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The supramolecular structures formed when anionic polyamidoamine starburst dendrimers, in the presence
of low concentrations of spin probe surfactants, are added to aqueous solutions of nonlabeled cationic surfactants
have been investigated by EPR spectroscopy. In order to obtain an overview of dendrimer/surfactant systems,
a variety of spin probe surfactants, differing from one another in chain length, structure, polarity, charge,
solubility, and self-aggregating ability, were employed. Computer simulation of the experimental EPR spectra
allowed evaluation of mobility and polarity parameters of the spin probes in the supramolecular structures
formed in addition to determination of the degree of partitioning of the probe among various supramolecular
structures. Depending on the concentrations of both the surfactant and the dendrimer, the dendrimer size,
and temperature, the model envisions two types of structures, i.e., primary structures consisting of probe
monomers adsorbed on the dendrimer surface and secondary structures consisting of probe monomers adsorbed
in surfactant aggregates bound to the dendrimer surface. Depending on the probe concentration and on the
probe solubility into the surfactant aggregates, line broadening was observed, which was consistent with
spin-spin interactions supporting a model in which more than one probe was inserted in the aggregates.
This solubility was enhanced by the presence of dendrimers and by increasing temperature.

Introduction
Electron paramagnetic resonance (EPR) spectroscopy has
provided a powerful tool for the investigation of the aggregation
behavior of surfactants in aqueous solution, in particular through
the use of probes that are surfactants possessing a spin label
and capable of inserting into micellar structures.1-10 Micelles
serve an important scientific role as primitive structures to mimic
biological structures and an important practical role for a range
of biological and industrial processes. The interactions of
surfactants and micelles with macromolecules and polyelectrolytes are of particular interest, since these systems include those
originated by surfactants interacting with biological macromolecules, such as proteins and DNA.11-15
Recently, we have applied the EPR spin probe technique to
investigate the supramolecular structures formed when surfactants are added to aqueous solutions of dendritic polymers.9,10
Dendrimers are supramolecular structures possessing nanoscopic
sizes and well-defined composition and constitution, characterized by branched repeating units (layers termed generations,
G) emanating from a central core.16,17 We have investigated
the supramolecular structures formed by interactions of surfactants with the polyamidoamine family of starburst dendrimers
(SBDs) possessing branches consisting of amidoamine units
covalently linked in layers emanating from a central amino
core.18 The branches at the external surface may terminate with
amino groups (full generations, G ) n.0) or carboxylate groups
(half generations, G ) n.5) with sodium gegenions, as an
example. Previous EPR investigations19,20 have shown that the
external and internal structures and interacting ability are similar
to those of biomacromolecules such as proteins and enzymes.
Molecular simulations21 of the SBD structure have shown
that a change in the dendrimer morphology occurs for the n.0
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G systems at around G ) 4.0. Thus, the SBD may be classified
as “earlier” (G less than 4) or “later” generations (G greater
than 4), with G ) 4 being a borderline case. The earlier
generations are characterized by an open and solvent accessible
external structure, whereas the later generations are characterized
by a densely packed external surface. Chart 1 schematically
shows, as an example, the SBD structure for G ) 3.5. In the
present study, G ) 3.5 and G ) 7.5 were selected as
representative of the earlier and later generations.
We are concerned with the structures and dynamics resulting
from interactions of the anionic SBDs with surfactants and
micellar aggregates and the aggregational processes of surfactants in the presence of anionic dendrimers. We have selected
cationic surfactants in order to promote the electrostatic interactions between the surface of the dendrimers and the charged
head groups of the surfactants. Two thoroughly investigated
surfactants, trimethylammonium dodecyl bromide (DTAB) and
trimethylammonium hexadecyl bromide (CTAB), were chosen
for detailed investigation. Their formulas are reported in
Chart 1. The EPR spin probe method was selected as the
technique for investigation of the interactions of surfactants
with SBDs because of its demonstrated ability to provide
information on the structure and dynamics of the supramolecular
structures formed in systems involving micellar and related
aggregates.
A multiple probe technique was employed in this investigation
to provide information concerning the structure and dynamics
of cationic surfactant-anionic polyelectrolyte systems. Preliminary EPR measurements were conducted in the absence and
in the presence of the dendrimers in order to identify the probes
to best monitor, through spectroscopic parameters, the dynamics,
the environmental polarity, and the partition coefficients resulting from interactions of surfactants, surfactant micelles, and
dendrimers.
The formulas of the probes finally chosen for the present
study, that is, C12T, CAT9, and CAT16, are reported in Chart
1.
© 1997 American Chemical Society
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CHART 1

