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ABSTRACT: The effect of the generation number on sorption behavior of the liquid crystalline (LC) poly(propyleneimine)dendrimers
G1�G4 terminated with n-hexadecyl groups has been studied by inverse gas chromatography. To examine the accessibility of the
terminal-group shell by small molecules, methyl-substituted derivatives of benzene, pyridine, aniline, and naphthalene have been
chosen as probe solutes. The retention volumes and activity coefficients of the solutes are not linearly related to the generation
number. The highest thermodynamic solute�solvent compatibility is observed for the dendrimer G2. On the other hand, the
highest structural selectivity is observed for the dendrimer G3. The said sorption features are rationalized in terms of local ordering
and a higher degree of tightness of the terminal-group shell in the macromolecules of high generations.

’ INTRODUCTION

Dendrimers are structurally perfect cascade polymers with a
regular and highly branched molecular architecture.1 Their mono-
disperse nature, molecular dimensions, and globular shape make
them a promising platform for the creation of functional core�
shell structures.2 The easy control of these features offers ideas to
apply dendrimers as nanocatalysts, drug-delivery agents, optical
materials, and so forth.

Data on interaction of dendrimers with volatile substances are
of use in the design of chemical sensors, filters, membranes, sorbents,
and chromatographic materials.3 Dendritic macromolecules with
mesogenic terminal groups behave as liquid crystalline (LC)
materials.4 Dendrimers are generally disordered entities;5 there-
fore, the LC ordering may offer new scientific and applied
opportunities.

Liquid crystals of low molar mass are being applied in analytical
chromatography for a long time as highly selective sorbents of
isomeric aromatic substances. Their structural selectivity was first
revealed about half a century ago6,7 and recently reviewed in ref 8.
Moreover, the gas chromatography technique was found to be a
useful tool to determine thermodynamic characteristics of dis-
solution of organic substances in the LC phases of rod-like meso-
gens of low molar mass9 and linear polymers.10 Nonetheless,
thermodynamic studies on LC polymers with a branched mo-
lecular structure seem scarce so far.11 Liquid chromatography
was applied12 to demonstrate selective sorption of polycyclic hydro-
carbons with variousmolecular geometry peculiarities by laterally
substituted LC polymers. A mechanistic interpretation of geo-
metric recognition of solutes through steric effects of the alkyl-
groups of brush-like branched polymers was developed.13 Activ-
ity coefficients of polar and nonpolar solutes were obtained at
infinite dilution in the amorphous phase of the polymeric amine14

and carbosilane15 species. One of these studies14 revealed the
relationship between the activity coefficients and generation
number of the polyamidoamine dendrimers to be nonlinear.

Two features of the LC dendrimers seem of special note: first,
a large free volume determined by themolecular core, and second, a
multitude of loosely packed terminal groups where the amount

increases in geometric progression with the generation number.16

The latter feature enables programming the molecular function-
ality and fine-tuning the interactions with molecular objects and
surfaces.17 Recently we used the inverse gas chromatography
(IGC) technique to study a number of systems based on the
n-hexadecyl-terminated LC poly(propyleneimine)dendrimers
(Figure 1). The structural selectivity of the dendrimers for
isomeric xylenes was revealed in ref 18. In our next work,19 the
mesomorphous behavior of the pure dendrimers was studied.
The first-order nature of all phase transitions from the meso-
phase to isotropic liquid state was stated. Subsequently the effect
of the generation number on sorption of n-alkanes and n-alcohols
was investigated.20 The recent work21 deals with the thermo-
dynamics of dissolution of n-alkanes and n-alcohols in the binary
LC system composed of the dendrimer G2 and the nematic
derivative of cyanobiphenyl. In particular, solute�solvent com-
patibility was characterized by the activity coefficients and revealed
to be dependent nonlinearly on the composition of the LC sorbent.

Further steps in this direction seem reasonable in the light of
the works22,23 where the vapor�liquid equilibria were studied by
static measurements on dendrimers with various terminal groups
and generation numbers. Researchers22,23 found no regular features
in sorption behavior of the dendrimers and concluded the mea-
surements to be most informative in the field of low solute con-
centrations. In connection with important application aspects,4

through personal18�21 and outsider22,23 experiences, this work
has been planned to reveal the interplay among the generation
number, phase state, and spatial ordering of the peripheral groups
in n-hexadecyl-terminated dendritic macromolecules.

