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a b s t r a c t

The supramacromolecular structure of core–shell amphiphilic macromolecules (CAMs) with
hyperbranched polyethyleneimine (HPEI) cores and fatty acid chain shells (HPEI-Cn) for different chain
lengths was investigated both, in colloidal suspension, solid phase and at the air–water interface using
Small Angle X-ray Scattering (SAXS), Wide Angle X-ray Scattering (WAXS), X-ray Reflectometry (XRR)
and Langmuir isotherms.

At low temperatures colloidal toluene suspensions of the HPEI-Cn polymers form, as evidenced by
peaks arising in the structure factor of the system showing mean particle-to-particle distances correlated
with the length of the aliphatic chains forming the shells of HPEI-Cn unimicelles. The CAM sizes as found
from the SAXS experiments also display a clear dependence on shell thickness suggesting that the
aliphatic chains adopt a brush-like configuration.

After solvent extraction, HPEI-Cn adopts ordered structures with hexagonal packing of the aliphatic
chains.

Submitted to lateral pressure P at the air–water interface, HPEI-Cn undergoes a disorder–order
transition with increasing transition pressure for increasing chain lengths. The CAMs show different
behaviors in-plane and out-of-plane. While out-of-plane the aliphatic chains behave as a brush remaining
almost fully unfolded, whereas parallel to the air–water interface the chains fold down in a mushroom
way with increasing lateral pressure P.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The search for smart building blocks has attracted the attention
of the soft-matter community for a while [1–3]. Among others,
amphiphilic building blocks have the ability to adopt several struc-
tural conformations by tuning their thermodynamic variables [4].

Along these lines, dendrimers and dendrimeric structures with
amphiphilic core–shell architectures displaying micelle-like prop-
erties, proved to be attractive building blocks to form supramolec-
ular materials with designed properties [5,6]. Seminal works of
Percec [7–9] and Meijer [10], and their co-workers, provided the
framework for designing an unprecedented number of superstruc-
tural assemblies from precisely engineered dendrons and
dendrimers.

In particular, the modification of peripheral groups of hydro-
philic dendrimers with hydrophobic tails led to the creation of
molecularly defined systems with inverse micelle properties
[10,11]. However, dendrimer synthesis is time consuming and
limits their application almost to laboratory scale. Alternatively,
core–shell amphiphilic macromolecules (CAMs) [12,13] with
hyperbranched cores [14], a less perfect variant of the dendrimers
have gained popularity, among other properties because of the
possibility of easy synthesis of unimolecular micelles [15–17].

CAMs with unimolecular micelar (unimicelar) structures can
behave in different ways allowing a tuning of their aggregation
state depending on solvent, temperature conditions [18] external
fields, pressure, etc. Unimicelles derived from hyperbranched
polyethyleneimine (HPEI) are very well known, and they probe
their versatility as phase transfer agents among other properties
[19–23]. Despite the number of papers reporting results in
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solution/suspension using HPEI as polar core, to date, there is a lack
of information on the structure of HPEI CAMs in solid state.

However, molecular and supramolecular properties are far from
being the ultimate hierarchical level and interesting properties
arise from supramacromolecular assembly [24]. Recently, we used
supramacromolecular assemblies of HPEI-C16 to organize gold
nanoparticles into lamellar structures [21]. Among other tech-
niques, Langmuir–Blodgett film assembly has proven to be one of
the most versatile methods for controlled assembly of interfacial
dendritic structures [25–32].

In this paper we investigate the supramacromolecular structure
and properties of the amphiphilic structure (HPEI-Cn) formed by
the hyperbranched polar polymer polyethyleneimine (HPEI) and
long chain saturated fatty acids (Cn, n = 8, 10, 12, 14, 16 and 18.
From now on, Cn will indicate the whole set of chain lengths) in
toluene suspension, solid state and Langmuir films at air–water
interface.
2. Materials and methods

Hyperbranched polyethyleneimine (HPEI, Mn = 10,000 Da) and
fatty acid chlorides (capryl, capric, lauryl, myristoyl, palmitoyl
and stearoyl chlorides) were purchased from Sigma–Aldrich. Tri-
ethylamine (TEA) was purchased from Sintorgan. All chemicals
and solvents used were of the maximum purity available in mar-
ket. Prior to use, HPEI was kept in vacuum for 2 days, chloroform
and TEA were purified and dried following standard protocols [33].

