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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract

Vapor-liquid equilibria for dendritic-polymef solutions were obtained usihg a
classic gravimetric-sorption method; the amount of solvent absorbed by the dendrimer
was measured as a function of solvent vapor pressure. Three series of dendrimers, each
with the same tertiary amine-core structure, but different surface groups, were
investigated in a variety of organic solvents in the range 50-75°C. The dendrimer-surface
groups were dodecyl amines, octadecyl amides, and polyisobutylene. Solvent absorption

depends strongly on dendrimer composition and generation number.

Introduction

Dendrimers are macromolecules characterized by highly-branched, well-defined
structures. They consist of é central core with multiple “arms” radiating outwards to
form increasingly packed “shells” or “generations.” Each arm divides at the same branch
point giving compact three-dimensional patterns.

Precise control of structure, molecular weight, flexibility, and surface chemistry,
creates a variety of novel applications for dendrimers. In medicine and biotechnology,
dendrimers show promise as gene vectors, drug-delivery vehicles, and magnetic-
resonance imaging agents. For example, Kukowska-Latallo et al. (1996) demonstrated
that dendrimers effectively bind and transfer DNA into a variety of mammalian cells.
Jansen et al. (1994) showed that dendrimers can be synthesized to encapsulate guest
molecules in a “dendritic box” and that shape-selective liberation of trapped molecules
was then possible (fansen et al., 1995). Dendrimers as magnetic-resonance imaging

contrast agents for tumor targeting have been developed (Wiener et al., 1997); they are



currently under study for use in mammography (Daldrup et al, 1997). Other
biotechnological applications of dendrimers include }coupling antibodies to dendrimers
for high-performance immunoassays (Singh et al., 1994), oligonucleotide dendrimers for
use as polylabelled DNA probes (Shchepinov et al., 1997), and dendrimers as buffer
additives in capillary electrophoresis for separation of aromatic amino acids (Gao et al.,
1998). |

Because dendrimer s&ucture can be accurately controlled, it is possible to
construct a single macromolecule with two different moieties, e.g. dendrimers with an
interior hydrophobic core surrounded by a hydrophilic surface layer. Similar to
detergents, these molecules behave as unimolecular micelles capable of solubilizing
hydrophobic molecules in aqueous solutions (Hawker et al., 1993).

Although a variety of new dendrimers has been synthesized in recent years,
mvestigation of their physical and chemical properties has lagged (Hawker et al., 1995).
In this work, we present vapor-liquid-equilibrium data for binary solutions of dendrimers
in a variety of organic solvents. This work supplements our earlier experimental studies
on vapor-liquid equilibria for solutions of polyamidoamine (PAMAM) dendrimers (Mio

et al., 1998).

Experimental Section
Materials

Solvents were degassed with a standard freeze-thaw procedure described by'
Panayiotou and Vera (1984) and used without further purification. Table 1 gives solvent

properties.



Figure 1 shows dendrimers synthesized by surface modification of poly(propylehe
imine) dendrimers. Three series of dendrimers v;rere studied with the same tertiary
amine-core structure but different surface groups. The A-series and C-series dendrimers
are amber-colored, viscous liquids at room temperature. They become darker and more
viscous with rising generation number. The B-series dendrimers are tan-colored, se_:mi—
crystalline solids at room temperature; their glass-transition temperatures were
determined by differential scanning calorimetry and found to be near 85°C. For
subsequent calculations, all dendrimers are assumed to have specific gravity of unity.

Table 2 gives dendrimer properties.

Apparatus

Vapor-liquid-equilibrium data were collected using a gravimetric-sorption method
previously described by several authors (see, for example, Gupta and Prausnitz (1995)).
Figure 2 shows a schematic diagram of the apparatus. The entire system is submerged in
an isothermal water or air bath maintained at £0.3°C. A water bath was used for
polymers with A-surface groups; an air bath was used for polymers with B or C-surface
groups (see Fig. 1).