In a previous investigation22 the CATn probes were shown
to interact with the SBD surface both at the hydrophilic head
groups of the surfactant and with more hydrophobic sites close
to the SBD surface. Previous investigations9,10 have also probed
the aggregation behavior of CAT16 and the formation of mixed
CAT16-CTAB micelles. In the latter investigations the EPR
line shapes were dominated by the spin-spin interactions due
to the aggregation of the probe radical in the micellar structures.
Because the presence of spin-spin interactions interferes with
measurement of the EPR parameters (mobility, polarity, anisotropy of motion), which provide most of the information on
the supramolecular structures and dynamics, in this report the
radical surfactants served mainly as probes of environmental
properties, for which spin-spin interactions are minimized.
Experimental Section
The water solutions were prepared in doubly distilled water
filtered through Millipore filters.
The SBDs employed in this study have been synthesized as
described in previous papers.18 Methyl-ester-terminated generations were hydrolyzed with stoichiometric amounts of NaOH
in methanol to obtain carboxylate external groups with sodium
gegenions. Accurate purification of the dendrimers was accomplished from subsequent recrystallization in water solutions.
The purity was carefully controlled by mass spectrometry.23
Aqueous solutions of 3.5SBD and 7.5SBD at 0.37 M concentration in surface SBD-COO- groups were prepared and stored
immediately after preparation under nitrogen at about 278 K.
The final dendrimer solutions containing the radicals, both in
the absence and in the presence of micelles, are at concentrations
of 0.031 and 0.185 M in surface carboxylate groups. These
two concentrations were selected on the basis of the previous
results obtained with the n.5SBDs in the presence of CAT16
micelles.9 These results indicate that low concentrated solutions
(represented by [SBD-COO-] ) 0.031 M) show a larger
fraction of aggregates at the SBD/water interface with respect

to solutions at high concentration (represented by [SBD-COO]
) 0.185 M).
Titration as a function of [SBD-COO-] showed a progressive
modification from the EPR data evaluated at [SBD-COO-] )
0.031 M to the results obtained at [SBD-COO-] ) 0.185 M,
and it was not henceforth discussed.
The radical surfactantssC12T, CAT9, CAT16swere purchased from Molecular Probes and used as received. Water
solutions of the cationic radicals were prepared at concentration
of 2 × 10-4 M. In a series of measurements the radical solution
was at the same concentration as the samples in the presence
of CTAB or DTAB and/or the dendrimers.
DTAB and CTAB (Sigma) were recrystallized from methanol.
Different values for the cmc of CTAB are reported in the
literature ranging from 0.75 to 1 mM. We used as reference
the cmc evaluated by Berr24 by means of surface tension, that
is cmc(CTAB) ) 1 mM. For DTAB we referred to the same
cmc (14 mM) as used by Caminati and co-workers in a study
on the aggregational behavior of DTAB in the presence of
n.5SBDs.25 The starting solutions of the surfactants were
prepared well above their cmc, that is, [CTAB] ) 8 mM and
[DTAB] ) 80 mM. These concentrated solutions were warmed
at 313 K to provide clear solutions. Conversely, the diluted
solutions used in this work were clear at 303 K. Therefore,
the EPR spectra, unless otherwise specified, were recorded at
303 K. It was not convenient to record EPR spectra at higher
temperature, since the faster exchange of the radicals in different
environments often provided a lack of information about the
structure and the mobility of each environment.
Titration has been performed as a function of [CTAB] to
follow the micellization process of the surfactant-probe system
in the absence and in the presence of the dendrimers. Only
representative EPR spectra at selected CTAB concentrations are
shown and discussed in the Results and Discussion section.
The EPR spectra were recorded by means of a Bruker 200D
spectrometer operating in the X band (9.5 GHz), interfaced with
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Stelar software to a PC-IBM computer for data acquisition and
handling. The temperature was controlled with the aid of a
Bruker ST 100/700 variable-temperature assembly. Magnetic
parameters were measured by field calibration with the diphenylpycrylhydrazide (DPPH) radical (g ) 2.0036). An EPR tube
(1 mm diameter) containing a few milligrams of solid DPPH
was inserted in the EPR cavity together with the samples to be
examined.
Results and Discussion
The results obtained from each probe under various experimental conditions are discussed separately and then compared
in order to devise a general model to describe the structure and
dynamics of the cationic surfactant-anionic dendrimer systems.
Computation of the Spectra and Main Derived EPR
Parameters. Quantitative information on the mobility, the
environmental polarity, and partition coefficients was extracted
from the observed EPR spectra through computer-assisted
analysis of the line shape employing the broadly accepted
procedure of Schneider and Freed.26 Three sets of magnetic
parameters (the components of the g tensor, for the Zeeman
coupling between the electron spin and the magnetic field, and
the components of the AN tensor, for the hyperfine coupling
between the electron spin and the nuclear spin) were used for
the computation of the spectra in this study. These sets of
parameters were indicated, for simplicity, as “f” and “m”. The
letter “f” refers to “free” radicals which are in the bulk aqueous
phase or interacting as monomers with the dendrimer surface
(primary interactions).22,25 The letter “m” refers to radicals in
micellar aggregates whose structures are under investigation.
The insertion of the radical probe into a micellar structure places
the nitroxide group into a partially hydrophobic medium.6 In
turn, this leads to a decrease of the AN components, corresponding to a decrease in 〈AN〉 ) (AXX + AYY + AZZ)/3, which
reflects the lower polarity of the environment sensed by the
radical.27 The parameters indicated as f and m were obtained
by computing the spectra at 298 and 77 K of CAT9 solutions
in the absence and in the presence of DTAC micelles,
respectively. These parameters held for CAT9 and C12T
samples in the absence and in the presence of micelles, also
upon addition of the dendrimers, and for CAT16 samples in
the absence of the dendrimers. The computation of the spectra
of CAT16-CTAB aggregates in the presence of the dendrimers
indicated a lower polarity of the radical environment, when
inserted in the micelles, which corresponded to the introduction
of the set of parameters henceforth indicated as m′. The sets
of magnetic parameters used in the computation are as follows
(accuracy ca. 1 × 10-4 for gii and ca 0.1 G for Aii, the accuracy
was estimated on the basis of the spectral modifications which
led to significant lack of fitting between computed and
experimental line shape):

