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Amphiphilic carbosilane dendrons as a novel
synthetic platform toward micelle formation†

Carlos E. Gutierrez-Ulloa,a,d Marina Yu. Buyanova,b Evgeny K. Apartsin, *b

Alya G. Venyaminova, b F. Javier de la Mata,a,d Mercedes Valiente *c and
Rafael Gómez *a,d

A novel family of amphiphilic ionic carbosilane dendrons containing fatty acids at the focal point were

synthesized and characterized. They spontaneously self-assembled in aqueous solution into micelles

both in the absence and presence of salt, as confirmed by surface tension, conductivity, and DLS

measurements. Dendron based micelles have spherical shapes and increase in size on decreasing

dendron generation. These dendritic micelles have been demonstrated to be able to form complexes

with therapeutic macromolecules such as siRNA and show a high loading capacity for drugs such as

procaine, suggesting their potential use as nanocarriers for therapeutics.

Introduction

In the last few decades, there has been increased interest in
the use of nanoparticles in nanomedicine and, in particular,
their use for drug delivery applications.1,2 Among them,
special attention was given to the nanosized supramolecular
assemblies. These soft nanoparticles are colloidal particles
composed of one layer (micelles) or one or several bilayers
(liposomes and vesicles) formed by the aggregation of amphi-
philic precursors in water media.3 The particles formed are
capable of encapsulating a cargo (a drug, a reporter or a
stimuli-sensitive molecule) in the hydrophobic part or inside a
bilayer. The generation of such supramolecular structures by
the self-assembly of molecular building blocks is an attractive
option. Hence, the use of amphiphilic block copolymers to
form different types of nanoparticles like micelles, polymer-
somes, nanospheres, nanocapsules or polyplexes has been
extensively explored.4,5 The composition, molecular geometry
and relative block length of the copolymers are essential para-

meters for the formation of these nanoparticles. Another strat-
egy is the use of amphiphilic dendrons or dendritic amphi-
philes as building blocks towards the formation of such supra-
molecular entities.6,7 Dendritic molecules provide a high
degree of precision with well-defined structures compared to
polymers, along with a high local density of multiple function-
alities (multivalency). In this way, dendritic assemblies have
shown higher stabilities and lower critical micellar concen-
trations (CMCs) than those formed from small surfactants.8,9

The multivalency, as a consequence of their conic shape,
allows multiple interactions with biomolecules and other sub-
strates, therefore increasing the binding capability.10 The main
condition to form supramolecular structures is an adequate
balance between hydrophobicity and hydrophilicity. According
to the previous work of Percec et al.,11 self-assembly patterns
can be predicted by controlling the four parameters: size,
shape, dendron surface chemistry and flexibility. With this in
mind, two main strategies have been used for this purpose:
the binding at the focal point of a dendron of (i) hydrophilic
chains like PEG or (ii) hydrophobic chains like fatty acids or
alkyl chains. With respect to the first approach, several
examples were described. Hydrophobic dendrons with phenyl
acetamide as end groups sensitive to enzymatic response have
been prepared. They were able to form micellar containers that
can disassemble and release the encapsulated cargo upon
enzymatic activation.12 Another example was the gallic acid
dendron to originate polyion complex (PIC) micelles. These
micelles displayed enhanced stability toward ionic strength
compared to conventional PIC micelles from linear copoly-
mers, a fact ascribed to the more rigid dendritic architecture.13

Concerning the second approach, hydrophilic poly(amido-
amine)14,15 or polylysine16 dendrons featuring hydrophobic
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tails of different length have been synthesized. The ordered
micellar aggregation depended on the optimal balance
between hydrophilicity and lipophilicity and in the case of
polylysine structures, only dendrons with alkyl chain lengths
above C12 afforded micelles. Spermine-containing dendrons
with a variety of lipophilic units such as cholesterol have been
used as a tunable synthetic platform for controlling DNA
binding and transfection ability.17 In all these latter cases,
hydrophilicity was provided by the whole dendron structure.

A different dendritic typology is that based on the carbosilane
structure which is hydrophobic, constituting interesting
building blocks to be developed from a biomedical point of
view.18,19 Silicon strongly increases the lipophilicity of the
systems and facilitates their membrane crossing and bioavail-
ability.20 Kim et al. reported on the behavior of amphiphilic
linear block copolymers based on PEG and allyl-terminated
carbosilane dendrons.21 For them, the formation of micellar
aggregates highly depended on the size of the hydrophobic
part (i.e. dendron generation). In the last few years, our
research groups have been interested in the synthesis and bio-
medical applications of the dendritic carbosilane molecules.
Cationic carbosilane dendrimers have been used as antibacter-
ial22,23 and antiparasite24 agents and as carriers for short
nucleic acids like siRNA or antisense oligonucleotides for
transfection purposes.25,26 In the case of anionic dendrimers,
these were applied as antiviral agents mainly for HIV infec-
tion.27,28 Recently, we also reported a synthetic platform of
carbosilane dendrons29,30 able to dendronize nanostructured
materials such as poly(D,L-lactide-co-glycolide) acid,31 meso-
porous silica32 or gold33 NPs, as well as decorating their focal
point with molecules of interest like ferrocene,34 DO3A
(1,4,7,10-tetraazacyclodocecane-N,N′,N″,N′′′-triacetic acid) che-
lator35 or drugs,36 among others.

In this study, we report on the synthesis of new amphiphilic
systems formed from ionic-terminated carbosilane dendrons
containing a hydrophobic tail at the focal point with two
different lengths. In this particular case, the total hydrophobic
contribution will be the result of the addition of both the tail
and the dendritic structure, leaving only the terminal ionic
groups of the dendrons as a major part for hydrophilicity. This
situation gives rise to a different scenario within the dendritic
amphiphile engineering towards the formation of new supra-
molecular assemblies for biomedical applications.

Results and discussion
Synthesis of amphiphilic dendrons

Carbosilane dendrons with a fatty acid at the focal point were
synthesized from previously described dendrons containing a
Br atom at the focal point and allyl or vinyl functions at the
periphery.37 The employed nomenclature to describe these
dendrons was of the type XGn(Y)m, where Gn stands for the
dendritic generation and (Y)m for the peripheral function and
its number, while X refers to the nature of the focal point
(n = 1, m = 2 (G1); n = 2, m = 4 (G2); n = 3, m = 8 (G3)), (see Fig. 1).

