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ABSTRACT: Blends were made by solution and melt-mixing fatty-acid-modified den-
drimers with various polyolefins. Small-angle neutron scattering (SANS) was used to
determine the miscibility of the blends. Poly(propylene imine) (PPI) dendrimers G1, G3,
and G5 [DAB-dendr-(NH2)y] with y 5 4, 16, and 64, were reacted with stearic acid or
stearic acid-d35 forming amide bonds. The modified dendrimers were then blended with
high-density polyethylene (HDPE), high-density polyethylene-d4 (HDPE-d4), low-den-
sity polyethylene (LDPE), amorphous polypropylene (PP), or an ethylene–butylene
copolymer (E-co-B). Limiting power law behavior shows that all of the blends are
immiscible. It is likely that the dendrimers form a second phase, being finely dispersed,
but thermodynamically immiscible. © 2000 John Wiley & Sons, Inc.* J Polym Sci B: Polym
Phys 38: 95–100, 2000
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INTRODUCTION

Dendrimers are a relatively new class of mac-
romolecules constructed with highly regular
branching, having tree-like structures that ema-
nate from a central core.1–6 The structure of these
three-dimensional polymers allows control of
their size, shape, molecular weight, topology, and
surface chemistry to an extent unprecedented in
polymer science.7,8

Dendrimers have been shown to have a uni-
form spherical shape in solution that resembles
the structure of a micelle.9 Incorporation of small
molecules in the dendrimer has been demon-
strated by the “dendritic box” in which dye mole-
cules are trapped within the dendrimer.10,11 The
fact that a dendrimer has the shape of a spherical

micelle, but is a covalently bonded, stable struc-
ture, suggests that it may be a powerful tool in
dispersing molecules in a solution or polymer
blend.

Recently, dendrimers have been modified by
attaching hydrophobic groups to the terminal
units of dendrimers.12,13 This further accentuates
the micellar nature of the dendrimers. Hydro-
phylic dendrimers such as polyethyleneimine
dendrimers (Astramol™)4,14 can be reacted with
stearic acid resulting in amide bonds between the
dendrimer and the hydrophobic stearic acid
groups. The solubility characteristics are changed
dramatically, with the dendrimers becoming sol-
uble in hydrocarbon solvents. The interfacial and
self-assembly properties of fatty-acid-modified
dendrimers have recently been described.15

From recent work it appears that the combina-
tion of fatty-acid-modified dendrimers (FADs)
with polyolefins leads to interesting new applica-
tions. It turns out that FADs can stabilize the
dispersion of polar dye molecules in apolar poly-
olefins such as polyethylene,16 by complexing the
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dye molecules as guests into the modified den-
drimer, followed by blending the dendrimer–dye
complex into the polymer matrix. Another appli-
cation, which makes use of FADs, is a dendrimer-
modified polypropylene (PP) fiber.17 This is ob-
tained by blending a small quantity of FAD with
PP, followed by spinning. The resulting den-
drimer-containing fibers can be dyed by aqueous
solutions or dispersions of conventional dyes.

The nature of the dispersion of the FADs in the
polyolefins in these applications is not known.
One possibility is that the dendrimers are molec-
ularly dispersed in the polymeric matrix. Another
possibility is that the dendrimers form a second
phase, being finely dispersed, but thermodynam-
ically immiscible.

Small-angle neutron scattering (SANS) has
been used routinely to determine the miscibility
of polymer blends.18,19 First, it can easily distin-
guish miscible and immiscible blends, most easily
from the power law behavior at a high scattering
angle. In miscible cases, where the polymer mol-
ecules are molecularly dispersed, the size, shape,
and interaction parameter of the components can
be measured. In immiscible blends, phase size
and interfacial width can be extracted.

EXPERIMENTAL

Materials

In order to gather this information from a SANS
experiment, it is necessary that sufficient neutron
contrast exists. This is most commonly achieved
by deuterium labeling of one of the components.
In this study, three generations G1, G3, and
G5 of poly(propylene imine) dendrimers (As-
tramol™),4,14 with y 5 4, 16, and 64 primary
amine groups [DAB-dendr-(NH2)y], were modified
with fatty acid (Octadecanoic, C18). The modifica-
tion consisted of the conversion of the primary
amine groups into amides.12,13 In this case, about
2.5 mmol of fatty acid, hydrogenous or deuter-
ated, was added to an equivalent amount of
poly(propylene imine) dendrimer and 20 mL of
xylene. The mixture was heated to 160 °C while
stirring under a slow stream of nitrogen in a
two-necked flask, with a gas inlet and a Dean–
Stark trap. After 1 h of reaction at 160 °C all
xylene was distilled off carefully, and the product
was allowed to cool to room temperature. The
dendrimer modified with octadecanoic acid-d35 is

designated dendrimer-d and with octadecanoic
acid-h35 is designated dendrimer-h.