’EXPERIMENTAL SECTION

Materials. The 3,4-di(hexadecyloxybenzoyl)poly(propylene-
imine)dendrimers G1�G4 were synthesized in the University of
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Bayreuth (Germany) and kindly presented for chromatographic
studies by Prof. G. Latterman. Structural identification was con-
ducted by the elemental analysis, thermogravimetry, and IR, H1

NMR, mass, and electron spectroscopy techniques. The purity
of the dendrimers determined by size exclusion chromatog-
raphy was 98 %. The corresponding preparative procedure
was described in ref 24. The molecular structure of the
dendrimer G4 is shown in Figure 1. Phase transition tempera-
tures (Table 1) were acquired by polarizing microscopy and
differential scanning calorimetry (DSC) on preliminarily
vitrified samples.
Benzene, pyridine, p-,m-, and o-xylenes, 3,4- and 3,5-lutidines,

p- and m-toluidines, and α- and β-methylnaphthalenes (all of 99 %
purity from Aldrich, St. Louis, MO, USA) were used as volatile
probe solutes.
Apparatus and Procedure. The sorption behavior of the

dendrimers was studied on a gas chromatograph “Chrom-5”
(Laboratory InstrumentsWorks, Prague, Czech Republic) equipped

with a flame-ionization detector operating in the isothermal mode.
The temperature was kept within ( 0.1 K. The dendrimers were
deposited onto a solid support, namely, Chromaton N AW-DMCS,
(0.125 to 0.160) mm (Chemapol, Prague, Czech Republic), from
solutions in tetrahydrofuran. In all cases the 10( 0.2%mass loading
was used. The dendrimer content in the sorbent was determined
from a mass loss upon annealing in an oven of a 1000B MOM
derivatograph (Hungary). Glass microcolumns (0.4 m � 1 mm)
were packed in vacuum. Before every experimental series, the
columns were heated to 403 K, cooled down to the room tempera-
ture, and then heated again to a desired point. The temperature was
kept constant within( 0.2 K by the air bath. The chromatographic
columns were placed in the middle of the bath, where the tempera-
ture gradient along the column was checked to be within( 0.5 K.
The gas carrier was 99.99 % helium. The flow rate was 25 (

0.1 mL 3min�1 by a bubble flow meter. A membrane manometer
with precision of 0.1 bar was used to measure the column-inlet
pressure. The column-outlet pressure being equal to the atmo-
spheric one was measured by a barometer with precision of
1 mbar. A 1 μL microsyringe (Hamilton, Switzerland) was used
for injection. To measure the void time, methane was used. In
every experimental run, at least five measurements were per-
formed to ensure a good reproducibility of the data; deviations
from the average value fell within ( 0.5 %. Experimental errors
were estimated using the Student coefficients with the confi-
dence probability of 0.95. The relative error for Vg

0 is 3 %.
A contribution of adsorption on the solid support into retention
was annihilated by silanization. In addition, no dependence of the
retention volume on the stationary phase loading was observed,
indicating that surface sorption effects are insignificant compared
with bulk sorption.

Figure 1. Molecular structure of the dendrimer G4.

Table 1. Phase Transition Temperatures for the Dendrimers
G1�G4

dendrimer

no.

molecular

mass

terminal

group

no.

phase transitionsa

(K)

G1 3095 4 Cr 335 Col1 375 Col2 385 Is

G2 5439 8 Cr 331 Col 387 Is

G3 10302 16 Cr 329 Col 386 Is

G4 22182 32 Cr 384 Is
aAbbreviations: Cr, crystalline (glassy) phase; Col, hexagonal columnar
mesophase; Is, isotropic phase.
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’BACKGROUND

Thermodynamically important sorption characteristics can be
found from IGC data, namely, retention time, tR, and specific
retention volumes, Vg

0, of volatile solutes:25

V 0
g ¼ ðtR � tMÞFp,Tj23 273

T

� �
=WL ð1Þ

Above, tR and tM are the retention time of a solute and
“unretained” component (methane), respectively; Fp,T is the
flow rate of the gas carrier measured at a column outlet at column
temperature T = 273.16 K and pressure p = 760 mm, WL is the
mass of the LC sorbent in a column, and j2