For the synthesis of ionic carbosilane dendrons, thiol–ene
reactions were used. In the case of formation of sulfonate-
terminated dendrons, allyl-terminated dendrons (BrGnAm)
were employed as the starting materials for the reaction with
the thiol derivatives containing sulfonate groups. However, in
the case of ammonium-terminated dendrons, more reactive
vinyl-terminated dendrons (BrGnVm) were necessary in order to
proceed with the corresponding thiol derivative. In addition,
two different fatty acids such as hexanoic (caproic) and hexa-
decanoic (palmitic) acids were used to study the implications
of the chain length in the self-assembly processes. The
coupling reaction of fatty acids with the carbosilane dendrons
to replace the bromine atom by this new aliphatic chain was
performed by ester bond formation. This procedure afforded
new families of dendrons, with palmitic acid, C16GnAm (n = 1,
m = 2 (1); n = 2, m = 4 (2); n = 3, m = 8 (3)) and C16GnVm (n = 1,
m = 2 (4); n = 2, m = 4 (5); n = 3, m = 8 (6)), and with hexanoic
acid, C6GnAm (n = 1, m = 2 (7); n = 2, m = 4 (8); n = 3, m = 8 (9))
and C6GnVm (n = 1, m = 2 (10); n = 2, m = 4 (11); n = 3, m =
8 (12)), all of them obtained as yellow oils in high yields
(see Scheme 1).

Once allyl-terminated dendrons with adequate focal points
were obtained, modification of their periphery via thiol–ene
addition was accomplished. Thus, solutions of dendrons
of the type C16GnAm (1–3) and C6GnAm (7–9) and sodium
3-mercapto-1-propanesulfonate in THF/MeOH/H2O were stirred
for 1 h under UV light to afford the new dendritic wedges
C16Gn(SO3Na)m (n = 1, m = 2 (13); n = 2, m = 4 (14); n = 3, m =
8 (15)) and C6Gn(SO3Na)m (n = 1, m = 2 (16); n = 2, m = 4 (17);
n = 3, m = 8 (18)) (Scheme 2). All compounds were obtained as
white solids in high yields.

Analogously, solutions of dendrons C16GnVm (4–6) or
C6GnVm (10–12) and 2-dimethylethylenethiol hydrochloride,
HS(CH2)2NMe2·HCl, in THF/MeOH were stirred under UV
irradiation to afford the dendrons C16Gn(NMe2HCl)m (n = 1,
m = 2 (19); n = 2, m = 4 (20); n = 3, m = 8 (21)), and
C6Gn(NMe2HCl)m (n = 1, m = 2 (22); n = 2, m = 4 (23); n = 3, m =
8 (24)) as white solids in high yields (Scheme 3). These systems
were neutralized with Na2CO3 to give the amine-terminated
dendrons C16Gn(NMe2)m (n = 1, m = 2 (25); n = 2, m = 4 (26);
n = 3, m = 8 (27)) and C6Gn(NMe2)m (n = 1, m = 2 (28); n = 2,
m = 4 (29); n = 3, m = 8 (30)). After that, the latter systems
were quaternized with MeI to obtain the dendritic wedges
C16Gn(NMe3

+I)m (n = 1, m = 2 (31); n = 2, m = 4 (32); n = 3, m =
8 (33)), and C6Gn(NMe3

+I)m (n = 1, m = 2 (34); n = 2, m = 4 (35);

Fig. 1 Structures of the dendrons described in this work.
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n = 3, m = 8 (36)) (see Scheme 3). For all these reactions, the
presence of 2,2′-dimethoxy-2-phenylacetophenone (DMPA) as a
photoinitiator was necessary. The addition of the thiol to
the allyl or vinyl groups was regioselective at the β-position
(vide infra). All the anionic dendrons 13–18 and the cationic
ones 19–24 and 31–36 were soluble in water.

NMR spectroscopy confirmed the modification at the focal
point from the –CH2Br group that showed one triplet at δ 3.40
in the 1H NMR spectra and one signal at δ 33.0 in the
13C NMR, to the new –CH2O– group that presented one triplet
at δ 4.04 in the 1H NMR spectra and one signal at δ 63.8 in the
13C NMR (see the ESI† for spectra). One more signal at δ 173.9
in the 13C NMR corroborated the formation of the ester bond

with respect to the –COOH group of the free fatty acids which
appeared at δ 180.3. NMR spectroscopy, mass spectrometry
(MS) and analytical data of all derivatives were consistent with
their proposed structures. The presence of the new chain
–Si(CH2)3S– in the anionic systems was confirmed by the pres-
ence of three multiplets at δ 0.53, 1.47 and 2.44 in the 1H NMR
spectra. The outer chain –S(CH2)3SO3Na was observed as two
multiplets at δ 2.52 and 2.85 for the protons of the –SCH2– and
the –CH2SO3Na groups, respectively, and a multiplet at δ 1.89
for the inner methylene group of the chain (see Fig. S.4.3†).
The –CH2– carbon atoms of the chain –Si(CH2)3S– were
detected in the 13C NMR spectra at δ 12.8 for the –SiCH2–

group, 23.9 for the middle –CH2– group, and δ 35.2 for the

Scheme 1 Synthesis of allyl- or vinyl-terminated dendrons with fatty acids at the focal point.

Scheme 2 Synthesis of sulfonate-terminated dendrons with fatty acids at the focal point.

Scheme 3 Synthesis of ammonium- or amine-terminated dendrons with fatty acids at the focal point.
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–CH2S– group. Those carbon atoms belonging to the chain
–S(CH2)3SO3Na appeared at δ 30.3 for the –SCH2– group and
δ 50.1 for the –CH2SO3Na group while the methylene group at
the β position with respect to both S atoms was shown at
δ 24.5 (see Fig. S.4.3 and S.4.4†). For the cationic compounds,
the presence of the chain –Si(CH2)2S– was confirmed by
1H NMR, which showed two multiplets at δ 0.94 and 2.74,
whereas the outer chain –S(CH2)2N– gave rise to two multiplets
at δ 3.00 and 3.60 for the protons of the –SCH2– and –CH2N–,
respectively. Furthermore, a singlet at δ 3.20 confirmed the
presence of –NMe3

+ (see Fig. S.4.9†). The carbon atoms of the
–Si(CH2)2S– chain were observed in the 13C NMR spectra at
δ 13.0 for the –SiCH2– group and at δ 29.4 for the –CH2S–
group, whereas those belonging to the –S(CH2)2N– chain arose
at δ 23.3 for the –SCH2– and δ 65.1 for the –CH2N– group. The
–NMe3

+ group was also detected at δ 53.6 by 13C NMR
spectroscopy.