Each glass chamber contains one aluminum pan suspended f_rqm a quartz spring
(Ruska Instruments Corp., Houston, TX). The calibrated springs have a sensitivity of
about 1 mg/mm and a maximum load of 250 mg. Within this range, the elongation of
each spring is linéar with respect to éhange in mass.

A cathetometer (Wild, Heerbrugg, Switzerland) is used to measure the extension

of the springs and the mercury levels of the manometer.
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Experimental Procedure

Polymer samples of known mass (15-25 mg) ére pléced into previously weighed
aluminum pans. The system is then vacuum-dried for 12 to 24 hours to remove residual
moisture and solvent. After obtaining the mass of dry polymer, solvent is introduced by
opening and then closing the valve between the solvent flask and the evacuated glass
chambers. | '

The system is allowed to equilibrate anywhere from 12 hours to a few days after
each solvent injection. Equilibrium is assumed when measurements in spring length ao
not change more than £0.05 mm over a 12-hour period.

Because the polymer is nonvolatile, the total pressure is equal to the vapor
pressure of solvent above the polymer solution. Because experimental pressures are low
(less than 1.1 bar), the solvent vapor is considered to be an ideal gas. Solvent activity a;
is given by the ratio of the measured pressure to the pure-solvent saturation preésure at
System temperature.

The vernier scale on the cathetometer allows measurements to be made to the
nearest 0.05 milliméter. Replicate measurements indicate that pres'sure and mass
readings have a precision of 0.1 torr and 0.1 mg, respectively. Uncertainty in solvent
activity is 1-2% above a; =0.1 | and 2-4% below a, =0.1. Solvent weight fraction .
w1 uncertainty is 2 — 5% above w; = 0.5 and 5-10% below w, =0.5.

Reliability of the apparatus and ‘experime.ntal procedure were established by
reproducing published experimental vapor-liquid-equilibrium data for polystyrene in
chloroform at 50°C (Bawn and Waji&, 1956). Reproducibility in solvent activity was

within + 5% of the previously published data.



Results and Discussion
Table 3 shows the binary systems studied and Table 4 presents the vapor-liquid-
equilibrium data. Figures 3-12 show solvent activity a, as a function of solvent segment

fraction @, .

It is difficult to interpret the data with conventional polymer-solution
thermodynamics. At constant solvent activities, our results did not show higher solvent
absorption for lower molecular-weight dendrimers, contrary to expectations.
Furthermore, thé dependence of absorption on dendrimer generation number is
sometimes not monotonic. For example, a dendrimer of generation five absorbs more
than a dendrimer of generation four, but less than a dendrimer of generation two. It
appears that chemical interactions between solvent” and dendrimer are significantly
influenced by steric factors. At low generation numbers, we expect equal solvent access
to dendrimer-core groups and dendrimer-surface groups; therefore, the composition of
the entire dendrimer is important. However, at high generatioﬁ numbers, surface-group
crowding may restrict solvent contact with core groups; therefore, the surface-group
composition may dominate solvent-dendrimer compatibility. For our dendrimers, the
rétio of core groups to surface groups increases with rising generation number (Table 2),
but the corresponding solvent accessibility to core groups probably decreases.

Steric hindrance provides a qualitative interpretation of our data. However,
because these dendrimers are copolymers, intramolecular interactions between dissimilar
copolymer segments may also be significant. For example, Gupta and Prausnitz (1996) |
showed that intramolecular repulsion in copolymers can strongly affect solvent

absorption.



A-Series Dendrimers

The A-series dendrimers are terminated by dodecyl amine-su;face groups. These

dendrimers are expected to interact favorably with polar solvents due to amine-surface
- groups and amine-core groups, but only moderately with nonpolar solvents due to weak
solvent interactions with dodecyl chains of the surface groups. -

Figure 3 shows that A-series dendrimers interact sﬁongly with chloroform; the
observed S-shaped absorption curves indicate hydrogen bonding between chioroform and
dendrimers. The data show that A3 absorbs less chloroform than Al and A4-dendrimers,
perhaps because chloroform.interactions with surface groups are more favorable than
chloroform interactions with core groups. As the gerieration numBer rises, the surface
group-to-core group ratio decreases, suggesting why A3 inay absorb less than Al. With
A4, surface-groub crowding may restrict solvent access to core groups; surface groups
may therefore dominate interactioﬁs with the solvent, caﬁsing siightly increased solvent

' absorption relative to that in A3. The AS5-dendrimer, however, absorbs the least
- chloroform, perhaps because steﬁc hindranc’e restricts solvent-dendrimer contact.