m:

gxx, gyy, gzz ) 2.0090, 2.0064, 2.0039;
Axx, Ayy, Azz ) 6.5 G, 7.5 G, 34.7 G

m′:

gxx, gyy, gzz ) 2.0092, 2.0064, 2.0040;
Axx, Ayy, Azz ) 6.0 G, 6.5 G, 33.7 G

f:

gxx, gyy, gzz ) 2.0088, 2.0062, 2.0035;
Axx, Ayy, Azz ) 6.8 G, 8.2 G, 35.7 G

A Brownian rotation diffusion is assumed to modulate the
magnetic parameters. The approximate cylindrical symmetry
of the radicals allows the assumption that there are two main
components of the rotational correlation time, i.e., τ⊥ and τ|. τ⊥
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is the most relevant dynamical parameter in the case where the
main rotational axis lies in the direction of the pz orbital
containing the unpaired electron.
The accuracy in the evaluation of the correlation time for
motion is estimated to be 5%.
When more than one radical probe occupies a single micellar
aggregate, collisions of the radicals within the constraint of the
aggregate result in significant Heisenberg spin exchange.28 These
authors assume a proportionality between the spin-spin exchange frequency, ωex, and the local concentration of the
radicals. Therefore, ωex is considered as an indicator of the
formation of radical aggregates, and the variation in ωex as a
measure of variation of the local concentration of the probes.
Aggregates containing different numbers of probes should
contribute to the overall line shape. However, we consider, for
simplicity, a homogeneous distribution of the radicals in the
aggregates and the calculated ωex may be considered as an
averaged value (accuracy in the evaluation ) 5%).
In some situations radicals are distributed in two or more
environments and undergo a slow exchange on the EPR time
scale. Such situations require the addition of two or more
spectral components to simulate the observed EPR line shape.
Evaluation of the different percentages of the individual
components (estimated accuracy ) 2%) allowed an estimation
of the relative probe quantity in each environment. Attempts
to simulate more than three components is problematical both
mathematically (too many parameters and reduction of accuracy)
and in terms of physical interpretation (ambiguity of structural
assignments). As a result, the analyses performed were limited
to a maximum of three components and where possible within
the desired precision of simulation were limited to two
components.
The variation of each parameter produced a different modification of the computed line shape and the goodness of the
fitting was assessed by varying each parameter, which also
verified the accuracy in the calculation. In the case of two or
three spectra constituting the overall EPR signal, the reliability
of the calculated parameters was ensured by means of a
subtraction-addition procedure of spectra obtained in different
experimental conditions. This procedure provided the single
components of the spectra, which were computed and then added
at the proper relative amounts to reproduce the experimental
line shape.
C12T as a Probe of CTAB Micellization in the Absence
and in the Presence of Dendrimers. Figure 1 shows the
experimental EPR (full lines) and computed (dotted lines)
spectra for aqueous solutions of C12T (2 × 10-5 M) with CTAB
(<2 × 10-3 M) in the absence of dendrimers (a); CTAB (5 ×
10-4 M) + 3.5 SBD (0.031 M) (b); or + 7.5 SBD (0.031 M (c)
and 0.185 M (d)). The parameters obtained from computation
of the spectra are reported in Table 1-Figure 1.
C12T presents a very low cmc, that is, 1.6 × 10-6 M.6 The
titration as a function of [CTAB] showed that, for [CTAB] <
2 × 10-3 M, the spectrum corresponds mainly (95%) to C12T
radicals forming micelles in equilibrium with a small portion
(5%) of radicals in the aqueous phase. It is expected that above
the reported cmc for CTAB (1 × 10-3 M), mixed micelles of
CTAB and C12T would be formed and that this would be
reflected in the line shape of the EPR as the spin-spin
interactions were varied. However, from the Heisenberg
exchange frequency, it appears that the progressive dilution of
C12T in CTAB micelles only started at CTAB concentrations
above 2 × 10-3 M, i.e., well above the cmc. Two possible
explanations for this result are (1) the formation of mixed
micelles of C12T and CTAB is not favored energetically and
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Figure 1. Experimental (full lines, 303 K) and computed (dotted lines)
EPR spectra for aqueous solutions of CTAB (<2 × 103 M) containing
C12T (2 × 10-5 M) in the absence of dendrimers and of CTAB (5 ×
10-4 M) in the presence of 3.5 SBD (0.031 M) and 7.5 SBD (0.031
and 0.185 M).