The structures of the new families of cationic and anionic
carbosilane dendrons with fatty acids at the focal point are
depicted in Fig. 2 and 3. To represent more clearly the struc-
ture–property relationship of these systems, the following nota-
tion was also used: CmGn

+ or CmGn
−, where Cm denotes the

number of carbon atom of the aliphatic chain, Gn stands for
the dendritic generation and + and − indicate the nature of
the peripheral groups.

Self-assembly of amphiphilic dendrons into dendritic micelles

The amphiphilic behavior of ionic dendrons containing fatty
acids at the focal point, 13–18 and 31–36, was studied towards
the formation of micelles in aqueous solution without and
with ionic strength. For that, specific conductivity and surface
tension measurements were used, respectively. A study of the
thermodynamics for micelle formation was carried out by con-
ductivity measurements in deionized water at different amphi-

philic dendron concentrations. The addition of the ionic
dendron to an aqueous solution caused an increase in the
number of charge carriers and, consequently, an increase in
the conductivity. Since a micelle is much larger than a
monomer, it diffuses more slowly throughout the solution,
being therefore a less efficient charge carrier. Thus, a plot of
conductivity vs. amphiphilic dendron concentration showed a
break point at the so-called critical micellar concentration
(CMC), as expected. Above the CMC, further addition of den-
drons increased the micelle concentration while the amphi-
philic monomer concentration remained approximately constant
and equal to the CMC (see Fig. 4).

Both cationic and anionic systems of all generations con-
taining palmitic acid at the focal point were able to form
micelles with a CMC of around 240–110 μM. There were not
big differences between the CMC of cationic and anionic
amphiphiles with the same hydrophobic part (Table 1), indi-
cating that the nature of the charged groups on the periphery
appeared not to affect drastically the CMC values. However,
among the ones bearing hexanoic acid at the focal point, only
the third generation dendrons formed micelles. It should be
noted that as a rule for amphiphilic dendrons, the amphiphili-
city arises from the difference in hydrophilicity between the
functional dendritic scaffold and the dendron tail. In this kind
of dendron, the head groups are composed both for hydro-
phobic and hydrophilic parts. In amphiphilic carbosilane den-
drons from the first to the third generation, the hydrophilicity
increases due to the presence of a greater number of charged
groups, but the lipophilicity also increases on increasing the
carbosilane scaffold. Therefore, the behavior of the amphi-
philic carbosilane dendrons in water medium is defined by the
hydrophilic–lipophilic balance. In particular, the peculiarities
of such balance in the dendrons C6G3 allow them to form

Fig. 2 Representative structures of anionic dendrons with palmitic or
hexanoic acid at the focal points 13–18.

Fig. 3 Representative structures of cationic dendrons with palmitic or
hexanoic acid at the focal points 31–36.
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micelles in water despite the short hydrophobic tail in the
focal point.

The ionization degrees (α) of the micelles obtained from
the ratio of slopes method of specific conductivity measure-
ments along with the Gibbs energy estimation of micelle for-
mation for the pseudo-phase separation model as ΔmicG° ≈
iRT ln XCMC are presented in Table 1. Anionic micelles of pal-
mitic dendrons were highly ionized in water media (α =
0.7–0.8). In contrast, the ionization degrees were considerably
lower (α = 0.2–0.5) for analogous cationic micelles indicating
that these cationic dendrons assembled into micelles with
smaller charge density than the homologous micelles consist-
ing of anionic dendrons. The smaller values for cationic
micelles could be related to the nature of counterion. The
counterions used in these cases were I− for cationic micelles
and Na+ for anionic micelles. Larger ions (I−) are more polariz-
able tending to be less hydrated, and subsequently binding
more effectively on the micellar surface. In addition, the
values of micellization Gibbs energy were negative indicating

spontaneous micelle formation and more favorable on increas-
ing the dendron generation.

The strong electrostatic repulsion between head groups in
both types of micelles can be reduced by increasing the ionic
strength. One of the factors known to affect the CMC in
aqueous solution is the presence of added electrolyte. It is a
general rule that the addition of salt decreases the CMC
and increases the micelle aggregation number in ionic
micelles.38,39 In solutions of increasing ionic strength, the
forces of electrostatic repulsion between the head groups in a
micelle are considerably reduced, enabling micelles to form
more easily, that is, at lower concentration. The electrostatic
screening effect decreases the ionic head group repulsion to
assist self-assembly formation with increasing aggregation
number of micelles. Electrical conductivity measurements
were not sensitive enough to evaluate CMC in the presence of
salt; therefore surface tension curves of the dendrons with and
without salts were generated. The ionic strength effect on the
CMC and adsorption properties at the air/water interface are

Fig. 4 Conductivity measurements of selected dendrons containing palmitic acid (13–15 (A) and 31–33 (B)) and hexanoic acid (36 and 18) (C) at the
focal point.

Table 1 Aggregation parameters for anionic and cationic dendrons containing fatty acids at the focal point

Dendron

CMC (μM) Ionization degree (α)
Gibbs energy of
micellization (kJ mol−1)

CmGn
− CmGn

+ CmGn
− CmGn

+ CmGn
− CmGn

+

C16G1 240 ± 26 120 ± 10 0.69 ± 0.02 0.37 ± 0.02 −41 −65
C16G2 140 ± 8 110 ± 10 0.78 ± 0.01 0.20 ± 0.02 −127 −130
C16G3 140 ± 10 190 ± 6 0.79 ± 0.01 0.49 ± 0.01 −255 −250
C6G3 200 ± 20 120 ± 20 0.53 ± 0.02 0.33 ± 0.01 −202 −258
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depicted in Fig. 5 and 6. NaCl addition facilitated the for-
mation of micelle-like structures as was observed by decreas-
ing the corresponding CMC values (see Table 2).

Based on the surface tension data, the geometrical para-
meters of the dendron packaging in micelles were estimated.
The required area per head group, A, at the interface can be
calculated using the Gibbs equation

Γ ¼ 1
2:303RT

� @σ

@ log c

� �
T

where Γ is the maximum interfacial excess concentration in
mol m−2 and ∂σ/∂ log c can be obtained from the slope of the

plot surface tension versus the logarithm of the concentration
at concentrations below the CMC. The reciprocal of Γ gives the
area of surface occupied by a mole of adsorbed molecules. The
values of CMC, Γ, A, and the surface tension at CMC (σCMC) for
micelles formed from anionic and cationic dendrons are listed
in Table 2.