Figure 4 shows results for solutions of A4 in Cg though Cy n-alkanes. Absorption
decreases with rising alkane carbon nuinber, n. Alkane solvents have weak but favorable
van der Waals interactions with dodecyl chains of the surface groups. These interactions
are expeéted to become more favorable with rising #, as the alkanes become chemically

_similar to dodecyl chains. Solvent absorption decreases with rising », however, perhaps
due to st'eric’factors; the A4-dendrimer has 32 surface groups in its outer shell and larger

solvent molecules may be hindered from penetrating the dendrimer molecule.



Figure 5 shows that absorption of acetone is low; the Al-dendrimer absorbs more
acetone than the A4-dendrimer. A possible explanatién is that acetone may interact more
favorably with surface groups than with core groups. As generation number rises, the
surface group-to-core group ratio decreases, suggesting why A4 may absorb less than Al.

Figure 6 shows absorption of triethylamine by the A-series dendrimers. At 50%
of the solvent vapor pressure, solvent segment fraction exceeds 50%. Since structurally
similar molecules often interact favorably, similarity between triethylamine and tripropyl
amine-core groups of the dendrimers rhay partially explain the unusually high solvent

absorption.

B-Series Dendrimers

Although our experimental femperatures were below  glass-transition
temperatures, the B-series dendrimers liquefy upon solvent-induced melting as indicated
in Figures 7 and 8 where a significant increase in solvent absorption occurs at solvent
activity of about 0.4.

The dendrimers are terminated with octadecyl amide-surface groups. Similar to
the A-series, these molecules are expected to interact favorably with polar solvents due to
amide-surface groups and amine-core groups; but only moderately with nonpolar solvents
due to weak solvent interactions with septadecyl chains of the surface groups.

Figure 7 shows that n-heptane is a moderate solvent for the B-series. Absorption
of n-heptane probably occurs through favorable van der Waals interactions between n-
heptane and the septadecyl chains of the surface groups. The oxygen and nitrogen atoms

of the amide-surface groups and the amine-core groups prbbably interact unfavorably



with n-heptane. Raising the generation number from B2 to B4, there is a decrease in
solvent absorption because of a decrease in the surfacé:_ grbup-to-core group ratio. At BS,
however, the increase in absorption may be due to surface-group shielding of unfavorable
solvent-core group iﬁteractions.
| Figure 8 indicates high absorption of chloroform; B3 absorbs less than B5 and

slightly more than B4. Similar to the A-series, interactions between chloroform and
surface groups are probably more favofable than those with core groups. As the
generation number rises, the surface group-to-core group ratio decreases, suggesting that
B4 may absorb leSs than B3. With BS, however, increased solvent absorption may occur
because dendrimer surface-groups may dominate interactions with the solvent by
crowding the dendrimer surface and limiting solvent access to dendrimer core groups.

Figure 9 shows that the A-series dendrimers absorb more chloroform than the B-
series dendrimers, probably because B-series dendrimers are near their glass-transition
temperatures; molecular stiffness hinders sqlvent-dendrimer contact.

Acetonitrile is a very p<;or solvent for the B-series dendrimers; it is not absorbed

in significant quantities (not shown).

C-Series Dendrimers

The C-series dendrimérs are terminated with polyisobutylene.. These polymeric-
surface groups have polydisperéity ca. 1.5. Two‘ sets of C-series dendrimers were
available, one with 99 and the other with 90 weight% purity. We refer to these as C and
C”, respectively. Figures ‘10 and -11, respectively, show results for the C-series

dendrimers in n-heptane and toluene and Figure 12 shows results for the C’-series

o



dendrimers in tetrahydrofuran.