3 is the James�Martin
coefficient25

j2
3 ¼ 3

2
ðpi=poÞ2 � 1

ðpi=poÞ3 � 1
ð2Þ

where pi and po are the inlet and outlet pressures.
Themass fraction activity coefficient at infinite dilution, (a1/w1)

∞,
is calculated from the equation:26

lnða1=w1Þ∞ ¼ ln
273:2R
V 0
g p

0
1M1

� p01
RT

ðB11 � V1Þ ð3Þ

Above, a1 and w1 are the activity andmass fraction of a solute; p01
is the pressure of saturated vapor of a solute at T; B11 and V1 are
the second virial coefficient and molar volume of a solute; M1 is
the molar mass of a solute.

The mass fraction activity coefficient is connected with the
partial molar free energy of mixing, ΔG1

∞, by the ratio:

ΔG∞
1 ¼ RT lnða1=w1Þ∞ ¼ ΔH∞

1 � TΔS∞1 ð4Þ
The partial molar enthalpy, ΔH1

∞, and entropy, ΔS1
∞, of

mixing of a solute were assumed to be temperature-independent
and found from the ln(a1/w1)

∞ � (1/T) relationship.
The partial molar enthalpies and entropies of solute dissolu-

tion, ΔHs and ΔSs, are calculated from the equations:

ΔHs ¼ � R
∂ ln V 0

g

∂ð1=TÞ ð5Þ

ΔSs ¼ ΔS∞1 � ðΔH∞
1 �ΔHsÞ=T ð6Þ

Above, R is the universal gas constant.
In general, the dissolution of a solute vapor in a liquid sorbent

can be represented as a sequence of two stages: condensation of
the vapor resulting in the liquid-phase solute and dissolution of
the liquid-phase solute in the liquid sorbent resulting in the in-
finitely diluted solution. The vaporization enthalpies for pure
solutes,ΔHv, may be calculated from theΔH1

∞ andΔHs values:

ΔHv ¼ ΔH1
∞ �ΔHs ð7Þ

The IGC technique is appropriate provided that a whole bulk
of a LC sorbent participates in the distribution of a volatile solute;
as a result, the local solvent�solute equilibrium is expected to be
established. Our experiment has shown that diffusion-imposed
restrictions of the IGC approach do not impede chromato-
graphic studies on the LC dendrimers because of the large gas
permeability of the dendritic materials.

The fact that the measurements were done at equilibrium in
the region ofHenry's law is evidenced by the independence of the
retention time of each solute from the volume of an injected

solute, the high symmetry of the chromatographic peaks, and the
linear relation for each solute between the logarithm of the
specific retention volume and reciprocal temperature.

The separation factor for the structural isomers has been
calculated from the equation:

α1=2 ¼ V 0
g2
=V 0

g1
ð8Þ

Here the indexes 1 and 2 correspond to the elution sequence.
The differences in the thermodynamic characteristics of isomer
dissolution, Δ(ΔH)2/1 and Δ(ΔSs)2/1, were calculated from the
temperature dependence of the logarithmic separation factor
according to the equation:27

Figure 2. Retention diagram of p-toluidine in the columnar (Col) and
isotropic (Is) phases of the dendrimers G1�G4.

Figure 3. Specific retention volume of the solutes versus the generation
number in the columnar (a) and isotropic (b) phases of the dendrimers
G1�G4: (, o-xylene; b, 3,4-lutidine; 2, m-toluidine; 9, α-methyl-
naphthalene.



4211 dx.doi.org/10.1021/je200723y |J. Chem. Eng. Data 2011, 56, 4208–4216

Journal of Chemical & Engineering Data ARTICLE

ln α1=2 ¼ �ðΔHsÞ1 þ ðΔHsÞ2
RT

þ ðΔSsÞ1 � ðΔSsÞ2
R

¼ ΔðΔHsÞ2=1
RT

�ΔðΔSsÞ2=1
R

ð9Þ

The retention indexes were calculated from the equation:28

I ¼ 100
log t

0
R � log t

0
Rz

log t 0Rðz þ 1Þ � log t 0Rz
þ 100z ð10Þ

Here the z symbol is a number of carbon atoms in a normal
alkane that exits the column before the probe solute under
consideration; the (z + 1) symbol is a number of carbon atoms
in a normal alkane that exits the column immediately after the
probe solute.