With respect to anionic micelles, the CMC for C16G1
− (13)

changed from 240 μM without salt to 50 μM with 2 mM of salt,
and 6 μM with 20 mM of salt. Salt concentrations above
20 mM almost did not affect the CMC value, suggesting that
the results obtained are applicable under physiological con-

Fig. 5 Example of surface tension measurements of dendron 13 at
different salt concentrations.

Fig. 6 Surface tension measurements of selected dendrons containing palmitic acid (13–15 (B) and 31–33 (C)) and hexanoic acid (17–18 (A)) at the
focal point at a fixed salt concentration of 20 mM.

Table 2 Aggregation parameters for anionic and cationic dendrons
containing fatty acids at the focal point at 20 mM of salt

Dendron CMC (μM)
106 Γ
(mol m−2)

σCMC
(mN m−1)

A (nm2 per
molecule)

Anionic dendrons (CmGn
−)

C16G1
− (13)a 50 ± 10 0.77 40 2.1

C16G1
− (13) 6 ± 1 2.7 39 0.61

C16G2
− (14) 6 ± 1 2.2 50 0.75

C16G3
− (15) 8 ± 1 1.7 49 0.98

C6G2
− (17) 50 ± 5 1.5 43 1.1

C6G3
− (18) 1.5 ± 0.2 0.68 50 2.4

Cationic dendrons (CmGn
+)

C16G1
+ (31) 25 ± 1 1.0 39 1.7

C16G2
+ (32) 19 ± 1 0.77 45 2.1

C16G3
+ (33) 17 ± 1 0.69 51 2.4

C6G3
+ (36) 12 ± 1 0.83 50 2.0

a Salt concentration equal to 2 mM.
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ditions. It seems that this amount of salt was high enough to
reduce the electrostatic repulsions between the head groups.
In this case, the CMC showed very poor sensitivity to the gene-
ration of palmitic dendrons. For hexanoic dendrons, the pres-
ence of salt permitted the formation of micelles even for the
second generation above 50 μM, while the third generation
formed micelles at a lower CMC value than those for palmitic
dendrons. With respect to cationic micelles, the salt effect pro-
duced a decrease in CMC as well, ranging from 17 to 25 μM for
all the generations of palmitic dendrons. Again, the third gene-
ration for hexanoic dendrons showed a lower CMC value than
those observed for palmitic dendrons. Comparing the CMC
data of the anionic and cationic systems, the latter afforded
slightly higher values. It is worth noting that the lower CMC
values obtained for the third generation dendrons containing
hexanoic acids suggest the important role of the hydrophobic
character of the dendritic scaffold in the amphiphilic behavior
toward micelle formation.

With respect to the air/water interface, the hydrophilic
charge of the head groups should be introduced in the water
phase while the hydrophobic alkyl chain should be oriented to
the air. From Table 2, the molecular area (A) occupied of
C16Gn

− (13–15) increased from n = 1 (0.61 nm2 per molecule)
to n = 3 (0.98 nm2), suggesting that the volume of the head
group was responsible for this increase. There was also
observed an increase in σCMC with increasing generation.40

Regarding the salt effect, for the dendron C16G1
− (13) with

2 and 20 mM of salt, the molecular area of the head group
decreased as the salt concentration increased. This can be
explained by a decrease in the strong electrostatic repulsion
forces between the head groups due to the salt addition.
Comparing the results for dendrons of the same generation
with palmitic or hexanoic tails, the area occupied per molecule
of dendron into the surface was clearly smaller for palmitic
dendrons. The higher hydrophobic part of these systems can
form an oriented monolayer in the interface allowing the
molecule to be in closer packing than for hexanoic dendrons.
For cationic micelles in the presence of salt, the amphiphilic
dendrons were closer packing when generation decreased as
it occurs with the anionic micelles; however, in this case, there
was no difference between palmitic and hexanoic dendrons.

Hydrodynamic radii were determined by DLS for anionic and
cationic micelles in the presence of salt (see Table 3) showing
diameters between 3.8 and 6.4 nm for all of them, although no
significant differences between anionic and cationic micelles
were observed, taking the standard deviation into consideration.

Hydrodynamic radii obtained were independent of dendron
concentrations in the micellar regime at least for concentrations
three fold higher than CMC. The increase in dendron concen-
trations appeared to increase the number of micelles and not
their size, which showed the typical behavior of spherical ionic
micelles. At low ionic dendron concentrations, we can assume
that the dendritic micelles were spherical structures as is usual
for conventional ionic surfactants.

A theory of micellar structure based on the geometry of
various micellar shapes and the space occupied by the hydro-
philic and hydrophobic groups of the surfactant molecules
was developed by Israelachvili, Mitchell and Ninham.41 The
volume occupied by the hydrophobic groups in the micellar
core (V), the length of the hydrophobic groups in the core (L)
and the cross-sectional area occupied by the hydrophilic
groups in the micelle–solution interface (a0) have been used to
calculate a “molecular packing parameter”, P = V/a0L, which
determine the shape of micelles. P ≤ 1/3 accounts for spherical
micelles, 1/3 < P < 1/2 for cylindrical ones, and 1/2 < P < 1 for
bilayer structures such as vesicles. For ionic charged head
groups at low concentrations, P must be lower than 1/3 due to
the high value of a0. However, a0 decreases with salt addition
due to a decrease in ionic repulsions between the head groups,
which results in an increase of P and in the size of the
micelles. With respect to dendron generation, although the RH

values were close to each other, the tendency of the micelle
size was detected to increase on decreasing the generation (see
Fig. 7). The palmitic dendrons showed a systematic trend; the
larger the head group the smaller the micelles. The change in
generation affects a0 and also affects V and L values. The effect
is more important in the cross-sectional area occupied by the
hydrophilic groups in the micelle–solution interface. The salt
addition permits us not to consider the increase in the
number of charges with the generation. Basically, geometrical
considerations can explain the decrease in hydrodynamic
radius when the generation increases due to an increase in a0.
The same effect was also observed in the cross-sectional area
(A) occupied by the hydrophilic groups in the water–air inter-
face (planar interface) (see Table 2).