Figure 10 shows that C1 absorbs the most n-};eptane, followed by C4 and then C3.
N-heptane probably interacts favorably with the long polymeric chains of the surface
groups and unfavorably with the core groups. As the generation number rises, there is a
decrease in the surface'group-to-core group ratio, suggesting why C3 may absorb less
than C1. With C4, surface-group crowding may shield unfavoréble solvent-core group
interactions, thereby causing increased solvent absorption.

Figure 11 shows low absorption of toluene; C3 absorbs more than C1. Because
toluene is an aromatic hydrocarbon, it may interact more favorably with amine-core
groups than with the nonpolar polymeric-end chains of the surface groups, consistent
with the ébsorption trend.

Figure 12 shows that absorption by C”-dendrimers exhibits no significant change
with generation number, as expected, given the low purity of the C” samples.

Acetonitrile is a very poor solvent for the C-series dendrimers and not absorbed in

significant quantities (not shown).

Attempts at Data Correlation

Liquid-liquid-equilibrium data for some ordinary polymer solutions have been
successfully correlated by a modified version of Freed’s lattice;cluster theory by Hu et al.
(1991a, 1991b). For hydrogen-bonded systems, a successful lattice model has been
proposed by Hino et al. (1993). We therefore attempt to correlate our vapor-liquid-

equilibrium data with these theories..



The Modified Lattice-Cluster Theory |

Freed and co-workers (Bawendi and Free(i, 1988; Freed and Bawendi, 1989)
developed a lattice-cluster theory that avoids the mean-field approximation; it provideé
an improved description of the Flory-Huggins lattice. In Freed’s theory, there are three
" contributions to the Helmholtz energy of mixing: the mean-field contribution plus two
correctién terms for energetic and entropic deviations from mean-field behavior. The

Helmholtz energy of mixing AA is expressed by

AA (@, @, e ’
=| =L In®, +| —% |In D, + ool 1
N,KT (rl )n 1 (rzj 2 %%amn 1 %2 (1)

where N is the total number of lattice sites and k is the Boltzmann constant. Following

Hu et al. (1991a), we revise Freed’s theory by retaining only the first-order term of the

entropic correction and multiply it by a coefficient c,. The solvent activity is then given

by
Ina, = In®, + [1 ——i)cp2 +1 [a“q>§ +a,(-0,D3 + D3) (2)
I, '
2 22 ' 3
where
4 (1 1Y 3
~ Jd 2
a==¢c| ———1 +2e; 8y =——=Cy€";
=y s[rx er 2 7 2
e e
2 L

As shown by Hu et al. (1991a), ¢, and c, are found by fitting molecular-simulation

-

results for coexistence curves, giving 0.3 and 1.074, respectively. Solvent and polymer



segment fractions, ®, and ®,, are defined by

N,
LN, +,N,

where N; and N, are the number of molecules and r; and r, are the number of segments
per molecule of solvent and polymer, respectively. We set 1, equal to unity and calculate
r, by

_ M, p; _ molar volume of polymer

= . 3)

- M, p,  molar volume of solvent

1)

where M, and M, are molecular weights and p, and p, are mass densities of solvent

and polymer, respectively. The dimensionless energy parameter ¢ characterizes the
‘'solvent-polymer interaction energy; the lower this parameter, the stronger the attraction
between solvent and polymer. Table 5 gives values of € and r,.

Figures 10-12 show that the modified-lattice-cluster theory gives a reasonably
good fit for C-series dendrimers. Figures 4 and 5, however, indicate that the theory does
not reproduce with the same accuracy VLE curves for A-series dendrimers. Because B-
series dendrimers are semi-crystalline at lower solvent activities, we only fit data above
a; = 0.4, when it appears that the dendrimers have melted. Figure 8 shows that B-series
dendrimers in chloroform are reasonably fit for a; > 0.4. Figure 7 shows calculated
curves for B-series dendrimers in n-heptane for a; > 0.4. VLE data for the B2 and B5-
dendrimers are fit reasonably, but data for the B4-dendrimer are fit poorly. Figure 6
shows solvent-activity data for the A-series dendrimers in triethylamine; the data cannot -

be reasonably represented by the modified lattice-cluster theory.