’RESULTS AND DISCUSSION

The dendrimers G1�G4 have been chosen for two reasons.
First, their molecules have brush-like alkyl-groups which are
known to determine sorption behavior of hyper-branched poly-
mers.12 Second, their LC phases exist within the closely over-
lapping temperature ranges and, thus, may be directly compared
thermodynamically. The chromatographic data have been used

to determine temperature dependence of the specific retention
volume Vg

0 for the said solutes at temperatures ranging from
(333 to 408) K. As an example, Figure 2 shows the ln Vg

0� 1/T
plots for p-toluidine. All plots clearly exhibit a common feature:
their slope suffers abrupt changes at the phase transition tem-
perature. This indicates that the local structure of the sorbent, in
which the solute molecules are incorporated, suffers changes
upon the phase transitions. For all solutes, these changes are less
pronounced in the case of the dendrimer G3. This fact seems to
be connected with the low phase-transition enthalpy for this
dendrimer.19 Corresponding temperatures determined from
these plots are in good agreement with the data19 acquired by
DSC and polarizing light microscopy (Table 1).

As a first step, the dependencies of the Vg
0 volume of the

solutes on the generation number have been studied (Figure 3).
The highest sorption capacity and hence a free volume available
for the solute molecules are observed for the dendrimer G2. The
dendrimer G3 having a larger core volume exhibits a bit lowerVg

0

values. Such a feature is observed both in the columnar and isotropic
phases. The dendrimer G4 does not form the LC phase, but the
Vg

T values for its isotropic phase are lower than ones for the
dendrimer G3 and, thus, indicate the decreasing retention with
increasing the number. One should note that this feature was not
revealed in the case of normal alkanes and alcohols.20 Thus, the

Table 2. Thermodynamic Characteristics for the Solutes in the Columnar Phases of the Dendrimers G1�G3 at Infinite Dilution
and T = 343 Ka