Nucleic acid binding by cationic dendritic micelles

One of the useful applications of micellar assemblies in bio-
medicine is to bind therapeutically relevant macromolecules

Table 3 Hydrodynamic radii of anionic and cationic micelles with salt
measured by DLS

Anionic dendron RH (nm) Cationic dendron RH (nm)

C16G1
− (13) 3.4 ± 0.1 C16G1

+ (31) 3.2 ± 0.2
C16G2

− (14) 2.9 ± 0.1 C16G2
+ (32) 2.3 ± 0.1

C16G3
− (15) 2.5 ± 0.1 C16G3

+ (33) 2.3 ± 0.2
C6G2

− (17) 2.3 ± 0.2
C6G3

− (18) 2.2 ± 0.1 C6G3
+ (36) 1.9 ± 0.1

Fig. 7 Schematic representation of dendritic micelles and their sizes
depending on the generation.
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and deliver them into target cells, tissues and organs. For
example, they are successfully used to deliver therapeutic
nucleic acids, e.g. siRNA, providing higher biological effect as
compared with other methods. In particular, complexes of
siRNA with micelles formed from amphiphilic PAMAM den-
drons penetrated quickly across the cell membrane by macro-
pinocytosis, and caused the inhibition of target protein
expression up to 90%.14,15,42 These results evidenced that the
development of soft dendritic nanoparticles as carriers for
nucleic acid therapeutics is highly promising.

As a preliminary work to demonstrate the capability of the
family of carbosilane dendritic micelles to bind and carry
therapeutic nucleic acids, complexes obtained by mixing
nucleic acids with cationic micelles have been studied. The
ability of cationic dendrons 31–36 to bind nucleic acids was
tested using pro-apoptotic siRNA Mcl-143 as a model. The
siRNA was mixed with cationic dendrons at different charge
ratios. Such ratios correspond to dendron concentrations
both below and above their CMC, and the amount of free
siRNA in samples estimated from agarose gel electrophore-
grams (Fig. 8A). The dendrons were found to bind siRNA in a
different manner depending on the length of the fatty acid
moiety at the focal point. Among the hexanoic acid-bearing
dendrons 34–36, the siRNA binding efficiency increased with

the dendron generation as G1 ≪ G2 < G3, indicating the posi-
tive dendritic effect on the complexation. Only the dendron
C6G3

+ (36) was able to form complexes with siRNA at a charge
ratio of 1 : 1. In the case of dendrons with palmitic acid at the
focal point C16Gn

+ (31–33), no dendritic effect was observed,
all of them efficiently binding the siRNA at the charge ratio of
1 : 2. These observations correlated with the dynamics of CMC
values found and suggested that the siRNA binding by den-
drons was the result of micelle formation. Hexanoic acid moi-
eties for the first and second generations did not cause micelle
formation as efficiently as the palmitic ones, thus affording an
inefficient siRNA binding by dendrons 34 and 35 at charge
ratio <5. Zeta potential profiles obtained by mixing siRNA with
dendrons 31–36 at different charge ratios corroborated the
effects observed (Fig. 8B).

The results suggested an interesting regularity of siRNA
binding. As it has been shown in several works devoted to the
physico-chemical studies of the formation of dendriplexes pre-
pared from nucleic acids and cationic dendrimers, the charge
ratios corresponding to the full binding obtained using
agarose gel electrophoresis or using other methods (ethidium
bromide intercalation assay, fluorescence polarization
measurements) were usually lower than those corresponding
to the plateau in the zeta potential profiles.44–46 As we have

Fig. 8 (A) Agarose gel electrophoresis and (B) zeta potential profiles of complexes of Mcl-1 siRNA with cationic dendrons 31–36 at different charge
ratios. An siRNA concentration of 4 μM in PBS.
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observed, this phenomenon did not depend on the number of
positive charges per molecule or the dendrimer architecture.46

One can assume that the interaction of nucleic acids with pre-
organized supramolecular assemblies was more favourable
than with individual macromolecules. Alternatively, siRNA can
facilitate the formation of micelles by stabilizing them via
electrostatic interactions. Earlier, Liu et al. have demon-
strated14 that the amphiphilic PAMAM dendrons bound siRNA
completely at an N : P ratio of 1 : 2.5, whereas its cationic part
(8 cationic groups on the periphery) without a lipid tail was
not able to bind siRNA even at 10-fold excess of cations.
Recently, the formation of nano-sized dendrimer aggregates
has been shown to increase the efficiency of nucleic acid deliv-
ery.47 This is in agreement with the data on the comparison of
the behaviour of the hexanoic and palmitic acid-bearing carbo-
silane dendrons presented here and support the above men-
tioned assumption. Thus, the organization of dendritic mole-
cules into soft nanoparticles was essential for efficient nucleic
acid binding.

Drug encapsulation into dendritic micelles

Preliminary studies of the use of the new micelles as drug
delivery systems and their loading capacity of drugs in water
have been conducted via UV-Vis experiments. For that, the
interaction of the water-soluble drug procaine hydrochloride
with different concentrations of the anionic micelle formed
from the first generation anionic dendrons containing palmi-
tic acid at the focal point (13) was used as a working model. A
small red shift was observed on increasing the dendron con-
centrations, i.e. on going from aqueous to micellar solutions
(see Fig. 9). This is consistent with procaine transferred from a
highly polar phase (H2O) to a less polar site in the micellar
phase, therefore suggesting that procaine was solubilized in
the micelles to some extent. The absorbance value has been
used to estimate the partition coefficient (PMW) by using a
pseudo-phase model and used in conventional micelles from
surfactants.48 The partition coefficient obtained (PMW) of 922
was more than three times higher than that obtained with
micelles formed from the SDS surfactant (PMW = 281) under
the same conditions.49 From this comparison, one can con-
clude that micelles prepared with carbosilane dendrons are

more adequate media to solubilize this drug than conventional
micelles from surfactants. The high value obtained for the par-
tition coefficient is due mainly to the attractive electrostatic
forces between the negatively charged surface of micelles and
the cationic charge of drugs. In this way, procaine is probably
located between branches with the cationic charged groups
pointing towards the anionic groups of dendrons.

Conclusions

A new family of dendritic amphiphiles have been designed
and synthesized with the hydrophobic part consisting of both
the tail and the dendritic structure, and the terminal ionic
groups as the main hydrophilic region. This new structural
situation led to novel self-assembled constructions that
need further study. Our investigations showed that not only
the length of the aliphatic chain but also the carbosilane
scaffold played important roles in the self-assembly process. It
was not necessary to include large hydrophobic tails in the
carbosilane dendritic structure to observe an ordered aggregation
behavior. That is, small lipophilic fragments at the focal point
and the use of a high dendritic generation was enough to
observe aggregation. Therefore, an optimal balance between
hydrophobicity and hydrophilicity was fundamental. The amphi-
philic dendrons self-assembled into spherical micelles with
defined sizes of ca. 4–6 nm. The aggregation dimensions dimin-
ished upon increasing the generation, as a matter of modification
of the molecular packing parameter. Because of this behavior,
amphiphilic dendrons can be used as carriers for therapeutically
relevant macromolecules or drugs. As a proof of concept of the
usefulness of these ionic dendritic micelles, cationic amphiphilic
systems have been demonstrated to bind efficiently nucleic acids
when micellar aggregation occurred. Dendritic building blocks
with a small number of cationic groups were not able to bind
siRNA unless their self-assembly capacity is increased. Therefore,
amphiphilic carbosilane dendrons allowed fully controllable
siRNA binding to be achieved. Moreover, there was no need to
use a large excess of polycations to form siRNA-loaded dendri-
tic micelles, thus being potentially able to decrease unwanted
toxicity of the formulations. This feature can be highly useful for