HDPE-d4 was purchased from Cambridge Iso-
tope Laboratories (DLM-220). HDPE 42,799-3,
PP 42,818-3, LLDPE 42,809-4, LDPE 42,804-3,
and E-co-B 43,473-6 were purchased from Al-
drich.14 All were used as received except for the
PP, which was extracted with toluene at 60 °C
and precipitated into methanol to produce an
atactic, amorphous polymer.

Sample Preparation and SANS

Samples were prepared by two methods: solution-
mixed and melt-mixed. The solution-mixed sam-
ples were dissolved in xylene at 140 °C and pre-
cipitated into methanol. They were dried in vac-
uum and pressed at 150 °C into disks for SANS.
The melt-mixed samples were pressed at 150 °C
and folded twice and repressed. The folding and
pressing was repeated 10 times.

SANS experiments were carried out on the 8m
(NG1) and 30m (NG7) instruments of the Na-
tional Institute of Standards Technology, Cold
Neutron Research Facility in Gaithersburg,
Maryland.20 The wavelength l of the incident
beam was 6 Å. Two different configurations were
used: Dss 5 4.10 m, Dsd 5 3.60 m, and Dss
5 3.92 m, Dsd 5 1.30 m for the NG1 and NG7
instruments, respectively (Dss is the source-sam-
ple distance and Dsd is the sample-detector dis-
tance). These configurations correspond to a scat-
tering of wavevectors q varying between 2 3 1022

Å21 , q , 0.17 Å21 (NG1) and 3.2 3 1023 Å21 , q
, 0.45 Å21 (NG7) [with q 5 (4p/l)sin(u/2), u being
the scattering angle]. The observed scattering in-
tensity at a given temperature was collected over
a two-dimensional detector and was corrected for
empty cell, background radiation, and detector
inhomogeneity. It is then normalized against
H2O, which serves as a secondary standard, to
give the absolute intensity. Finally, it is circularly
averaged to give the q dependence of the coherent
scattering cross section, dS/dV(q), in absolute
units (cm21). The uncertainties are calculated as
the estimated standard deviation of the mean and
the total combined uncertainty is not given as
comparisons are made with data obtained under
the same conditions. In cases where the limits are
smaller then the plotted symbols, the limits are
left out for clarity. Fits of the scattering data are
made by a least-squares fit of the data giving an
average and a standard deviation to the fit. All
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temperatures reported are within 61 °C as deter-
mined by previous experience.

RESULTS AND DISCUSSION

Differential scanning calorimetry was used to de-
termine the melting points of the crystalline re-
gions of the polyolefins so that blending and
SANS could be carried out on amorphous sam-
ples. Miscible blends can be made to phase sepa-
rate upon crystallization of one component. The
highest melting point was for HDPE-d4, which
showed complete melting by 130 °C.21 Therefore
all of the melt-mixing was carried out at 150 °C
and the scattering was done at 140 °C.

The first set of experiments checked for misci-
bility of HDPE-d4 with dendrimers of different
size. Figure 1 is a plot of the SANS from binary
blends of mass fraction, 2% dendrimer-h in
HDPE-d4. A log–log plot shows that there is an
extensive region with a slope of q24.17 This is
characteristic of Porod scattering from a morphol-
ogy that is strongly phase-separated with negli-
gible mixing within the phases and a negligible
interfacial region between the phases. In this q
range, there is no leveling off of the scattering
intensity at low q. This extended range of power
law behavior indicates that the characteristic size
of the two phase morphology is larger than can be
measured under these instrumental conditions.

Figure 2 is a Guinier plot of the scattering from
blends of mass fraction, 2% dendrimer-h HDPE-
d4. The measurement was taken with the 8M

SANS instrument, which had a low q value of
0.008 Å21. An estimate can be made of the char-
acteristic phase size if data is available in the
range q Rg ! 1. As can be seen, there is still
curvature in the lowest accessible q region, so fits
in this region only give a lower bound of the phase
size. The fits over a q range of 0.008 , q/Å21

, 0.012 give Rg 5 220 Å, 200 Å, and 190 Å for G1,
G3, and G5 respectively. Since q Rg . 1 under
these conditions, the measured size is limited by
the instrument resolution. These sizes therefore
represent a lower bound of the true phase size.

Figure 3. Guinier plot of 30 M SANS results from
blends of mass fraction, 2% G5 dendrimer-h in HDPE-
d4, E; and of 2% mass fraction G5 dendrimer-d in
PP, h.

Figure 1. SANS from blends of mass fraction, 2%
dendrimer-h in 98% mass fraction HDPE-d4. E, G1; h,
G3; L, G5. Figure 2. Guinier plot of the scattering from blends

of mass fraction, 2% dendrimer-h in HDPE-d4. E, G1;
h, G3; L, G5.