ΔHs ΔSs ΔH1
∞ ΔS1

∞ ΔHv ΔHv
a

solute (a1/w1)
∞ kJ 3mol

�1 J 3mol�1
3K

�1 kJ 3mol�1 J 3mol�1
3K

�1 kJ 3mol�1 kJ 3mol�1

G1 m-xylene 4.03 �25.0 �84.6 15.0 32.1 40.0 40.7

p-xylene 3.82 �25.4 �85.1 14.3 30.6 39.7 40.2

o-xylene 4.01 �26.2 �88.0 14.5 30.8 40.7 41.3

3,4-lutidine 4.10 �27.5 �91.8 17.6 39.8 45.1

3,5-lutidine 4.31 �27.0 �90.8 17.8 39.7 44.8

p-toluidine 4.39 �41.9 �134.6 11.1 20.1 53.0 54.6

m-toluidine 4.22 �43.2 �138.0 10.7 19.3 54.0 54.3

α-methylnaphthalene 4.31 �46.6 �148.0 10.7 19.2 57.4 56.2

β-methylnaphthalene 3.94 �50.2 �157.7 6.1 6.3 56.2 56.3

G2 m-xylene 2.28 �36.5 �113.2 3.2 2.6 39.73 40.7

p-xylene 2.01 �36.7 �113.4 2.9 2.0 39.44 40.2

o-xylene 2.23 �38.0 �117.4 2.7 1.2 40.52 41.3

3,4-lutidine 2.59 �41.1 �127.7 4.1 4.1 45.20

3,5-lutidine 2.61 �40.3 �125.5 3.9 3.4 44.23

p-toluidine 2.16 �52.0 �158.0 �0.1 �6.8 51.88 54.6

m-toluidine 1.99 �53.7 �162.4 �0.9 �8.5 52.78 54.3

α-methylnaphthalene 1.75 �58.7 �175.9 �2.5 �11.9 56.21 56.2

β-methylnaphthalene 1.68 �60.4 �180.5 �5.1 �19.1 55.35 56.3

G3 m-xylene 2.97 �33.2 �106.0 6.7 10.4 39.91 40.7

p-xylene 2.75 �33.6 �106.6 5.9 8.9 39.61 40.2

o-xylene 2.80 �34.3 �108.7 6.3 9.7 40.63 41.3

3,4-lutidine 1.07 �37.3 �117.8 8.0 14.3 45.24

3,5-lutidine 1.11 �36.1 �114.5 8.4 15.2 44.5

p-toluidine 3.13 �48.3 �147.3 3.8 4.6 52.09 54.6

m-toluidine 2.72 �51.5 �158.5 2.2 �1.9 53.71 54.3

α-methylnaphthalene 2.69 �53.5 �164.3 3.9 3.0 57.4 56.2

β-methylnaphthalene 2.75 �54.7 �168.0 1.7 �3.4 56.45 56.3
aNotes: The relative errors at 95 % confidence are: 3.1 % for (a1/w1)

∞; 3.2 % for ΔH1
∞ and ΔHs; 3.6 % for ΔS1

∞ and ΔSs; 4 % for ΔHv.
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molecular structure of the dendrimers restricts only the sorption
of aromatic solutes, whereas the sterically flexible alkanes fit them-
selves into the brush-like shell.

The thermodynamic characteristics (Tables 2 and 3) have
been calculated from the temperature dependencies of the Vg

0

quantities. The reliability thereof is evidenced by good agree-
ment of all experimental enthalpies of solute evaporation, ΔHv,
with the enthalpies calculated by the Watson relation, ΔHv*.

29

Figure 4 shows the typical ln(a1/w1)
∞� 1/T plots for o- and

p-xylenes. All plots are linear for both columnar and isotropic
phases, the correlation factor being not less than 0.996. The
activity coefficients depend on temperature inversely. In the case
of the columnar phase, the (a1/w1)

∞ values exceed the unity and,
thus, indicate the positive deviation of the binary systems from

ideality. Such a feature is typical for classic mesomorphous
solvents.9

Relationships between the activity coefficients and generation
number are given in Figure 5. They indicate that the lowest
(a1/w1)

∞ values and hence highest thermodynamic compatibil-
ity of the solutes with both liquid phases are observed for the
dendrimer G2. The higher activity coefficients for the dendrimer
G3 and especially G4 (Figure 5b) indicate a trend of decreasing
compatibility with increasing the generation number. Only the first
member of the row G1�G4 does not follow this trend. The
minimum on the ln(a1/w1)

∞ � 1/T plots was revealed also for
amino-terminated dendrimers.14 Thus, the dendrimers of the
mediumgenerations exhibit thermodynamic peculiarities of scientific
interest.

Table 3. Thermodynamic Characteristics for the Solutes in the Isotropic Phases of the Dendrimers G1�G4 at Infinite Dilution
and T = 387 Ka