(2) the cmc of CTAB is shifted toward higher concentration in
the presence of C12T. The observation (results not shown) that
an increase in temperature leads to more efficient insertion of
C12T into CTAB micelles favors explanation 1.
The exchange-narrowed component due to C12T radicals in
the same aggregate disappeared upon addition of dendrimers
to solutions of CTAB (5 × 10-4 M) in the presence of both 3.5
SDB and 7.5 SBD for dendrimer concentrations as low as 0.031
M. The probe environment reported a reduced mobility and
low polarity (τ⊥ and the set m of Aii components, in Table
1-Figure 1) compared to radicals in the aqueous phase, suggesting the insertion of the probe into CTAB aggregates. Since
the formation of mixed CTAB-C12T aggregates was promoted
by adding the dendrimers and the decrease in mobility of C12T
was indicative of the interaction with the dendrimer surface,
the CTAB-C12T aggregates were formed at the dendrimer
surface. The interaction of the surfactants with the SBD surface
was therefore cooperative; that is, aggregates were formed at
the SBD/water interface. For the 7.5 SBD samples, the fraction
of the probe radicals, which possesses the f set of magnetic
parameters, showed a decrease in mobility with respect to the
radicals in water solution (from 8 × 10-11 to 3.5 × 10-10 s).
Such a decrease has been previously observed22 in the case of
noncooperative primary interactions with the dendrimer surface;
that is, the surfactant monomers bind the dendrimer surface by
means of both electrostatic and hydrophobic interactions. These
previous studies22 have demonstrated that the surfactant monomers preferentially interact (primary interactions) with the
surface of large sized dendrimers (later generations), with respect
to smaller dendrimers (earlier generations).
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An increase in the concentration of 7.5 SBD to 0.185 M
showed the appearance of an exchange-narrowed component,
and the parameters reported in Table 1-Figure 1 suggest the
following results: (a) more than half of the radicals still retained
their micellar structure (the same exchange-narrowed component
as observed for C12T micelles is observed); (b) ca. 25% of the
C12T radicals form mixed micelles with CTAB; and (c) the
remaining fraction of radicals showed primary interactions with
the dendrimer surface.
We come to the following conclusions based on computer
simulation of the EPR spectra of C12T as a probe: (1) in the
absence of dendrimers, the addition of CTAB in concentrations
up to 2 × 10-3 M, i.e., above its cmc, does not disrupt the
C12T micellar structure; (2) upon addition of the dendrimers
to the system formed by separate CTAB and C12T micelles,
the signal that we attributed to C12T automicelles disappeared
and was replaced with a signal with polarity and mobility
suggestive of aggregates of CTAB containing C12T as probes.
Since this occurred in the presence of SBDs, we suggest that
the aggregates were formed at the dendrimer surface (secondary,
cooperative interactions); (3) primary, noncooperative interactions between the radical and the dendrimers were preferred to
the insertion of C12T into CTAB micelles formed at the 7.5
SBD surface; (4) an increase in concentration of 7.5 SBD
inhibits the formation of dendrimer surface CTAB aggregates
containing C12T probes, in spite of the increase of ionic
strength, which is known to promote the formation of micellar
aggregates at concentrations below the cmc of the surfactants.
CAT16 as a Probe of CTAB Micellization in the Absence
and in the Presence of Dendrimers. Figure 2 shows the
experimental (full line, 303 K) and the computed (dotted lines)
EPR spectra of CTAB solutions (5 × 10-4 M) in the absence
(a) and presence of 3.5 SBD (b) and 7.5 SBD (c) (0.031 M);
and of CTAB solutions (2 × 10-3 M) in the absence (a′) and
presence of 3.5 SBD (b′) and 7.5 SBD (c′) (0.031 M), containing
CAT16 at concentrations 100 times lower than the CTAB. The
parameters derived from the simulation of the spectra in Figure
2 are reported in Table 1-Figure 2.
CAT16 presents a critical micellar concentration (cmc) of
0.2 mM, as evaluated from surface tension measurements.9,10
The cmc measured from EPR spectral analysis is higher, that
is, about 0.5 mM. Therefore, the concentration of CAT16 in
the samples for the spectra in Figure 2 is well below the cmc.
The following conclusions concerning the supramolecular
structures formed were obtained from analysis of the spectra in
Figure 2. In the absence of SBDs the CTAB aggregates are
formed at their cmc as monitored by the CAT16 probe (change
in polarity and mobility of the probe at the cmc), and the CAT16
monomers formed mixed micelles with CTAB, but with no more
than one probe per micelle (no spin-spin interactions). The
fraction of probes inserted in the micelles increased as the CTAB
concentration was increased above the cmc.
In the presence of SBDs the signal with the m′ parameters
appeared at low CTAB concentration, indicating that CTAB
aggregates, different from the ones with the m parameters, were
formed at a concentration well below the surfactant cmc. This
means that the dendrimers facilitated the formation of aggregates, by offering a surface suitable to a cooperative
interaction of the surfactants (aggregates formed at the SBD
surface), even with low surfactant concentration. Interestingly,
the ωex included in the calculation indicated that more than one
probe was inserted into the CTAB aggregates (in spite of the
very low CAT16 concentration with respect to the CTAB
concentration). Unexpectedly, the fraction of probes in the
CTAB aggregates slightly decreased as the CTAB concentration
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TABLE 1: Main Parameters Obtained from the Computation of the EPR Spectraa
Figure 1
signal