The synthesis of HPEI capped with carboxylic acids via amide
bound was done according to well established protocols [34,35].
All the compounds were synthesized with a degree of capping of
52% (ratio between acid bound and amines on HPEI). Briefly, HPEI
was dissolved in chloroform and TEA was added (1.3/1 M ratio rel-
ative to the expected amount of carboxylic acid to be used). The
whole system was degassed and filled with Nitrogen or Argon.
The corresponding amount of carboxylic acid (1.05/1 M ratio
respect of the stoichiometric amount to achieved de desired cap-
ping density) was added dropwise and kept at room temperature
for 2–3 days under stirring. The opalescent mixture was filtered
and the organic phase was washed several times with 2% Na2CO3

and NaCl aqueous solutions. The organic phase was dried using
Na2SO4, and the solvent was evaporated. The solid was kept in vac-
uum until constant weight (2–3 days).

All the products were characterized by 1H, 13C NMR and FTIR.
NMR spectra were recorded on a Bruker ARX 300 (300.1 MHz for
1H, 75.5 MHz for 13C) using CDCl3 as solvent and SiMe4 as internal
reference. Fourier Transformed Infrared spectra were recorded on a
Nicolet–Nexus FTIR and a Varian 660 FTIR. The primary-to-second-
ary-to-tertiary amine ratio of HPEI was checked by 1D-13C-NMR
and determined to be 31:41:28 [36] (see supporting information
for further details).

Small Angle X-ray Scattering (SAXS) experiments were per-
formed using the SAXS2 station of Laboratorio Nacional de Luz Sin-
crotron, Campinas, Brazil. The X-ray wavelength was kept to
k = 0.16083 nm and the sample-to-detector distance was set to
55 cm. All the experiments were performed at constant (22 �C)
temperature. Data treatment followed standard procedures to
account for beam intensity variations, sample absorption and dark
current and background subtraction.

Wide angle X-ray Scattering (WAXS) experiments were per-
formed using a Siemens D500 diffractometer equipped with a con-
ventional X-ray tube operating at a wavelength of k = 0.15418 nm
(Cu Ka). The X-ray beam was collimated by two slits before hitting
the sample. A monochromator crystal was placed in front of the
detector (scintillation counter). The resulting diffraction pattern
has been corrected for sample cell scattering.
For monolayer experiments a modified Langmuir trough system
(maximum area: 220 cm2, Kibron Inc., Finland) has been used. For
in situ X-ray reflectivity (XRR) of the HPEI-Cn monolayers the
trough system is placed on an active vibration isolation system
(HWL Scientific, TS150) included in a X-ray reflectometer (D8
Advance, Bruker AXS) also using Cu Ka radiation. Here, the beam
is collimated by two slits and monochromized by a Goebel mirror
(W/Si multilayer mirror). The intensity is detected by a Våntec-1
line detector (Bruker AXS). Reflectivities were analyzed as
described elsewhere [37,38]. The Langmuir monolayers were pre-
pared as follows: suspensions of HPEI-Cn in chloroform (Sigma
Aldrich, +99%) were prepared at concentrations of 1 mg/ml. A con-
stant volume of 20 ll was subsequently spread onto the clean
water surface with a 10 ll Eppendorf pipette. We waited approxi-
mately 15 min to let the chloroform evaporate before compressing
with a constant velocity of 1 cm2/min. Resulting compression iso-
therms are given as function of the surface mass concentration C
of HPEI-Cn. The surface tension c of the liquid/air interface is mea-
sured with a Wilhelmy needle and compared to the surface tension
c0 of the bare water surface to yield the surface pressure P = c0 � c.
3. Results and discussion

3.1. HPEI-Cn CAMs suspended in toluene

The amphiphilic nature of HPEI-Cn with a hydrophilic core par-
tially shielded by an aliphatic shell (the degree of capping in our
CAMs was kept fixed at 52%) opens the possibility to tune the
supramacromolecular structure of the micelles controlling solvent
properties (temperature, electric susceptibility, etc.). In fact, Picco
et al. [18] showed that HPEI-C16 displays a liquid crystal-to-colloid
thermally activated transition near room temperature. Moreover,
HPEI-C16 displays also negative thermal expansion of the interpla-
nar distance below the transition temperature suggesting a com-
plex interplay between energetic contributions (Van der Waals
interactions between aliphatic chains, hydrophobic core-solvent
interactions) and entropic contributions due to organized solvent
around shell chains.

