016 0.0073
Ω1

∞ 10.5 6.39 5.41 15.6
σ(Ω1

∞) 0.29 0.13 0.048 0.21
t ) 120 °C tr - tm [min] 1.654 1.753 3.423 0.748

σ(tr - tm) 0.031 0.028 0.028 0.018
Ω1

∞ 12.6 5.79 4.78 17.8
σ(Ω1

∞) 0.24 0.094 0.040 0.41
t ) 100 °C tr - tm [min] 2.301 3.515 6.887 1.197

σ(tr - tm) 0.025 0.021 0.033 0.030
Ω1

∞ 15.7 5.11 4.06 19.7
σ(Ω1

∞) 0.17 0.030 0.020 0.50
t ) 80 °C tr - tm [min] 3.337 7.650 14.530 2.574

σ(tr - tm) 0.079 0.040 0.024 0.026
Ω1

∞ 19.4 4.45 3.80 18.6
σ(Ω1

∞) 0.46 0.023 0.0062 0.18
t ) 60 °C tr - tm [min] 17.080

σ(tr - tm)
Ω1

∞ 4.21
σ(Ω1

∞)

Table 12. Infinite-Dilution Activity Coefficients of
Methanol in Dendrimers

Am 8 Am 16 Am 32 Am 64

t ) 140 °C tr - tm [min] 1.546 0.901 1.674 0.862
σ(tr - tm) 0.020 0.026 0.018 0.0058
Ω1

∞ 8.33 6.62 5.70 9.73
σ(Ω1

∞) 0.11 0.20 0.062 0.065
t ) 120 °C tr - tm [min] 2.507 1.659 3.164 1.439

σ(tr - tm) 0.0043 0.024 0.051 0.018
Ω1

∞ 8.07 5.93 5.02 8.98
σ(Ω1

∞) 0.015 0.089 0.080 0.11
t ) 100 °C tr - tm [min] 5.142 3.180 6.187 3.330

σ(tr - tm) 0.013 0.010 0.013 0.060
Ω1

∞ 6.46 5.21 4.17 6.52
σ(Ω1

∞) 0.017 0.017 0.0085 0.12
t ) 80 °C tr - tm [min] 11.560 6.722 12.630 9.424

σ(tr - tm) 0.17 0.020 0.013 0.13
Ω1

∞ 4.80 4.39 3.79 4.40
σ(Ω1

∞) 0.075 0.013 0.0040 0.060
t ) 60 °C tr - tm [min] 14.610

σ(tr - tm)
Ω1

∞ 4.00
σ(Ω1

∞)
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In Am16 the solvents studied have solubility behavior
similar to that in Am 32. In both Am 16 and Am 32, the
solvent solubility decreases in the following order: ethanol,
methanol, THF, toluene, and ethyl acetate (Figure 8). The
two alcohols have much lower activity coefficients than
those of the other solvents.

Methanol and ethanol are the only solvents that are
soluble in Am 8 and Am 64, whereas the other solvents

had very small retention times and, therefore, very high
activity coefficients (above 100).

The high affinity between Astramol and lower alcohols
is not surprising. The dendrimers studied have numerous
groups with a basic nature (the internal branches are
tertiary amines and the surface end groups are primary
amines); therefore, they can form strong hydrogen bonds
with the OH group of the alcohols. On the contrary, THF
and toluene cannot form hydrogen bonds; therefore, their
affinity to the polymers is lower. Because ethyl acetate has
a slightly basic character (it contains electron-donor oxygen
atoms), it is a poor solvent for the dendrimers.

Generally, the activity coefficients of methanol and
ethanol increase with temperature (Figure 8). Because

Table 13. Values of Flory’s Parameter for Solvent/
Dendrimer Systems

t [°C] Am 8 Am 16 Am 32 Am 64

methanol 140 0.767 0.485 0.319 0.848
120 0.783 0.423 0.240 0.816
100 0.601 0.335 0.0995 0.539
80 0.342 0.202 0.0422 0.184
60 0.133

ethanol
140 1.01 0.441 0.253 1.30
120 1.23 0.387 0.173 1.48
100 1.49 0.301 0.0513 1.62
80 1.73 0.198 0.0214 1.60
60 0.175

ethyl acetate
140 1.21 1.05
120 1.26 1.05
100 1.37 1.06
80 1.39 1.10
60 4.15 1.58 1.15 3.58
40 4.21

toluene
140 0.908 0.715
120 0.893 0.700
100 0.919 0.684
80 4.36 0.937 0.768 3.96
60 4.41 1.06 3.90
40 4.50

THF
140 0.853 0.726
120 0.857 0.668
100 0.892 0.630
80 0.918 0.646
60 4.05 1.07 0.660 3.63
40 4.17

Figure 3. Toluene activity coefficients in comb polymers: back-
bone ([); C12 (9); C22 (2).

Figure 4. Acetone activity coefficients in comb polymers: back-
bone ([); C12 (9); C22 (2).

Figure 5. Activity coefficients of toluene ([), acetone (9), and
chloroform (2) in poly(styrene-co-maleic anhydride).

Figure 6. Methanol activity coefficients as a function of den-
drimer generation number: t ) 140 °C ([); t ) 120 °C (9); t )
100 °C (2); t ) 80 °C (×); t ) 60 °C (*).

Figure 7. Ethanol activity coefficients as a function of dendrimer
generation number: t ) 140 °C ([); t ) 120 °C (9); t ) 100 °C (2);
t ) 80 °C (×); t ) 60 °C (*).

Figure 8. Activity coefficients of ethyl acetate ([); toluene (9);
methanol (2); ethanol (×); THF (*) in Am 16 Astramol.
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hydrogen bonding is exothermic, alcohols can make hydro-
gen bonds with the dendrimer more easily at low temper-
atures. Therefore, their solubility decreases when passing
from 60 to 140 °C.

Conclusions

The new experimental data show that the chemical
composition of the comb polymers (i.e., the ratio of polar
backbone/nonpolar side chains) strongly affects solvent
solubility.

In the dendrimers, a maximum in solvent solubility was
found in the fourth generation in the temperature range
60 to 140 °C. Because the dendrimers are basic, slightly
acidic solvents are better solvents than the others studied;
in particular, THF, toluene, and ethyl acetate are poor
solvents for these polymers.

Our infinite-dilution experimental data are a useful
starting point to study and understand the effect of comb-
polymer side chains, dendrimer-generation number, and
surface-end groups on polymer-solvent interactions.
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