[C12T]

[CTAB]

(a)

2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5

<2 × 10-3
<2 × 10-3
5 × 10-4
5 × 10-4
5 × 10-4
5 × 10-4
5 × 10-4
5 × 10-4

(b)
(c)
(d)

G

[SBD]

magnetic parameters

%

τ⊥ (s)

ωex (s-1)

95
5
100
67
33
53
25
22

(1 × 10-9)
8.0 × 10-11
5.5 × 10-10
5.5 × 10-10
1.0 × 10-10
(1 × 10-9)
5.0 × 10-10
3.5 × 10-10

5.5 × 108

0.031
0.031
0.31
0.185
0.185
0.185

m
f
m
m
f
m
m
f

[SBD]

magnetic parameters

%

τ⊥ (s)

ωex (s-1)

0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031

f
m
f
m′
f
m′
f
m′
f
m′
f

100
75
25
57
43
70
30
70
30
55
45

8.0 × 10
4.5 × 10-10
2.0 × 10-10
5.5 × 10-10
4.0 × 10-10
5.5 × 10-10
4.0 × 10-10
5.5 × 10-10
4.0 × 10-10
5.5 × 10-10
4.0 × 10-10

magnetic parameters

%

τ⊥ (s)

ωex (s-1)

95
5
50
48
2
45
55
100
100

(1 ×
8.0 × 10-11
3.0 × 10-10
(1 × 10-9)
8.0 × 10-11
(1 × 10-9)
6.0 × 10-10
3.0 × 10-10
4.0 × 10-10

5.5 × 108

3.5
7.5
7.5
7.5
7.5
7.5

5.5 × 108
5.0 × 107

Figure 2
signal

[CAT16]

[CTAB]

(a)
(a′)

5 × 10
2 × 10-5
2 × 10-5
5 × 10-6
5 × 10-6
2 × 10-5
2 × 10-5
5 × 10-6
5 × 10-6
2 × 10-5
2 × 10-5

5 × 10
2 × 10-3
2 × 10-3
5 × 10-4
5 × 10-4
2 × 10-3
2 × 10-3
5 × 10-4
5 × 10-4
2 × 10-3
2 × 10-3

(b)
(b′)
(c)
(c′)

-6

G

-4

3.5
3.5
3.5
3.5
7.5
7.5
7.5
7.5

-11

6.0 × 107
6.0 × 107
6.0 × 107
5.0 × 107

Figure 3
signal

[C12T]

(c)

2 × 10
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5
2 × 10-5

(a-i)
(b-i)
(a-ii)
(b-ii)

[DTAB]

G

[SBD]

m
f
m
m
f
m
m
m
m

-5

2.0 × 10-3
2.0 × 10-3
2.0 × 10-3
7.0 × 10-3
7.0 × 10-3
2.0 × 10-3
7.0 × 10-3

7.5
7.5

0.185
0.185

10-9)

7.0 × 107
5.0 × 108
5.0 × 108
6.0 × 107

Figure 4
signal

[CAT9]

[DTAB]

(a)
(b)
(b)
(c)

2 × 10-6
2 × 10-6
2 × 10-6
2 × 10-6
2 × 10-6
2 × 10-6
2 × 10-6
5 × 10-6
5 × 10-6
5 × 10-5
5 × 10-5
5 × 10-5
5 × 10-5
5 × 10-5
5 × 10-5

4.0 × 10-4
4.0 × 10-4
4.0 × 10-4
4.0 × 10-4
4.0 × 10-4
4.0 × 10-4
4.0 × 10-4
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3
1.0 × 10-3

(c)
(d)
(e)
(f)
(g)
a

G
3.5
7.5
3.5
3.5
7.5
7.5
3.5
3.5
3.5
3.5
7.5
7.5
7.5
7.5

[SBD]

magnetic parameters

%

τ⊥ (s)