Fig. 1A shows the SAXS data obtained from HPEI-Cn (n = 8, 10,
12, 14, 16 and 18) suspended at 10 g/l in toluene at 5 �C. The choice
of the sample concentration was dictated by a compromise
between reasonable signal-to-noise ration in the SAXS experi-
ments and long enough (more than 30 min) colloidal stability of
the samples. Depending on chain length, two main features can
be observed in the diagrams: (i) between 1.5 nm�1 (d = 4.2 nm)
and 3.0 nm�1 (d = 2.1 nm) a clear broad structure maximum can
be observed (very clear for n = 14, 16 and 18). Above 3.0 nm�1,
HPEI-C14 to –C18 also display a minimum attributable to the form
factor P(q) of the scatters (HPEI-Cn) forming the structure observa-
ble at lower q.

Assuming that the scatters are spherical particles (a simplified
assumption), the position of the minimum in the form factor
relates to the radius of the sphere as qminR = 4.48. Using this
expression, the radii of the individual HPEI-Cn (n = 14, 16 and 18)
follow a straight line (Fig. 1B) with a slope m = 0.125 ± 0.003 nm/
atom in good agreement with the length increment expected for
the alkyl chains of the shell [39]. However, the ordinate obtained
from the fit b = �0.67 ± 0.05 nm has an unphysical negative value
although it should represent the (positive!) radius of the bare HPEI
nucleus. While the linear model seems to be correct for n > 14,
deviations should be expected for shorter aliphatic chains in order
to circumvent the problem.

The broad features observed in the SAXS diagrams between 1.5
and 3 nm�1 can be attributed to the structure factor originated in
the interaction between individual HPEI-Cn CAMs. A remarkable



Fig. 1. SAXS diagrams (A) obtained for toluene suspensions (10 g/l) of HPEI-Cn. HPEI-Cn size (B) obtained from the minimum observed around q = 3 nm-1 in panel A. See main
text for details.SAXS diagrams (A) obtained for toluene suspensions (10 g/l) of HPEI-Cn (C8: black, C10: red, C12: yellow, C14: green, C16: brown and C18: blue). HPEI-Cn size
(B) obtained from the minimum observed around q = 3 nm-1 in panel A. See main text for details.
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fact is that the per-carbon-atom increment of the distance associ-
ated with the structure factor is 0.33 nm/atom (more than twice
the value obtained from the form factor) suggesting that the struc-
ture formed from the interaction between CAMs has a dynamic
character and cannot be associated with permanent aggregates.
Fig. 2. SAXS and Infra-red data obtained from dried HPEI-Cn (n = 12, 14, 16 and 18) sam
were vertically shifted for clarity. (B) SAXS curve obtained for HPEI-C14 showing the posi
deduced for dried HPEI-Cn and linear correlation (right) between the cell parameter ‘‘a’’ of
to the fitted curve. (D) FTIR spectra showing the region corresponding to the rocking mode
and HPEI-C18 (blue). See main text for details.
3.2. HPEI-Cn CAMs deposited on flat substrates

Fig. 2A displays the SAXS diagrams obtained for HPEI-Cn
(n = 12, 14, 16 and 18) at 20 �C as dry powders after solvent
(chloroform) extraction. All SAXS diagrams display clear peaks
ples. (A) Full scattering curves. Left: SAXS region. Right: WAXS region. The curves
tion of the diffraction peaks (C) Schematic view (left) of the 2D-hexagonal structure
the hexagonal structure and the aliphatic chain length ‘‘n’’. The red line corresponds
s of the aliphatic Cn chains. HPEI-C12 (yellow), HPEI-C14 (green), HPEI-C16 (brown)



246 A. Picco et al. / Journal of Colloid and Interface Science 436 (2014) 243–250
indicating that dry HPEI-Cn powders form ‘‘long range’’ ordered
structures. Detailed analysis of the SAXS data indicate the exis-
tence of various diffraction peaks escorting the main feature
around 1.7–1.8 nm�1.