FATTY-ACID-MODIFIED DENDRIMERS WITH POLYOLEFINS 97



Lower q data was collected to determine if a
linear region could be achieved. Figure 3 is a
Guinier plot of 30 M SANS results from blends of
mass fraction, 2% G5 dendrimer-h in HDPE-d4
and of mass fraction, and 2% G5 dendrimer-d in
PP. Fits were made from 0.0032 , q/Å21 , 0.0048
giving Rg 5 430, and 510 Å for G5-h/HDPE-d4
and G5-d/PP, respectively. Again the condition q
Rg ! 1 is not held and there is considerable cur-
vature, so that these represent minimum values.
Since the Rg of a G5 dendrimer is less than 25 Å,22

the dendrimer phases represent very large aggre-
gates of dendrimers.

Other polyolefins were blended with dendrim-
ers to see if miscibility was possible for other
combinations. Figure 4 is a log–log plot of mass
fraction, 2% G5 dendrimer-d in PP, LDPE, and
E-co-B. As with the blends of PE described ear-
lier, there is an extended region with a slope of
q24, indicating strong phase separation. Since
there is no plateau region at low q, as was the
case of the other blends, these also have relatively
large phase sizes, larger than the resolution of the
SANS instrument. Also, the results shown are for
both melt (LDPE, E-co-B) and solution processed
(PP) samples with both giving identical power law
scattering. No differences could be seen resulting
from different preparation methods.

Crystallization of one or both components
causes phase separation even in miscible
blends.23 While these blends were initially formed
well above the melting temperature of all compo-
nents, they were allowed to cool for transport and
storage. If the phase separation due to the crys-
tallization causes very large-size scale domains to

form, it is possible that the relatively short time of
the SANS experiments did not allow enough time
for remixing. To check this, blends were made
from mass fraction, 98% amorphous PP. The only
possible crystallinity would be in the mass frac-
tion, 2% G5 dendrimer-d. SANS was carried out
at 140 °C for 20 h without any lowering of the
temperature.

Figure 5 shows the SANS from the blend at
times of 5, 12, and 16 h. As with the other blends,
there is an extended region with a slope of q24,
indicating strong phase separation. Extended an-
nealing of the blends does not change the scatter-
ing, showing that it is not a matter of crystalliza-
tion-induced phase separation for this blend. For
all of the blends, there was no indication of a
consistent change in the scattering during the
time of the SANS experiments, which typically
was several h.

Figure 6 is a log–log plot of SANS results from
binary blends of mass fraction, 2% G5 den-
drimer-h in HDPE-d4 and of mass fraction, 2% G5
dendrimer-d in HDPE-h4 both below and above
the crystalline melting point of the HDPE. Since
the scattering length of C is 0.655 3 10212 cm, D
is 0.667 3 10212 cm, and H is 20.374 3 10212 cm,
the repeat unit CH2 is very near to zero, whereas
that of CD2 is large.24 Upon crystallization, the
change in specific volume causes the contrast fac-
tor of CD2 to be large enough for the difference
between the amorphous and crystalline regions to
dominate the scattering, while for CH2, the amor-
phous and crystalline regions have virtually the

Figure 5. SANS from a blend of mass fraction, 98%
amorphous PP and G5 dendrimer-d at average anneal-
ing times of 5, E; 12, h; and 16 h, L at 140 °C.

Figure 4. Mass fraction 2% G5 dendrimer-d in PP, E;
LPDE, h; and E-co-B, L.
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same contrast factor and the scattering is still
dominated by the dendrimer. Figure 6 shows that
the SANS from blends of mass fraction, 2% G5
dendrimer-d in HDPE-h4 do not change above
and below the melting point. This further demon-
strates that crystallization does not affect distri-
bution of the dendrimer phase.

CONCLUSIONS

Although melt-mixed samples of fatty acid modi-
fied PPI dendrimers appear transparent when
kept above the melting temperature, SANS shows
that they are actually phase-separated on a size
scale much greater than the individual dendrimer
size. This was true for all of the fatty-acid-modi-
fied dendrimers studied, G1, G3, and G5, in both
hydrogen and deuterium forms. All polyolefins
tested were immiscible with the dendrimers,
HDPE, LDPE, PP, and E-co-B, in both hydrogen
and deuterium forms. Melt-mixing by mechanical
kneading of virgin material or with samples pre-
viously solution-mixed all produced immiscible
blends. Premixing in solution also did not change
the miscibility of the binary blends. Extended an-
nealing did not produce any morphological
changes in a size scale accessible to SANS.

The ultimate goal of blending fatty-acid-modi-
fied dendrimers is to promote long-term stability
of additives to the polyolefins. Even if the size

scales of the dendrimer phase is relatively large,
small molecules such as dyes that are perma-
nently affixed to the dendrimers may be lodged in
the polyolefin matrix. If this is the case, then the
use of fatty-acid-modified dendrimers to promote
long-term stability of additives may be applicable
to a wide range of polymers other than polyole-
fins, independent of specific miscibility condi-
tions.

The authors wish to acknowledge Drs. Josephine
Brackman and Remko Vreekamp for their helpful dis-
cussions. This material is based upon work supported
in part by the U.S. Army Research Office under con-
tract number 35109-CH.
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