Fig. 9 Absorption profiles in water of procaine hydrochloride in the presence of the dendron C16G1 (13) in the range of dendron concentrations of
1–80 μM.
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in vitro and in vivo experiments. Additionally, the controllable
composition of the formulations obtained might facilitate
their certification for further application as therapeutics. In
addition, anionic micelles are able to encapsulate drug mole-
cules like procaine in water with a payload capacity almost four
times higher than that of conventional surfactants. These
studies represent the starting point in the use of this dendritic
amphiphile platform for the design of novel supramolecular
aggregates, as drug and/or nucleic acid delivery systems in
future biomedical applications.

Experimental section
General information

All solvents were dried and freshly distilled under argon before
use, unless otherwise stated. Reagents were obtained from
commercial sources and used as received. Dendron precursors
BrGnAm, BrGnVm (n = 1, m = 2 (G1); n = 2, m = 4 (G2); n = 3,
m = 8 (G3)) were obtained as described elsewhere.37

Oligonucleotides. Oligonucleotides were synthesized using
the solid-phase phosphoramidite method on an ASM-800
automated synthesizer (Biosset, Novosibirsk, Russia) from
commercially available phosphoramidites (Glen Research,
USA) according to the protocols optimized for the given
equipment. The sequences of model siRNA Mcl-1 strands
are as follows: 5′-GGACUUUUAUACCUGUUAUtt-3′ (sense),
5′-AUAACAGGUAUAAAAGUCCtg-3′ (antisense). Oligoribonucleotides
bear two deoxyribonucleotides on the 3′-terminus to increase
their stability towards exonuclease hydrolysis.

Analytical and spectroscopic techniques

C and H analyses. These were carried out using a
PerkinElmer 240 C microanalyzer.

Mass spectrometry. Matrix-assisted laser desorption/ioniza-
tion-time-of-flight (MALDI-TOF) mass spectra were obtained
using a Bruker Ultraflex-III mass spectrometer. For MALDI-TOF
samples, 1,8,9-trihydroxyanthracene (dithranol) was used as a
matrix.

NMR spectroscopy. 1H and 13C spectra were recorded on
Varian Unity VXR-300 and Varian 500 Plus instruments.
Chemical shifts (δ, ppm) were measured relative to residual
1H and 13C resonances for CDCl3, D2O, DMSO-d6 and CD3OD
used as solvents.

UV-Vis analysis. Spectrophotometric studies were performed
using a UVIKON 941 Plus dual-beam spectrophotometer.
Measurements were performed at 25 °C using quartz cells of
1 cm thickness.

Sample preparation for physico-chemical measurements.
Samples were prepared by dissolving directly the correspond-
ing dendron in Milli-Q water to give solutions in a con-
centration range of 0.1–1000 μM. For solutions containing
salt, NaCl was added to Milli-Q water until a final concen-
tration of 20 mM. This solution was used in the preparation
of samples following the same procedure as that described
above.

Surface tension. The surface tension of aqueous dendron
solutions was determined as a function of the concentration
using the ring method with a LAUDA TE-1C tensiometer. All
measurements were carried out at 25.0 ± 0.1 °C. The surface
tension measurements have been performed with a standard
deviation lower than 0.1 mN m−1. Each experiment was
repeated at least three times until a good reproducibility was
achieved. Surface tension data below and above CMC were
fitted to straight lines by a least-squares method. The CMC
values were determined from the sharp break point in the
surface tension against the logarithm of concentration curves.

Specific conductivity. Specific conductivities were measured
with a 712 conductomer from Methrom. The conductivity cell
(cell constant 0.8 cm−1) was maintained at 25.0 ± 0.1 °C using
a water bath. Each experiment was repeated three times.

Dynamic light scattering (DLS). The hydrodynamic diameter
of the supramolecular aggregates obtained was determined
using a Zetasizer Nano ZS (Malvern Instruments Ltd, UK),
which was equipped with NBS. The measurements were made
at room temperature (25 °C) and the solutions were prepared
using Milli-Q water.

Zeta potential measurements. siRNA (1 μM) and cationic
dendrons 31–36 were mixed together in 10 mM sodium phos-
phate buffer at different charge ratios. Zeta potential values
were measured in plastic disposable cells DTS 1061 using a
Malvern Instruments Nanosizer ZS particle analyzer.

Agarose gel electrophoresis. siRNA (4 μM) pre-complexed
with ethidium bromide (40 μM) was mixed with cationic
dendrons 31–36 in 10 mM phosphate-buffered saline at different
charge ratios. Samples were analysed by 1% agarose gel
electrophoresis using a Bio-Rad electrophoresis cell and power
supply. Gels were photographed using a Helicon gel documen-
tation system upon transillumination at 254 nm and processed
with Bio-Rad Quantity One software.

Synthetic protocols

Only a selection of first generation dendrons containing the
palmitic acid residue at the focal point will be described. For
the rest, see the ESI.†

Synthesis of the allyl-terminated dendron CH3(CH2)14CO2G1A2
(1). BrG1A2 (0.50 g, 1.91 mmol), K2CO3 (0.52 g, 3.83 mmol),
crown ether 18-C-6 (0.05 g, 0.19 mmol) and palmitic acid
(0.49, 0.19 mmol) were stirred in acetone (50 ml) at 90 °C in a
sealed ampule for 24 h under vacuum. Afterwards, acetone was
evaporated from the crude mixture and the product was
extracted using Et2O and NaCl-saturated water. The organic
phase was dried over MgSO4 and for an additional 10 min
also with SiO2. The solution was filtered through Celite and
the volatiles were removed under vacuum to give the fatty
acid modified dendrons at the focal point as an orange oil in
high yield (0.80 g, 96%). Data for 1 are as follows. NMR
(CDCl3):

1H NMR δ −0.03 (s, 3H, SiMe), 0.54 (t, 2H,
OCH2CH2CH2CH2Si), 0.85 (t, 3H, CH3(CH2)14CO2), 1.23 (s, 24H,
CH3(CH2)12(CH2)2CO2), 1.37 (m, 2H, OCH2CH2CH2CH2Si), 1.51
(d, 4H, SiCH2CHvCH2), 1.61 (m, 4H, OCH2CH2CH2CH2Si,
CH3(CH2)12CH2CH2CO2), 2.26 (t, 2H, CH3(CH2)12CH2CH2CO2),
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4.04 (t, 2H, OCH2CH2CH2CH2Si), 4.85 (m, 4H,
SiCH2CHvCH2), 5.75 (m, 2H, SiCH2CHvCH2).