ΔHs ΔSs ΔH1
∞ ΔS1

∞ ΔHv ΔHv
a

solute (a1/w1)
∞ kJ 3mol

�1 J 3mol�1
3K

�1 kJ 3mol�1 J 3mol�1 K�1 kJ 3mol�1 kJ 3mol�1

G1 m-xylene 2.41 �37.3 �101.9 1.3 �3.8 38.5 37.2

p-xylene 2.29 �34.5 �94.6 1.6 �2.8 36.1 37.7

o-xylene 2.34 �36.2 �99.3 3.1 0.5 39.2 38.4

3,4-lutidine 2.13 �30.9 �85.0 14.1 29.6 45.0

3,5-lutidine 2.26 �29.3 �81.4 13.2 26.9 42.5

p-toluidine 2.66 �41.9 �114.8 9.0 14.8 50.9 51.2

m-toluidine 2.46 �43.2 �117.4 6.9 10.1 50.1 51.3

α-methylnaphthalene 2.51 �53.5 �143.7 0.7 �5.9 54.1 53.6

β-methylnaphthalene 2.64 �52.0 �140.4 1.4 �4.4 53.4 53.7

G2 m-xylene 1.95 �37.4 �100.7 1.2 �2.5 38.6 37.2

p-xylene 1.90 �37.3 �100.4 0.9 �3.0 38.2 37.7

o-xylene 1.93 �37.1 �100.0 2.1 �0.1 39.2 38.4

3,4-lutidine 2.01 �41.4 �111.1 3.9 4.2 45.3

3,5-lutidine 2.14 �39.6 �104.4 2.8 0.9 42.4

p-toluidine 2.18 �30.8 �84.8 19.3 42.5 50.1 51.2

m-toluidine 2.16 �35.2 �96.0 18.0 39.4 53.2 51.3

α-methylnaphthalene 1.68 �53.6 �140.8 1.1 �1.7 54.7 53.6

β-methylnaphthalene 1.75 �52.8 �139.0 0.4 �3.7 53.2 53.7

G3 m-xylene 2.07 �28.0 �77.3 10.2 20.0 38.2 37.2

p-xylene 1.97 �28.6 �78.5 9.3 18.0 37.9 37.7

o-xylene 1.99 �27.9 �76.9 10.9 21.9 38.8 38.4

3,4-lutidine 2.18 �39.1 �106.1 5.2 6.8 44.3

3,5-lutidine 2.20 �38.2 �103.8 5.0 6.3 43.2

p-toluidine 0.98 �45.5 �123.9 4.8 4.0 50.3 51.2

m-toluidine 0.91 �46.8 �126.8 4.3 3.3 51.2 51.3

α-methylnaphthalene 2.20 �52.8 �140.8 1.5 �2.8 54.3 53.6

β-methylnaphthalene 2.46 �50.0 �134.9 3.4 1.2 53.4 53.7

4 m-xylene 2.69 �30.2 �85.0 7.1 9.8 37.3 37.2

p-xylene 2.53 �30.9 �86.5 7.2 10.5 38.1 37.7

o-xylene 2.66 �32.0 �89.6 9.5 16.1 41.5 38.4

3,4-lutidine 2.97 �21.9 �64.7 22.5 48.3 44.4

3,5-lutidine 3.19 �20.8 �62.5 22.1 46.7 42.9

p-toluidine 3.53 �46.0 �127.5 2.5 �4.4 48.5 51.2

m-toluidine 3.49 �50.3 �138.5 1.9 �5.5 52.2 51.3

α-methylnaphthalene 2.69 �50.9 �137.8 3.5 0.8 54.2 53.6

β-methylnaphthalene 2.80 �46.4 �126.6 7.3 10.1 53.7 53.7
aNotes: The relative errors are as in Table 2.
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For the hydrocarbon solutes, that is, xylenes and methyl-
naphthalenes, the differences between the partial molar enthal-
pies (ΔHs in Table 2) for the isomers may be attributed to geo-
metrical anisotropy favoring the alignment of the solute molecules
with the terminal alkyl groups. The alignment is expected to be
more efficient for p-xylene and β-methylnaphthalene than for
m-xylene and α-methylnaphthalene, respectively. Under the
circumstances, the contribution of dispersion solute�solvent
attraction is higher for the former solutes. In the case of the isotropic
phase (Table 3), the differences between the ΔHs values for iso-
meric xylenes and naphthalenes indicate the preservation of the

said alignment in the isotropic phase. The higher negative ΔHs

and ΔSs values for methyl naphthalenes as compared with ones
for xylenes may be safely attributed to the higher polarizability of
the two-ring molecules. As for the nitrogenous solutes, the ΔHs

values for isomeric xylenes and lutidines are close enough to
suppose a lack of the dipole interaction. Consequently, in the
case of strongly retained toluidines, the polarizability factor rather
than dipole-driven attraction prevails as well. Thus, the penetra-
tion of the solute molecules into the core is hardly possible under
the experimental conditions, and hence, thermodynamic dendrimer�
solute compatibility is most probably governed by the free
volume confined within a shell of the terminal alkyl groups. In
the case of the dendrimers G2�G4, the supramolecular structure
of the shell is expected to compactify gradually with the genera-
tion number increasing.16 As for the lowest analogueG1, the voids
located between its radially diverging alkyl groups may favor
intermolecular overlapping. As a consequence, the packing
density increases, and dissolving becomes hampered.

Figure 6 compares the enthalpy and entropy contributions
into the Gibbs energy of dissolution, ΔH1

∞ and ΔS1
∞, respec-

tively. The experimental points located above the bisector indicate
that the enthalpy contribution prevails in all cases. Hence the
positive deviation of the solute�solvent systems from ideality is

Figure 4. Logarithm of the weight-fraction activity coefficient of o- and
p-xylenes versus reciprocal temperature in the columnar and isotropic
phases of the dendrimers G1�G4.