Fig. 2B shows a detailed analysis of the diagram obtained for
HPEI-C14 (also shown in Fig. 2A). Three Bragg peaks at q*, (

p
3)q*

and (
p

7)q* can be observed indicating that HPEI-C14 forms
ordered 2D-hexagonal phases (the Bragg peak with q = 2q* is hid-
den within the intense

p
3 peak). Although several authors have

observed columnar hexagonal phases in similar systems [40], a
brief comment must be introduced indicating that other possible
structures can be suggested without essential changes in our fur-
ther reasoning. Hence, several authors reported other structures
compatible with our SAXS results as lamellae (in fact the intensity
of the second Bragg peak suggests a possible coexistence with a
lamellae phase or even intermediate phases between lamellar
and columnar structures), deformed hexagonal structure [41], per-
forated hexagonal phases and rippled lamellar structures [42].

A similar 2D-hexagonal structure can be deduced for HPEI-C12,
HPEI-C16 and HPEI-C18 displaying

p
1q*,
p

3q* and
p

7q* character-
istic peaks.

Assuming columnar hexagonal arrangement, the peak q(hkl)
position for 2D-hexagonal structures can be written in terms of
the cell parameter ‘‘a’’ as:
2p
dðhk0Þ ¼ qðhk0Þ ¼ 4p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ hkþ k2

3a2

s
ð1Þ

Thus, the position of the first two peaks relates to the lattice
parameter ‘‘a’’ as q(100) = 4P/a

p
3 and q(110) = 4P/a, being ‘‘a’’

the transversal hexagonal lattice parameter and the distance
between the centers of cylinders (see Fig. 2C, left).

Eq. (1) allows obtaining the cell parameter ‘‘a’’ from the position
of Bragg peaks observed for HPEI-Cn. The arithmetic average for
‘‘a’’ (taken over the peaks (hkl) = (100), (110) and (210)) obtained
for every aliphatic chain length can be seen in Table 1 and are plot-
ted in the right panel of Fig. 2C. A linear fit (a = D0 + m * Ncarbon as
suggested by Thünemann [43]) to the experimental data yields
an ordinate D0 = 3.55 ± 0.39 nm and a slope m = 0.29 ± 0.03 nm/
carbon atom. Here, D0 should corresponds to the diameter of the
bare HPEI core under the conditions imposed by the solid packing
and m represents twice the contribution of each carbon atom to the
length of the aliphatic chain. Recently, Tsiourvas and Arkas [44]
reported the observance of columnar phases displaying ellipsoidal
cores formed by 5 kDa HPEI (PDI = 1.3) in fully alkylated HPEI-Cn
derived CAMs, in coincidence with our results.

As expected, the slope m obtained from the linear fit coincides
fairly well with twice the expected C–C bond length for aliphatic
chains (�0.28 nm) due to the presence of two extending chains
covering the space in between the HPEI cores.

Tanford [39] proposed that the length of an extended aliphatic
chain can be correlated with its carbon number as
Lc = (0.15 + 0.1265 Ncarbon)nm. The values obtained from the latter
formula for Ncarbon = 12, 14, 16 and 18 can be found in Table 1.
Although somewhat higher, our values for the chain length
Table 1
Center-to-center distance as obtained from the SAXS data of HPEI-Cn for different
chain lengths assuming hexagonal arrangement. The values are the arithmetic
average of the individual obtained for (hkl) = (1 00), (1 10) and (210). The error
quoted is the standard deviation of the mean.

Compound a (nm) Lc (nm) exp. Lc (nm) Tanford

HPEI-C12 7.06 ± 0.06 1.76 1.68
HPEI-C14 7.56 ± 0.06 2.05 1.91
HPEI-C16 8.16 ± 0.36 2.30 2.17
HPEI-C18 8.80 ± 0.50 2.63 2.42
coincide rather well with those obtained from Tanford’s formula,
indicating that the aliphatic chains remain fully unfolded in a
‘‘brush-like’’ configuration.

The lateral packing of the aliphatic chains in the shell can be
addressed using WAXS and FTIR. There are a few common ways
of packing aliphatic chains: orthorhombic (bo), Triclinic (bt) (and
also Monoclinic) and hexagonal (ah) differing on their WAXS and
FTIR signals [45,46].