11



Hydrogen-Bonded Systems

Solvent-activity data for the A-series dendrimers in chloroform exhibit S-shaped
absorption patterns that are not reproduced by the modified lattice-cluster theory.
Following Hino et al. (1993), we adopt an incompressible lattice model by ten Brinke and
Karasz (1984) to introduce the effect of spet_:iﬁp—iﬁtcractions into the Helmholtz energy of
non-random mixing (Lambert et al., 1993). In Hino’s theory, eacﬁ coﬁtact point of a

molecule is assumed to interact in a nonspecific manner with interaction energy ¢; or in

a specific manner with interaction energy €; +8¢;, where1=1or 2 and j =1 or 2.

ij>
Assuming hydrogen bonding between solvent and polymer, the two necessary energy
parameters are 8¢,, and the interchange energye. Table 6 gives values for 8¢}, and €. |
Figure 3 shows calculated solvent-activity curves. for the A-series dendrimers in
chloroform.

" Data for the B-series dendrimers in chloroform do not show S-shaped absorption

curves perhaps because there is significant polymer crystallinity at the low solvent

activities studied here.

Conclusions

Vapor-liquid-equilibrium data for several binary dendrimer-solvent systems were
obtained. ’i‘he generation number and chemical composition of the dendrimer have a
significant effect on solvent-déndrimer compatibility. Based on steric factors, a

qualitative explanation was proposed to account for the dependence of solvent absorption

on generation number.
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Table 1. Solvent Properties

Supplier

Solvent Purity
Chloroform Fisher Scientific 99.9%
"Acetone Fisher Scientific 99.7%
Triethylamine Fisher Scientific 99%
Toluene Fisher Scientific 99.9%
Tetrahydrofuran Fisher Scientific 99+%
Acetonitrile Fisher Scientific 99.9%
n-hexane Aldrich Chemical Co., Inc. 99+%
n-heptane Sigma-Aldrich 99+%
n-octane Aldrich Chemical Co., Inc. 99+%
n-nonane

Aldrich Chemical Co., Inc.

99%

18



Table 2. Dendrimer Properties as Obtained from Molecular Structures Shown in

Figure 1.
p Molecular Molecular Molecular No.of  No.of Surface group-
oly- . . !
a weight of weight of weight of surface core to-core group

et dendrimer  surface groups  core groups  groups groups’ ratio

Al 961 737 224 4 2 2.00

A2 2,091 1,474 617 8 6 1.33

A3 4,351 2,949~ 1,402 16 14 1.14

A4 8,870 5,898 2,972 32 30 1.07

AS 17,911 11,797 6,114 64 62 1.03

B2 2,876 2,259 617 8 6 1.33

B3 5,921 4,519 1,402 16 14 1.14

B4 12,011 9,039 - 2,972 32 30 1.07

BS 24,192 18,078 6,114 64 62 1.03

C1 12,559 12,335 224 4 -2 2.00

C2 25,287 24,670 617 8 6 1.33

C3 50,742 49,340 1,402 16 14 1.14

C4 101,653 98,681 2,972 32 30 1.07

® The number after the letter represents the generation number

b

Each tertiary amine group defines one core group



Table 3. Binary Systems Studied

Polymer Solvent t(°C) .
Al, A3, A4, AS Chloroform 50
Al, A4 acetone 50
A2, A3, AS triethylamine 65
A4 - n-hexane - 65.
A4 n-heptane 65
A4 n-octane 65
A4 n-nonane 65
B2, B4, B5 n-heptane 75
B3, B4, B5 chloroform 70
B2, B4,B5 acetonitrile 75
Cl1,C3,C4 n-heptane 70
C1,C3 toluene 70
C2,C3,C4 tetrahydrofuran 50
Cl1,C3,C4 acetonitrile 70