13C NMR
(CDCl3) δ −5.29 (SiMe), 12.5 (OCH2CH2CH2CH2Si), 14.1
(CH3CH2CH2(CH2)10CH2CH2CO2), 20.7 (OCH2CH2CH2CH2Si),
21.2 (SiCH2CHvCH2), 22.6 (CH3CH2CH2(CH2)10CH2CH2CO2),
24.6 (CH3CH2CH2(CH2)10CH2CH2CO2), 29.42 (CH3CH2CH2(CH2)10
CH2CH2CO2), 31.9 (CH3CH2CH2(CH2)10CH2CH2CO2), 32.3
(OCH2CH2CH2CH2Si), 34.3 (CH3CH2CH2(CH2)10CH2CH2CO2),
63.8 (OCH2CH2CH2CH2Si), 113.2 (SiCH2CHvCH2), 134.6
(SiCH2CHvCH2), 173.9 (CH3CH2CH2(CH2)10CH2CH2CO2). MS:
[M + H]+ = 437.43 Da. Anal. calculated for C27H52O2Si (436.78
g mol−1) %: C, 74.24, H, 12.00. Exp. %: C, 74.13, H, 11.86.

Synthesis of the anionic dendron CH3(CH2)14CO2G1(SSO3Na)2
(13). Compound 1 (0.50 g, 1.14 mmol) was dissolved in a
THF/MeOH mixture (75 : 25) and a 0.5 mL aqueous solution
containing sodium 3-mercapto-1-propanesulfonate (0.45 g,
2.51 mmol) was prepared. Over the dendron solution, one
fourth of the aqueous solution and of the photoinitiator 2,2
dimethoxy-2-phenylactenophenone (DMPA) (0.06 g, 0.25 mmol)
were added. The mixture was deoxygenized and stirred under
UV light for 1 h. The aqueous solution was added stepwise
each 1 h with the photoinitiator. The total irradiation time was
4 h. Afterwards, solvents were removed under vacuum and the
products were dissolved in distilled water and purified by
nanofiltration with cellulose membranes with a cutoff limit
MWCO = 500–1000 Da. Finally, water was removed to obtain
13 as a white powder with a high yield (0.82 g, 91%). Data for
13 are as follows. NMR (D2O):

1H NMR δ −0.13 (m, 3H, SiMe),
0.53 (m, 6H, OCH2CH2CH2CH2Si, SiCH2CH2CH2S), 0.75
(m, 3H, CH3(CH2)14CO2), 1.15 (m, 26H, CH3(CH2)12(CH2)2CO2,
OCH2CH2CH2CH2Si), 1.47 (m, 8H, CH3(CH2)12CH2CH2CO2,
OCH2CH2CH2CH2Si, SiCH2CH2CH2S), 1.89 (m, 4H,
SCH2CH2CH2SO3,), 2.14 (m, 2H, CH3(CH2)12CH2CH2CO2), 2.44
(m, 4H, SiCH2CH2CH2S), 2.52 (m, 4H, SCH2CH2CH2SO3), 2.85
(m, 4H, SCH2CH2CH2SO3), 3.92 (m, 2H, OCH2CH2CH2CH2Si).
13C NMR (D2O) δ −5.35 (SiMe), 12.8 (SiCH2CH2CH2S),
13.2 (OCH2CH2CH2CH2Si), 13.92 (CH3 (CH2)12CH2CH2CO2),
20.1 (OCH2CH2CH2CH2Si), 23.9 (SiCH2CH2CH2S), 24.5
(SCH2CH2CH2SO3), 24.9 (CH3(CH2)10CH2CH2CO2), 29.3–
29.9 (CH3(CH2)12CH2CH2CO2), 30.29 (SCH2CH2CH2SO3),
32.3 (OCH2CH2CH2CH2Si), 34.1 (CH3(CH2)12CH2CH2CO2),
35.2 (SiCH2CH2CH2S), 50.1 (SCH2CH2CH2SO3), 63.9
(OCH2CH2CH2CH2Si), 173.3 (CH3CH2CH2(CH2)10CH2CH2CO2).
Anal. calculated for C33H66Na2O8S4Si (793.20 g mol−1) %:
C, 49.97, H, 8.39. Exp. %: C, 49.95, H, 8.35.

Synthesis of the NMe2HCl-terminated dendron
CH3(CH2)14CO2G1(NMe2HCl)2 (19). Compound 4 (1.0 g,
2.44 mmol), 2-(dimethylamino)ethanethiol hydrochloride
(0.76 g, 5.38 mmol), 5 mol% of DMPA (0.07 g, 0.26 mmol),
and a THF/MeOH (75 : 25) solution (5 ml) were mixed. The
reaction mixture was deoxygenated and irradiated for 2 h.
Another 5% mol of DMPA was added, and the reaction mixture
was irradiated for 2 h again and monitored by 1H NMR. The
products were dissolved in distilled water and purified by
nanofiltration with cellulose membranes with a cutoff limit
MWCO = 500–1000 Da. Finally, water was removed to obtain

19 as a white powder with a high yield (1.5 g, 88%). Data for 19
are as follows. NMR (D2O):