From WAXS experiments it is possible to distinguish three
different crystal structures having the following average character-
istic position for their main diffraction peaks (reciprocal space
between parenthesis): hexagonal (ah): 0.42 nm (15 nm�1), ortho-
rhombic (bo): 0.42 nm (15 nm�1) and 0.38 nm (16.5 nm�1), tri-
clinic (bt): 0.45 nm (14 nm�1), 0.38 nm (16.5 nm�1) and 0.36 nm
(17.5 nm�1).

Fig. 2A includes the WAXS diagrams of the HPEI-Cn compounds.
In all cases, a diffraction peak in the range of 14.7–15.0 nm�1 is
observed indicating mean interplanar distances around 0.42 nm
almost independent of the chain length, typical for hexagonal (ah).

There are several examples of this kind of analysis for polymer-
surfactant complexes [47–51] supporting the assignment.

Supporting the WAXS results, FTIR can also provide useful infor-
mation on the packing structure of aliphatic chains analyzing the
720 cm�1 region of the spectrum. This region, corresponds to the
rocking modes of the aliphatic chains, and is observable for chains
longer than 4 carbons in linear configuration. For the orthorhombic
packing (bo), the rocking modes display two bands located at
719 cm�1 and 727 cm�1. Hexagonal and triclinic packing shows a
single band, located around 717 cm�1 (for triclinic, bt) and 720–
721 cm�1 (for hexagonal, ah) [48,52]. Examples of the use of the
rocking mode to analyze the lateral packing of aliphatic chains in
polymeric complex can be found in the works of Luyten [48] and
Ren [53].

Our FTIR spectra (Fig. 2D), reveal in all cases a single rocking
band centered at 721 cm�1 reinforcing the conclusion that the lat-
eral packing of the aliphatic shell chains should be hexagonal (ah).

These results are in fairly good agreement with those reported
by Mezzenga and co-workers for Hyperbranched Poly-Lysine
capped with saturated fatty acids [51] and Lee et al. for isocyanate
capped hydroxypropylcellulose [50].

As a last point, SAXS data at low q (Fig. 2A, below 0.5 nm�1)
scale as q�m (m � �3.9) for every chain length indicate that the
ordered domains have rather 3D structure with smooth surfaces.

3.3. HPEI-Cn CAM’s at the air–water interface

Up to now we have shown that HPEI-Cn form aggregates in tol-
uene suspensions and those dynamic structures form well defined
Fig. 3. Compression isotherms of HPEI-Cn molecules on water.
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long-range structures after solvent removal. Now we are interested
in investigating the order and structure of Langmuir monolayers of
HPEI-Cn assembled on top of the air–water interface of a Lang-
muir–Blodgett trough. Fig. 3 shows the compression isotherms of
the HPEI-Cn molecules. In all cases well defined monolayers could
be obtained indicating a surface activity though the fraction of
hydrophilic groups within the particles is small. At low surface
concentrations C of HPEI-Cn a nearly zero surface pressure P indi-
cates a dilute situation where the molecules barely interact form-
ing a ‘‘gas phase’’. At the concentration Ccrit the molecules begin to
overlap (this concentration is defined as the point where the first
pronounced increase of P appears). The following steep increase
in P ends at a critical surface pressure Pc where the monolayer
either collapses or molecules dissolve in water. The qualitative
compression behavior of the monolayers roughly equals each other
but a strong shift of the isotherms is observed depending on the
type of fatty acid attached to the HPEI molecule. Remembering that
the degree of capping for the particles is 52% therefore we expect
the fatty acids at least to be in a more or less stretched brush like
state. From the overlap concentration Ccrit we calculated effective
radii Reff assuming that the area needed by one molecule is given
by a circular area. The results are shown in Fig. 4A as a function
of the number of carbon atoms of the attached fatty acids onto
the HPEI molecule. Similar to the intermicellar distance in dried
phase (see above), Reff follows a linear relation

ReffðnÞ ¼ ð0:04� 0:01Þnm � nþ ð2:75� 0:11Þnm ð2Þ

giving a radial increase of 0.04 nm per added carbon atom. This
value is a factor of 3 smaller than the carbon–carbon distance indi-
cating a rather soft character of the ‘‘in-plane’’ fatty acid shell of the
HPEI-Cn. The ordinate represents the extrapolation of Reff on the
water surface, to zero carbon atoms attached, namely the bare mol-
ecule, of Reff on the water surface. The value of 2.75 nm gives a
diameter of 5.5 nm, slightly larger than the diameter obtained in
bulk (see above). This result might not be surprising and may be
due to a more flat conformation on top of the water surface. This
assumption is supported by our in situ XRR results which will be
discussed later.