Table 4. Vapor-Liquid-Equilibrium Data

Solvent: Chloroform; t = 50°C; P;" =526 k Pa

wi (Al) w; (A4) a w; (A3) w1 (AS) a
0.100 0.090 0.105 0.081 0.083 0.103
0.178 0.162 0.205 0.154 0.152 0.215
0.272 0.229 0.307 0.227 0.223 0.336
0.345 0.299 0.412 0.301 0.291 0.455
0.410 0.369 0.519 0.377 '0.362 0.574
0.471 0.430 0.614 0.455 0.433 0.688
0.522 0481 0.688 0.551 0.518 0.812
0.562 0.519 0.744 0.659 0.612 0.918
0.628 0.586 0.827
0.673 0.630 0.878
0.736 0.694 0.937

Solvent: Acetone; t = 50°C; P;* =613 k Pa

Wi (Al) wi (A4) a
0.024 0.017 0.146
0.042 0.031 0.259
0.064 0.043 0.385
0.092 0.058 - 0.512
0.134 0.080 1 0.647
0.177 0.100 0.753 .
0.195 0.108 0.781

w; (Xi) = solvent weight fraction in the liquid phase with the “X”-series dendrimer of
generation “1”
=P/ P,* = solvent activity
P vapor pressure in Torr
P,**" = pure-solvent saturation pressure (calculated from equations sug gested by Daubert

and Danner (1989)) in Torr

21



Solvent: Triethylamine; t = 65°C; P;** =352 k Pa

wi (A2) w1 (A3) wi (AS5) a
0.033 0.031  0.082 0.153
0.086 0.090 0.136 0.233
0.188 0.213 0.344 0.347
0.292 0.402 0.592 0.442
0.424 0.555 - 0.714 = 0.506

Solvent: n-Hexane; t = 65°C; P;** =671 k Pa Solvent: n-Heptane; t = 65°C; P*=255k Pa

wi (A4) a w; (Ad) 4
0.016 - 0.117 - 0.020 0.122
0.033 0.232 0.044 0.243
0.066 0.343 - 0.071 0.367
0.099 0.464 0.100 0.487
0.134 0.580 0.138 0.604
0.175 0.694 0.186 0.720
0.232 : 0.792 - 0.243 0.829
0.303 0.890 ‘ 0.304 - 0.904
-0.421 ' 0.967 0.364 0.972

0.467 1.000

Solvent: n-Octane; t = 65°C; le =96 kPa Solvent: n-Nonane; t = 65°C; P =37k Pa

w1 (A4) a1 ' w, (A4) a
0.030 0.171. .|~ 0.046 0.320
0.045 . 0276 0.063 ©0.453
0.068 ' 0.427 - 0.090 ' 0.591
- 0.097 : 0.550 0.119 S 0.720
0.130 - 0.670 0152 0.863
0.164 0.777 ’

0.208 i ~0.879

[Ae]
(39 )



Solvent: n-Heptane; t = 75°C; P,** = 363 k Pa

wi (B2) w (B4) wi (BS) ar
0.007 0.011 0.008 0.167
0.020 - 0.013 0.323
0.047 0.026 0.030 0.458
0.060 0.035 0.048 0.559
0.107 0.050 0.077 0.694
0.128 0.068 0.108 0.787
-- 0.106 0.130 0.853

Solvent: Chloroform; t = 70°C; P,;** = 1022 k Pa

Wiy (B3) Wi (B4) Wi (BS) a
0.052 0.039 0.060 0.159
0.077 0.074 0.117 0.255
0.164 0.155 0.219 0.354
0.258 0.258 0.275 0.451
0.321 0.305 0.348 0.547
0.385 0.383 0.420 0.645
0.459 0.460 0.504 0.743
0.504 0.500 0.553 0.788
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Solvent: Toluene; t = 70°C; P, =204k Pa

w; (C1) w1 (C3) a
0.050 0.063 0.304
0.082 0.098 0.449
0.119 T0.1367 "~ 0.570
0.166 0.189 0.722

Solvent: n-Heptane; t =70°C; P, =305k Pa

wy (C1) wi (C3) wi (C4) a
0.011 0.007 0.008 0.092
0.026 0.031 0.019 0.190
0.040 0.047 0.034 0.301
0.059 0.060 0.052 0.419
0.073 0.065 0.064 0.485