Figure 5. Weight-fraction activity coefficient of the solutes versus the
generation number in the columnar (a) and isotropic (b) phases of the
dendrimers G1�G4: (, o-xylene;b, 3,4-lutidine;2,m-toluidine; and9,
α-methylnaphthalene.

Figure 6. Correlations of the enthalpy and entropy contributions into
the Gibbs energy in the columnar phase of the dendrimers G1�G3: (, o-
xylene; b, 3,4-lutidine; 2, m-toluidine; 9, α-methylnaphthalene. The
dashed line is a bisector corresponding to the quasi-ideal solutions with
the unity activity coefficient.

Figure 7. Separation factor for 3,4-/3,5-lutidines versus reciprocal
temperature in the columnar and isotropic phases of the dendrimers
G1�G4.
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determined by the heat effects of mixing of the solutes with the
liquid dendrimers. The lowest positive and even negative ΔH1

∞

and ΔS1
∞ values are observed in the case of the dendrimers G2

and G3. In the case of the analogue G1, the high endoeffects
accompanied by the fairly high entropy changes are observed.
Thus, the solutes exhibit relatively high compatibility with the
dendrimers G2 and G3, whereas the access thereof into the
structure of the analog G1 is noticeably hampered.

As stated above, the nonlinear dependence of the solute�solvent
interaction on the generation number seems to be connected

with packing features of the terminal alkyl groups. Therefore, the
sorption of isomeric hydrocarbons and amines has been studied
for further understanding the dissolution mechanism. The
retention data indicate that the isomers are typically eluted in ac-
cordance with their boiling temperatures. Thus, separation is
determined by the saturated vapor pressure factor. The elution
order is inverted only for p- and m-xylenes, being a well-known
test couple for revealing the structural selectivity of sorbents.
Relatively more efficient dissolution of p-xylene is obviously con-
nected with the intermolecular alignment resulting in streng-
thening of the dispersion solute�solvent interactions.

In all cases, the selectivity of the LC phases increases along the
row: methyl-naphthalenes < xylenes < lutidines < toluidines.
Figure 7 shows a typical temperature dependence of the separa-
tion factor. The factor depends linearly on reciprocal temperature
but more intricately on the generation number. Relationships be-
tween the separation factors and the generation number are given
in Figure 8. A trend of increasing selectivity of three mem-
bers G1�G3 is observed for both columnar and isotropic phases.
The separation factor decreases upon collapsing the columnar
phase and, thus, indicates that the ordering is imposed on the
terminal alkyl groups by the columnar molecular packing. How-
ever, the selectivity of the dendrimer G4 is drastically lower than
that of its lower analogue G3. Such a feature indicates the higher
compactness of the terminal group shell of the higher dendrimers.

As a further step, retention indexes of the isomeric solutes
(xylenes) and lutidines and corresponding methyl group incre-
ments into the indexes have been calculated (Table 4). In all
cases the methyl-group increment constitutes ca. 15 % of the
index value of the corresponding reference probe (benzene or
pyridine). It also tends to increase with the boiling temperature
increasing. However, in the case of xylenes, the contribution is a
bit higher for the more volatile para-isomer. Thus, a factor of
structural selectivity inherent in the columnar phase of the den-
drimers is manifested. Besides, this factor is manifested as a trend
of increasing both index and increment upon increasing the
generation number. The trend is clearly observed for all solutes
regardless of the molecular geometry.

More features of the dissolution mechanism may be extracted
from the temperature dependence of the separation factor. The
differences between the enthalpy and entropy contributions into the
α value may be calculated from the α�1/T plots (Figure 7) by the

Figure 8. Separation factor versus the generation number of the
dendrimers G1�G4 in the columnar phase at 343 K (a) and in the
isotropic phase at 387 K (b): (, o-/p-xylene;b, 3,4-/3,5-lutidine;2,m-/
p-toluidine; 9, α-/β-methylnaphthalene. Note: the data on the den-
drimer G4 at 343 K refer to the glassy phase.