A closer look on the compression isotherm of the smallest mol-
ecule – HPEI-C12 – we observe two distinct regions in the steep
increase of P expressed by a change in the slope of P. We extrap-
olated both regimes to P = 0 and obtain two different values for Reff

(see Fig. 4A). This might be due to a structural rearrangement on
the surface. Another possibility is that the compression is given
by two steps. First the fatty acids are compressed followed by a
compression/rearrangement of the HPEI core. The slope of the
increase in P can be utilized to gain quantitative information about
Fig. 4. (a) Effective radii Reff of the HPEI-Cn molecules on the water surface. (b) Overlap c
Cn monolayers (yellow).
the compression process. The isothermal compressibility Cs calcu-
lated from the compression isotherms by [54]

Cs ¼ �C � @ð1=CÞ
@P

� �
ð3Þ

is shown in Fig. 5 for every chain length. In the figure the two step
compression is clearly seen as two different compressibility regimes
(�190 � 106 and 240 � 106 mg/cm2 for HPEI-C12) located at the
two minima in Cs. Increasing the number of carbon atoms in the
attached fatty acids lead to smearing of the first minimum in Cs at
low surface concentration C although the two compression steps
are still present for all samples. The Cs value obtained from the first
minimum corresponds roughly to compressibility values for fatty
acids (e.g. 7 m/N for behenic acid [55]). In general we find that for
longer fatty acids the overall molecule becomes softer as seen by
the global compressibility minimum of the respective sample. This
is not surprising because of the increasing relevance of the entropy
part of the free energy for longer chains.

To obtain information on the out-of-plane structure of the
monolayers, X-ray Reflectivity experiments (XRR) were performed
in-situ at selected pressures. A representative set of in-situ reflec-
tivity experiments on HPEI-Cn monolayers is shown in Fig. 6 either
for approximately constant pressure and different molecules
(Fig. 6A) or for one molecule (HPEI-C12) for different pressures
(Fig. 6B). In all cases clear interferences (so called ‘‘Kiessig fringes’’)
are visible arising from the interference of the X-rays scattered
from the top and the bottom of the monolayer whose position is
related to the respective layer thickness d.

It is remarkable that the increase of 6 carbon atoms in the fatty
acids leads to a pronounced shift of the interference minimum (see
Fig. 6A). Increasing P (Fig. 6B) the thickness of the monolayer
slightly increases possibly due to rearrangement of the fatty acid
shell when compressing the HPEI core in the second compression
regime.

In order to obtain quantitative information from the reflectivity
data, the bare water surface before every monolayer experiment
has been analyzed in terms of Fresnel reflectivity [56]

Rwater ¼ ðqzÞRF eð�q2
Zr

2Þ ð4Þ

with RF being the Fresnel reflectivity and r the roughness of the
water surface due to thermal capillary wave excitations (typical val-
ues found in our experiments are r = (0.30 ± 0.01) nm as expected
for capillary waves at 20 �C [57]). The monolayer reflectivity has
been analyzed using IGOR Pro and Motofit [58] which applies a
genetic fit algorithm combined with the matrix method [59] to cal-
culate the reflectivity of a layered structure.
oncentrations Ccrit (green) and total layer thicknesses measured by XRR of the HPEI-
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Solid lines in Fig. 6 are fits to the data according to a two layer
model which consists of a lateral averaged (along the water sur-
face) electron scattering length density (SLD) of the HPEI cores
and a second layer of fatty acids on top of the HPEI cores.

When compressing a monolayer of HPEI-Cn we found that the
thickness of the HPEI core layer and the fatty acid layer remain
almost constant (in a first approximation). We think this is due
to a more or less solid like behavior where the whole molecule
behaves as a rather hard object on the water surface. Nevertheless,
Fig. 6. (A) In situ reflectivity of all HPEI-Cn monolayers at about P � 10 mN/m. The arro
acids. (B) In situ reflectivity of HPEI-C12 for different P values. The arrow indicates the
(bottom curve). All reflectivity are given in arbitrary units and shifted for clarity. Lines
monolayer systems and according to Eq. (2) for the water surface. Inset: typical electro

Fig. 7. (A) Total monolayer thickness of HPEI-Cn samples for different surface pressures m
bulk close packing distance of the CAMs and 2 Reff of them on the water surface.
a slight increase in total layer thickness can be seen in Fig. 7A,
possibly due to the ‘‘brushing’’ of the aliphatic shell upon
compression.