1H NMR δ 0.00 (s, 3H, SiMe), 0.54
(t, 2H, OCH2CH2CH2CH2Si), 0.84 (t, 3H, CH3(CH2)14CO2),
0.90, (t, 4H, SiCH2CH2S), 1.25 (s, 24H, CH3(CH2)12(CH2)2CO2),
1.30 (m, 2H, OCH2CH2CH2CH2Si), 1.58 (m, 4H,
OCH2CH2CH2CH2Si, CH3(CH2)12CH2CH2CO2), 2.24 (t, 2H,
CH3(CH2)12CH2CH2CO2), 2.62 (t, 4H, SiCH2CH2S), 2.87 (s, 12H,
SCH2CH2NMe2HCl), 3.0 (m, 4H, SCH2CH2NMe2HCl), 3.27
(m, 4H, SCH2CH2NMe2HCl), 4.00 (t, 2H, OCH2CH2CH2CH2Si).
13C NMR (D2O) δ −5.4 (SiMe), 12.5 (OCH2CH2CH2CH2Si),
13.4 (SiCH2CH2S), 14.0 (CH3CH2CH2(CH2)10CH2CH2CO2), 20.0
(OCH2CH2CH2CH2Si), 22.6 (CH3CH2CH2(CH2)10CH2CH2CO2),
24.3 (SCH2CH2NMe2HCl), 24.9 (CH3CH2CH2(CH2)10CH2CH2CO2),
26.0 (SiCH2CH2S), 29.0–29.6 (CH3CH2CH2(CH2)10CH2CH2CO2),
31.8 (CH3CH2CH2(CH2)10CH2CH2CO2), 32.2 (OCH2CH2CH2CH2Si),
34.2 (CH3CH2CH2 (CH2)10CH2CH2CO2), 41.4 (SCH2CH2NMe2HCl),
55.3 (SCH2CH2NMe2HCl), 63.7 (OCH2CH2CH2CH2Si), 173.7
(CH3CH2CH2(CH2)10CH2CH2CO2). Anal. calculated for
C33H72Cl2N2O2S2Si (692.05 g mol−1) %: C, 57.27, H, 10.49,
N, 4.51. Exp. %: C, 57.15, H, 10.35, N, 4.39.

Synthesis of the NMe2-terminated dendron
CH3(CH2)14CO2G1(NMe2)2 (25). The compound 19 (1.5 g,
2.16 mmol) was treated with a 1 M solution of Na2CO3 and
extracted with ethyl ether (3 × 20 ml). The organic phase was
dried over magnesium sulfate for 2 h and filtered and the
solvent was removed under vacuum, leading to compound 25
as a yellow oil (1.34 g, 99%). Data for 25 are as follows.
NMR (CDCl3):

1H NMR δ −0.09 (s, 3H, SiMe), 0.43
(t, 2H, OCH2CH2CH2CH2Si), 0.84 (m, 7H, CH3(CH2)14CO2,
SiCH2CH2S), 1.25 (s, 24H, CH3(CH2)12(CH2)2CO2), 1.30 (m, 2H,
OCH2CH2CH2CH2Si), 1.58 (m, 4H, OCH2CH2CH2CH2Si,
CH3(CH2)12CH2CH2CO2), 2.24 (s, 14H, SCH2CH2NMe2,
CH3(CH2)12CH2CH2CO2), 2.48 (m, 4H, SCH2CH2NMe2), 2.57
(m, 4H, SCH2CH2NMe2), 2.62 (m, 4H, SiCH2CH2S), 4.00
(t, 2H, OCH2CH2CH2CH2Si).

13C NMR (CDCl3) δ −5.6 (SiMe),
12.9 (OCH2CH2CH2CH2Si), 13.9 (SiCH2CH2S), 14.2
(CH3CH2CH2(CH2)10CH2CH2CO2), 20.0 (OCH2CH2CH2CH2Si),
22.4 (CH3CH2CH2(CH2)10CH2CH2CO2), 23.3 (SCH2CH2NMe2),
24.7 (CH3CH2CH2(CH2)10CH2CH2CO2), 29.4–28.9 (CH3CH2CH2

(CH2)10CH2CH2CO2), 29.4 (SiCH2CH2S), 31.6
(CH3CH2CH2(CH2)10CH2CH2CO2), 33.0 (OCH2CH2CH2CH2Si),
34.2 (CH3CH2CH2(CH2)10CH2CH2CO2), 45.0 (SCH2CH2NMe2),
58.9 (SCH2CH2NMe2), 63.7 (OCH2CH2CH2CH2Si), 173.7
(CH3CH2CH2(CH2)10CH2CH2CO2). Anal. calculated for
C33H70N2O2S2Si (619.14 g mol−1) %: C, 64.02, H, 11.40,
N, 4.52. Exp. %: C, 63.95, H, 11.32, N, 4.50.

Synthesis of the NMe3
+-terminated dendron

CH3(CH2)14CO2G1(NMe3
+I)2 (31). To a diethyl ether solution of

25 (1.34 g, 2.16 mmol) an excess of MeI (0.54 ml, 8.64 mmol)
was added. The resulting solution was stirred for 12 h at room
temperature and then evaporated under reduced pressure to
give 31 as a white solid (1.84, 95%). Data for 31 are as
follows. NMR (D2O):

1H NMR δ 0.04 (s, 3H, SiMe), 0.60
(m, 2H, OCH2CH2CH2CH2Si), 0.84 (m, 7H, CH3(CH2)14CO2,
SiCH2CH2S), 1.22 (s, 24H, CH3(CH2)12(CH2)2CO2), 1.30 (m, 2H,
OCH2CH2CH2CH2Si), 1.67 (m, 4H, OCH2CH2CH2CH2Si,
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CH3(CH2)12CH2CH2CO2), 2.24 (m, 2H, CH3(CH2)12CH2CH2CO2),
2.62 (m, 4H, SiCH2CH2S), 2.86 (m, 4H, SCH2CH2NMe3

+),
3.12 (m, 18, NMe3

+), 3.58 (m, 4H, CH2CH2NMe3
+), 3.85

(m, 2H, OCH2CH2CH2CH2Si).
13C NMR (D2O) δ −5.7 (SiMe),

12.9 (OCH2CH2CH2CH2Si), 13.9 (SiCH2CH2S), 14.2
(CH3CH2CH2(CH2)10CH2CH2CO2), 20.0 (OCH2CH2CH2CH2Si),
22.4 (CH3CH2CH2(CH2)10CH2CH2CO2), 23.3 (SCH2CH2NMe3

+),
24.7 (CH3CH2CH2(CH2)10CH2CH2CO2), 29.4–28.9 (CH3CH2CH2

(CH2)10CH2CH2CO2), 29.4 (SiCH2CH2S), 31.6 (CH3CH2CH2

(CH2)10CH2CH2CO2), 33.0 (OCH2CH2CH2CH2Si), 34.2
(CH3CH2CH2(CH2)10CH2CH2CO2), 53.6 (SCH2CH2NMe3

+),
63.7 (OCH2CH2CH2CH2Si), 65.1 (SCH2CH2NMe3

+), 173.7
(CH3CH2CH2(CH2)10CH2CH2CO2). Anal. calculated for
C35H76I2N2O2S2Si (903.03 g mol−1) %: C, 46.55, H, 8.48,
N, 4.32. Exp. %: C, 46.43, H, 8.42, N, 4.28.
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