Solvent: Tetrahydrofuran; t = 50°C; P;**' =439 k Pa

wi (C2) w1 (C3) wy (C4) a;
0.016 0.021 0.022 0.141
0.041 . 0.035 0.035 0.248
0.059 0.059 0.064 0.351
0.087 0.091 0.085 0.465
0.121 0.122 0.125 0.587
0.178 0.188 0.185 -0.715
0.222 0.238 0.236 ©0.793

0.251 0.279 0.281 0.848



Table 5. Parameters Used with the Modified Lattice-Cluster Theory

~

e

Polymer Solvent T (°C) n (Interaction
parameter)

A4 n-hexane 65 64 0.137
A4 n-heptane -~ 65 57 0.164
A4 ' n-octane 65 52 0.235
A4 n-nonane 65 47 0.304
Al acetone 50 13 - 0.276
A4 acetone 50 116 0.380
B2 n-heptane 75 18 - 0.356
B4 n-heptane 75 76 0.487
BS n-heptane 75 154 0.400
B3 chloroform 70 69 -0.011
B4 chloroform 70 140 -0.008
BS chloroform 70 283 .. -0.078
C1 n-heptane 70 80 0.227
C3 n-heptane 70 325 0.299
C4 n-heptane 70 - 651 0.273
Cl toluene 70 112 0.241
C3 toluene 70 453 0.183
C2 tetrahydrofuran 50 299 0.247
C3 tetrahydrofuran 50 600 0.234

C4 tetrahydrofuran 50 1,203 0.234




Table 6. Parameters used with Hino’s theory at 50°C; the solvent is chloroform

€ _ AP
Polymer (J/ mol) " (1/ mol)
Al 110t - 25351
A3 1.047 -5.356
A4 _ 1.033 -5.306
A5 1.225 -5.453




Figure Captions

Figure 1. Dendrimer structure (shown here is a generation 3 dendrimer with surface

groups “SG”).
Figure 2. Experimental apparatus for vapor-liquid equilibrium measurements. -

Figure 3. Calculated solvent activities (solid lines) for binary solutions of A-series

dendrimers in chloroform at 50°C; data poorly fitted with the theory by Hino et al.

Figure 4. Calculated solvent activities (solid lines) for binary solutions of the A4-
dendrimer in n-alkanes at 65°C; data are poorly fitted with the modified lattice-cluster

theory.

Figure 5. Calculated solvent activities (solid lines) for binary solutions of A-series
dendrimers in acetone at 50°C; data are poorly fitted with the modified lattice-cluster

' theory.

Figure 6. Solvent—activity data for binary solutions of A-series dendrimers in

triethylamine at 65°C.

Figure 7. Calculated solvent activities (solid lines) for binary solutions of B-series

dendrimers in n-heptane at 75°C; data are fitted with the modified lattice-cluster theory.



Figure 8. Calculated solvent activities (solid lines) for binary solutions of B-series

dendrimers in chloroform at 70°C; data are fitted with the modified lattice-cluster theory.

Figure 9. Comparison of solvent activities for the A-series (50°C)_and the B-series

(70°C) in chloroform.

Figure 10. Calculated solvent activities (solid lines) for binary solutions of C-series
dendrimers in n-heptane at 70°C (the C-series dendrimers are 99 wt.% pure); data fitted

with the modified lattice-cluster theory.

Figure 11. Calculated solvent activities (solid lines) for binary solutions of C-series
dendrimers in toluene at 70°C (the C-series dendrimers are 99 wt.% pure); data fitted

with the modified lattice-cluster theory.

Figure 12. Calculated solvent activities (solid lines) for binary solutions of C”-series
dendrimers in tetrahydrofuran at 50°C (the C”-series dendrimers are 90 wt.% pure); data

fitted with the modified lattice-cluster theory.
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Figure 1. Dendrimer structure (shown here is a generation 3 dendrimer with
Surface groups “SG”). N stands for nitrogen.
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Figure 2. Experimental apparatus for vapor-liquid-equilibrium measurements.
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