An interesting effect is that the lateral averaged SLD increases
slightly with increasing pressure (data not shown) indicating a
decrease of average particle distance on the water surface.

The total thickness of the monolayers for P = 10mN/m are
shown in Fig. 4B as a function of the number of carbon atoms in
the fatty acids. A linear relation is found which follows

dðnÞ ¼ ð0:16� 0:03Þnm � nþ ð0:69� 0:38Þnm ð5Þ

Resulting in a total thickness per added carbon atom to the fatty
acids increases by 0.16 nm which means a radial increase of
0.08 nm (see Reff values in Fig. 4A) perpendicular to the water
surface.

The ordinate of this linear relation gives the approximation to
the thickness of the HPEI core without fatty acids on the water sur-
face. A value�0.7 nm is rather small and gives a hint for a more flat
conformation of HPEI-Cn molecules on the surface as already
deduced.

Summing up to results presented above, the fatty acid chains of
the shell has two quantitatively different behaviors (i) in-plane, the
fatty acid chains behave rather soft as indicated by the small per-
carbon-atom increment (0.03 nm) of the center-to-center distance
(ii) out-of-plane, the per-carbon-atom increment (0.08) although
smaller than the expected for extended aliphatic chains
(0.12 nm), is closer to this value indicating a stiffer aliphatic shell.
w marks the direction of increasing number of carbon atoms in the attached fatty
direction of increasing P. Also, the reflectivity for the bare water surface is shown
are fits to the data according to the two-layer model described in the text for the

n scattering length density distributions perpendicular to the surface.

easured by XRR. The dotted lines are guide for the eyes only. (B) Comparison of the



Fig. 8. Proposed conformational arrangement of the HPEI-Cn molecules at the
water/air interface.
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Combining the size estimations from XRR and Langmuir
experiments the dimensions of the particle can be concluded
to be more or less flattened or ellipsoid like with an estimated
volume of V � 4/3p(2.75)2 � (0.69/2) � 11 nm3. In the bulk
powder the volume is comparable to the water surface value.
However, the absolute values of the lateral 2 Reff at the water
surface and the close packing distance L found in the bulk inves-
tigations favorable coincide. Only the slope, meaning the
increase of size by increasing number of carbon atoms in the
fatty acid moieties, is different possibly due to partially dissolv-
ing and deformation of the HPEI core.

To summarize the structural analysis of the HPEI-Cn monolay-
ers we propose the molecular structure to have a more flattened
conformation with fatty acid chains in a more brush-like
conformation perpendicular to the water surface, and a softer
(mushroom-like) lateral conformation where fatty acid chains are
barely stretched, see Fig. 8.
4. Conclusions

Supramacromolecular assembly of functional soft-matter
structures proves to be a flexible strategy for controlling material
properties [1–3] and designing novel collective behavior.

CAMs with hyperbranched polyethyleneimine core building
blocks are especially useful acting as unimicelles, based on the
ability to transfer polar substances to non-polar media due to the
hydrophilic nature of the cores. Previous results on HPEI-C16
unimicelles demonstrated that tight control over thermodynamic
variables leads to the formation of supramacromolecular assem-
blies [18] as well as nanoparticle encapsulation [21].

In this paper we demonstrated that HPEI-Cn assemblies form
columnar hexagonal structures after solvent evaporation display-
ing also hexagonal lateral packing for the aliphatic chains.

We also determined that HPEI-Cn CAMs form unimolecular lay-
ers at the air–water interface under controlled lateral pressure in
Langmuir–Blodgett experiments. A strong influence of the
interface has also been determined forcing the structure of the
HPEI-Cn assemblies to be flattened exhibiting a different folding
behavior of their aliphatic chains in-plane (mushroom-like) and
out-of-plane (brush-like).

Altogether, our results demonstrate the versatility of CAMs as
functional bricks for hierarchical assembly and highlight the
importance of the strict control of thermodynamic variables during
soft-matter supramolecular self-assembly.
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