0.031
0.185
0.185
0.185
0.031
0.031
0.185
0.185
0.185
0.185
0.185
0.185
0.185
0.185

f
f
f
m
f
m
f
m
f
m
f
m
f
m
f

100
100
100
65
35
65
35
75
25
95
5
50
50
95
5

8.0 × 10-11
2.0 × 10-10
2.0 × 10-10
5.5 × 10-10
2.0 × 10-10
5.5 × 10-10
2.0 × 10-10
5.5 × 10-10
2.0 × 10-10
(1 × 10-9)
5.0 × 10-11
(1 × 10-9)
2.0 × 10-10
5.5 × 10-10
2.0 × 10-10

ωex (s-1)

T (K)
303
303
303
303
303
303

1.8 × 108

303

3.5 × 108

303
333

Accuracy: τ⊥ and ωex, 5%. Percentages: 2%.

increased in the presence of 7.5 SBD. It appears that the CAT16
probes reach a “saturation” condition with respect to solubility
in CTAB aggregates formed at the 7.5 SBD surface.
In conclusion, the EPR parameters (Table 1-Figure 2) suggest
that the structures of the CTAB aggregates are different in the
absence and presence of dendrimers. In the presence of
dendrimers the environment is less polar, the probe motion is
more restricted (compared to the situation without the dendrimers), and the probe concentrates in the CTAB aggregates
adsorbed on the dendrimer surface.
C12T as a Probe of DTAB Micellization in the Absence
and in the Presence of Dendrimers. Figure 3 shows some
representative spectra of C12T (2 × 10-5 M) as a probe of
DTAB solutions (2 × 10-3 M and 7 × 10-3 M) in the absence

(a-i; b-i, respectively) and presence of 0.185 M 7.5 SBD (a-ii;
b-ii, respectively). The spectrum of a solution of pure C12T
(c) is also shown for comparison. The full lines are the
experimental spectra and the dotted lines are the computed
spectra from which the parameters reported in Table 1-Figure
3 were derived.
In the absence of dendrimers and DTAB, spectrum c was
computed with the magnetic parameters m, and high exchange
frequency (Table1-Figure 3), due to close radicals, which
indicated the self-aggregation of the probes. This feature
persisted by adding DTAB, even in the presence of relatively
large concentrations of DTAB. For example, at [DTAB] ) 7
× 10-3 M (spectrum b-i in Figure 3), about 50% of the C12T
radicals still formed homomicelles and 50% formed mixed
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Figure 2. Experimental (full line, 303 K) and computed (dotted lines)
EPR spectra of CTAB solutions (5 × 10-4 and 2 × 10-3 M) containing
CAT16 at [CTAB]/[CAT16] ) 100, in the absence and presence of
3.5 SBD and 7.5 SBD (0.031 M).

micelles with the DTAB surfactants. A progressive dilution of
C12T radicals in DTAB micelles was observed above the DTAB
cmc (results not shown).
In the presence of dendrimers, mixed micellar aggregates of
C12T and DTAB were formed even in the presence of small
amounts of DTAB, as evidenced by the disappearance of the
spin-spin components in the probe spectrum as DTAB concentration was increased (spectra a-ii and b-ii in Figure 3).
CAT9 as a Probe of DTAB Micellization in the Absence
and in the Presence of Dendrimers. Figure 4 shows some
representative spectra of CAT9 as a probe of DTAB solutions
in the absence and in the presence of dendrimers. The full lines
are the experimental spectra and the dotted lines are the
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computed spectra from which the parameters reported in Table
1-Figure 4 were derived. Nearly identical line shapes were
observed for 4 × 10-4 M solutions of DTAB containing CAT9
at 2 × 10-6 M in the absence of dendrimers (Figure 4a, dashed
line (a)) and in the presence of 0.031 M 3.5 SBD or 0.185 M
7.5 SBD (Figure 4a, (b)). The spectral parameters are indicative
of radicals, which are free in solution in the absence of
dendrimers and gave primary noncooperative interactions with
the dendrimer surface in the presence of dendrimers. The line
shape changes for 0.185 M 3.5 SBD or 0.031 M 7.5 SBD, but
the spectra were equivalent to each other in these two cases
(Figure 4a, (c)). The parameters indicated that at least 65% of
the probe molecules are inserted into DTAB aggregates at the
dendrimer surface, with consequent decrease in mobility and
environmental polarity of the probe (parameters in Table
1-Figure 4).
It is noteworthy that a higher concentration of 3.5 SBD and
a lower concentration of 7.5 SBD were needed to promote the
secondary cooperative interactions of DTAB with the dendrimer
surface, even at DTAB concentrations well below the cmc. The
formation of supramolecular structures composed of surfactant
aggregates adsorbed on the dendrimer surface is inhibited for
later generation dendrimer at high concentration. Evidently,
the dimension of the supramolecular structure DTAB aggregate
+ 7.5 SBD was too large to form when several macromolecules
were in solution.
In the absence of dendrimers, an increase of CTAB concentration causes CAT9 to insert into the DTAB micelles (results
not shown). In the presence of dendrimers, DTAB aggregates
are formed at the SBD surface in all generations and dendrimer
concentrations investigated, but their formation is favored by
low concentration of later generation dendrimers. These
conclusions can be derived from Figure 4b (see also parameters
in Table 1-Figure 4) for DTAB (1 × 10-3 M) and 3.5 SBD
((d) [CAT9] ) 5 × 10-6 M; (e) [CAT9] ) 5 × 10-5 M) and
7.5 SBD ([CAT9] ) 5 × 10-5 M; (f) 303 K; (g) 333 K) (both
the dendrimers at 0.185 M). An increase in [DTAB] from 4 ×
10-4 to 1 × 10-3 M, for 3.5 SBD with [CAT9] ) 5 × 10-6 M,
led to a small variation of the fraction of radicals involved in
aggregates (from 65% to 75%), whereas the other parameters
remained constant. A constant ratio [DTAB/[CAT9] was
maintained to ensure a negligible perturbation effect by the probe
so that the structure of the aggregates did not change with the
increase in DTAB concentration.