Table 4. Retention Indexes for the Structure-Sensitive
Solutes and Corresponding Methyl Group Incrementsa

G1 G2 G3 G4

solute I ΔI I ΔI I ΔI I ΔI

m-xylene 927 107 951 130 975 136 906 98

p-xylene 929 108 955 132 981 139 911 101

o-xylene 953 120 977 143 1007 152 926 108

3,5-lutidine 1102 132 1104 149 1141 150 1140 144

3,4-lutidine 1124 143 1132 163 1187 173 1178 163
aNotes: (1) The probe solutes are given in accordance with their boiling
points. (2) The increments for xylenes and lutidines were calculated by
the equation ΔI = (I � I0)/2, where I0 stands for the index of the
reference probes, benzene, and pyridine, respectively. (3) All values refer
to 373 K, that is, to the columnar phase of the dendrimers G1�G3 and
the glassy state of the dendrimer G4.

Figure 9. Correlations of the enthalpy and entropy contributions into
the separation factor in the columnar phase (343 K) of the dendrimers
G1�G3: 4, p-/m-xylenes; (, o-/p-xylenes; 3,4-/3,5-lutidines (b); 2,
p-/m-toluidines and 9, α-/β-methylnaphthalenes. The dashed line is a
bisector.
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eq 9 (see Background). The contributions are plotted in Figure 9.
For all LC phases, the inequalityΔ(ΔHs) 6¼ TΔ(ΔSs) is valid. The
location of the correlation plots above the bisector indicates that
separation of all probe solutes is determined by the enthalpy factor.
Due to increasing the difference between the thermodynamic func-
tions of mixing, the enthalpy factor becomes more and more in-
fluential and hence the selectivity increases. The maximal selectivity
for all solutes as well as themaximalΔ(ΔHs) andΔ(ΔSs) values are
observed for the columnar phase of the dendrimer G3.

Summarizing the data on the retention volumes (Figure 3)
and selectivity (Figure 8), one may observe a remarkable feature:
the maximal sorption capacity and maximal selectivity are in-
herent in different dendrimers, namely, G2 and G3, respectively.
Thus, the dendrimer G3 exhibits the enhanced selectivity due to
high ordering of the terminal groups, whereas its higher free
volume is less accessible than the volume of its analog G2. Both
other dendrimers G1 and G4 exhibit low capacity and poor
selectivity, but these features have seemingly different origins. In
the former case, they may be connected with mutual overlapping
of the terminal groups of the neighboringmacromolecules. In the
latter case, a drop in selectivity seemingly results from high com-
pactness of the terminal-group shell.

In conclusion one should note ref 14 where the minimum of
the activity coefficient was observed for the amino-terminated
dendrimers of intermediate generations. Researchers14 explained
the minimum by an incomplete hydrogenation of the terminal
nitrile groups. Our work allows a finer explanation by the effect of
shell compactification. If it is the case, one may suppose that the
restriction of accessibility of the core by the terminal groups is a
general feature of various dendrimers regardless the physical
nature of packing interactions. In addition, IGC may be con-
sidered as a useful tool for preliminary probing of dendrimers as
potential sensors, molecular containers, and so on.

’CONCLUSIONS

Sorption behavior of the n-hexadecyl-terminated poly(pro-
pyleneimine)dendrimers G1�G4 has been studied in the LC
and isotropic phases by the inverse gas chromatography tech-
nique. Isomeric methyl-substituted derivatives of benzene, pyr-
idine, aniline, andnaphthalenewere used as probe solutes. A positive
deviation from ideality is revealed for all dendrimer�solute sys-
tems and rationalized by a governing role of the enthalpy con-
tribution into the Gibbs energy of mixing.

The retention volumes and activity coefficients of the solutes
show nonlinear dependences on the generation number. The
maximal volumes and minimal coefficients found for the den-
drimer G2 indicate the highest thermodynamic compatibility of
this dendrimer with the probe solutes. The dendrite sorbents ex-
hibit structural selectivity, the highest selectivity being observed
for the dendrimer G3. Thus, structure-imposed sorption restric-
tions, namely, local ordering and overall compactifying of the
terminal-group shell, are revealed. These restrictions exist in both
columnar and isotropic phases. They are determined by the
generation number and do not depend on the chemical nature of
the aromatic solutes.
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