Figure 3. EPR experimental (full lines, 303 K) and computed (dotted lines) EPR spetcra of C12T (2 × 10-5 M) pure solution and as a probe of
DTAB solutions (2 × 10-3 and 7 × 10-3 M), in the absence and in the presence of 0.185 M 7.5 SBD.
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Figure 4. (a) Experimental (full lines, 303 K) and computed (dotted lines) EPR spectra of 4 × 10-4 M solutions of DTAB containing CAT9 at
2 × 10-6 M in the presence of 0.031 M 3.5 SBD or 0.185 M 7.5 SBD and in the presence of 0.031 M 7.5 SBD or 0.185 M 3.5 SBD. The dashed
line in the bottom is the experimental spectrum of the DTAB + CAT9 solution in the absence of dendrimers. (b) Experimental (full lines) and
computed (dotted lines) EPR spectra of DTAB solutions (1 × 10-3 M) in the presence of 3.5 SBD (0.185 M) and CAT9 at two concentrations (5
× 10-6 and 5 × 10-5 M) and in the presence of 7.5 SBD (0.185 M) and CAT9 (5 × 10-6 M) at two temperatures (303 and 333 K).

By increasing [CAT9] from 5 × 10-6 to 5 × 10-5 M for 3.5
SBD (Figure 4b, from (d) to (e)), most of the CAT9 radicals
(95%) were adsorbed in DTAB aggregates. This effect is
contrary to that observed for CAT16 and CTAB aggregates (Vide
supra), where a saturation adsorption of probe in the aggregates
was invoked to explain the data. Thus, CAT9 is more effective
in being adsorbed in the DTAB surfactant aggregates formed
on the dendrimer surface than is the case for CAT16 in CTAB
aggregates on the dendrimer surface. It was also found that
mixed DTAB/CAT9 aggregates on the dendrimer surface
containing more than one radical per aggregate were formed at
high CAT9 concentration.
The small fraction of monomers (5%) remaining in solution
in the presence of 0.185 M 3.5 SBD (spectrum (e) in Figure
4b) showed high mobility ()5 × 10-11 s), as found for free

radicals in solution, not interacting with the dendrimer surface.
Therefore, these free probes were prevented from binding the
dendrimers with primary interactions. It is plausible that the
positively charged aggregates at the surface neutralized the
negative changes of the dendrimer surface, thereby neutralizing
the electrostatic interaction with CAT9 monomers.
The sample of 7.5 SBD (0.185 M) with [CAT9] ) 5 × 10-5
M again showed a lower relative fraction of the radicals involved
in the aggregates (Figure 4b, (f)) with respect to 3.5 SBD at
the same concentration (Figure 4b, (e)). The supramolecular
dendrimer-aggregate structure in the presence of 7.5 SBD was
too large to be formed in concentrated solutions, and primary
interactions of the surfactant monomers with the dendrimer
surface are to some extent preferred. However, more than one
radical was hosted in each DTAB aggregate. An increase in
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temperature was expected to increase the spin exchange
frequency. But a different mechanism predominated with
increasing temperature: high temperatures strongly promoted
the insertion and distribution of probe molecules among the
DTAB aggregates. At higher temperatures (Figure 4b, (g)) the
system was more fluid and the radical mobility toward the
aggregates was enhanced.
Conclusions: A Model To Describe the Negatively
Charged Dendrimer-Positively Charge Surfactant
System. Optimization of the EPR Spin Probe Method
The use of different surfactant spin probes and computer
simulation of probes in EPR spectra to determine their mobility,
the environmental polarity, and the partition in the various
supramolecular structures produced by anionic dendrimercationic surfactant systems allows a detailed overview of these
structures, since each probe monitors a different region or
property of the system. Thus, the surfactant spin probe method
may be improved by comparing results from probes differing
from each other in properties such as the following: (1) position
of the probe in the molecular structure with respect to other
hydrophobic and hydrophilic portions of the surfactant chain;
(2) the charge and polarity of the probe; (3) the self-aggregation
ability of the probe; (4) the solubility of the probe in polar and
nonpolar environments; and (5) the experimental conditions of
concentration and temperature.
The main results obtained by this optimized probe method
are summarized as follows.
(1) Aggregation of the surfactants in the presence of the
dendrimers takes place at lower concentration than the cmc of
the surfactant in aqueous solution; that is, the critical surfactant
aggregation concentration, cac, < cmc.
(2) The low cac does not depend on the increase in ionic
strength occurring upon addition of dendrimers, but depends
on the dendrimer size and concentration; that is, the aggregation
is favored in the presence of later generation dendrimers at low
concentration.
(3) Supramolecular structures composed of surfactant aggregates adsorbed at the dendrimer water interface are formed.
For later generation dendrimers at high concentration, the large
size of the supramolecular structures is sterically inhibited and
only a small number of surfactant aggregates can be formed in
the solution existing between the dendrimer molecules.
(4) The surfactant aggregates may contain one or more probes,
depending on the probe concentration. The solubility of the
probes in the surfactant aggregates is enchanced by the presence
of dendrimers. The positively charged probe CAT16 reaches
a saturation condition in surfactant aggregates at the dendrimer
surface. The solubility of the probes in the aggregates and the
distribution and exchange among surfactant aggregates are
enhanced by increasing temperature.
(5) Primary interactions of the probe with the dendrimer
surface and secondary interactions of the probe belonging to
surfactant aggregates formed on the dendrimer surface compete
with one another, and the ratio of primary binding to secondary
binding depends on the size of the supramolecular structures:
large dendrimers (later generations) should form too large
supramolecular structures with the surfactant aggregates, and
their formation becomes unfavorable. Therefore, a large fraction
of the surfactant and the probes give rise to primary, noncooperative interaction with the hydrophilic and hydrophobic sites
of the later generation dendrimers.
Figure 5 shows a schematic model of the structures formed
by cationic surfactants and anionic dendrimers. The model
displays the following features.

Figure 5. Schematic model for the interactions between anionic
dendrimers and cationic surfactants.

(1) Below cmc, No Dendrimers. The EPR spectra were
characteristic of probes free in solution, with the exception of
C12T; in this case the spin-spin interactions indicated that
C12T micelles were formed in the range of concentration of
the probe detectability by EPR.
(2) Below cac, with Dendrimers. The rotational mobility
of the probes decreased because of primary noncooperative
interactions with the dendrimer surface, as already found for
surfactant probes below cmc. The EPR spectra of C12T were
unchanged; that is, C12T formed noninteracting micellar aggregates.
(3) Above cmc, No Dendrimers. The change from the “f”
to the “m” set of magnetic parameters and the decrease in τ⊥
were consistent with the insertion of the probe in the surfactant
micelles in correspondence with the cmc (with the exception
of C12T, which only inserted in CTAB micelles at very high
surfactant concentration). A fraction of the probes showed the
same EPR line shape as the free radicals below the cmc.
Therefore, surfactant micelles were formed that contained one
or more probes in equilibrium with monomers in solution.
(4) Above cac, Earlier Generation Dendrimers, Low
[SBD-COO-]. The mobility and the environmental polarity
were modified with respect to those found for the probes in
micelles in the absence of the dendrimers. Therefore, a different
type of aggregate was formed at concentrations well below the
cmc. We suggest that supramolecular structures originated from
the surfactant aggregates and the dendrimers. The shape and
size of the micelles were probably unmodified by the interaction
with the dendrimers. The positively charged probes were mainly
hosted in the aggregates at the dendrimer/aggregate interface.
Secondary cooperative interactions were preferred to primary
interactions.
(5) Above cac, Earlier Generation Dendrimers, High
[SBD-COO-]. Further modification of the EPR parameters
occurred at high SBD-COO- concentrations and the formation
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of surfactant aggregates at the dendrimer surface was favored
even at very low concentrations of the surfactants. The
suggested structure9,10 is constituted by elongated micelles
interacting with more than one dendrimer molecule. The high
ionic strength, together with steric constraint due to the
“sandwich” insertion among the dendrimers, supports the
hypothesis of elongated (or oblate) micelles.
(6) Above cac, Later Generation Dendrimers, Low [SBDCOO-]. The magnetic and mobility parameters of the probesurfactant systems in the presence of low [7.5 SBD] were
comparable to those found in the presence of high [3.5 SBD].
Therefore, similar aggregate structures were suggested in the
two cases, that is, oblate micelles interacting with the dendrimer
surface. These supramolecular structures were highly favored
at very low concentrations of the surfactants. The local high
ionic strength and the steric adaptation to the dendrimer surface
support the hypothesis of elongated (or oblate) micelles.
(7) Above cac, Later Generation Dendrimers, High [SBDCOO-]. With the increase in 7.5 SBD concentration, the EPR
parameters of an increasing fraction of probes become similar
to those found in the absence of the dendrimers. A fraction of
surfactants, therefore, formed spherical micelles poorly interacting with the dendrimer surface. The large sized supramolecular
structure was hardly accommodated in the viscous dendrimer
solution. Primary noncooperative interactions become favored
with respect to the secondary interactions.
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