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Republic

† Electronic supplementary information
following additional information: graphs
(Fig. S1–S69); ESI HRMS of compound 31
the solubility of prepared compounds in
electrostatic potential on the molecular
evaluation of G2 and G1 dendrimers cyto
and S71). See DOI: 10.1039/c7ra01845b

Cite this: RSC Adv., 2017, 7, 18724

Received 14th February 2017
Accepted 21st March 2017

DOI: 10.1039/c7ra01845b

rsc.li/rsc-advances

18724 | RSC Adv., 2017, 7, 18724–1874
rbosilane dendrimers for
biomedical applications – synthesis,
characterization and cytotoxicity evaluation†

Tomáš Strašák,*a Jan Malý, *b Dominika Wróbel,b Marek Malý,c Regina Herma,b

Jan Čermák,ad Monika Müllerová,a Lucie Červenková Št0astnáa and Petra Cuř́ınováa

We report the synthesis and cytotoxicity evaluation of a completely new class of cationic carbosilane

dendrimers functionalized with several different phosphonium peripheral groups and an ammonium

functionalised one as a reference. The carbosilane dendrimers with NMe3, PMe3, P(Et2)2(CH2)3OH, PBu3,

P(C6H4-OMe)3 and P(Ph)3 peripheral substituents were synthesized, thoroughly characterized and

modelled by computer simulations. The cytotoxicities of the dendrimers were investigated in vitro on

three model cell lines (B14, BRL and NRK cells) by MTT and CV assay methods. Generally, the

cytotoxicities of PMe3 carbosilane dendrimers were similar or slightly lower when compared with NMe3
dendrimers. The substitution of methyl groups in PMe3 carbosilane dendrimers with more hydrophobic

and bulky alkyl substituents (PBu3 and P(Et2)2(CH2)3OH dendrimers) resulted in an increase of

cytotoxicity. The P(C6H4-OMe)3 dendrimer showed exceptionally low cytotoxicity across all cell lines or

assay methods used. Generally, phosphonium carbosilane dendrimers could represent a valuable

alternative to ammonium ones in gene therapy applications due to comparable or lower cytotoxicities,

the presence of positive charge for nucleic acid electrostatic binding and in the cases of P(C6H4-OMe)3
and P(Ph)3 dendrimers high potential of mitochondrial targeting.
1. Introduction

Recently, numerous types of drug delivery systems (DDS) have
been studied for nonviral gene delivery to treat various genetic
diseases such as cystic brosis, haemophilia, cancer or several
types of infection diseases.1 Cationic polymers and lipids, able
to interact by electrostatic interactions with negatively charged
nucleic acids are used for the formation of dendriplexes and
lipoplexes. Such nanoparticles stabilize DNA or RNA, protect
them from degradation by nucleases, enable their cellular
uptake by endocytosis and nally cause endosomal escape
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water (Table S3); calculated values of
surface of G3 dendrimers (Table S4);
toxicity based on IC50 values (Fig. S70

4

nished by release of genetic material into the cytoplasmic
space or nucleus.2 Among the other polymeric systems, cationic
dendrimers (DDMs) such as the commercially available poly(-
amidoamine) (PAMAM) dendrimers have been shown to be
effective for in vitro cell transfection.3–6 Up to now, most of the
dendrimer-based gene delivery systems were surface modied
by nitrogen-containing cationic groups including ammonium
cations.7

Despite their successful in vitro application, the toxicity of
positively charged amine groups is the main obstacle for in vivo
use of dendrimers and the other cationic vectors as gene
delivery vehicles.7 Several different approaches were presented,
which address this problem by surface engineering of den-
drimers with low-toxic outer shell, shielding the positively
charged groups present in the inner layer of dendrimer. Modi-
cation of dendrimers with poly(ethylene)glycol,7–10 carbohy-
drates,11–14 amino acids,15 acetyls16 or by attaching targeting
ligands (peptides, proteins)17 was described and their resulting
lower cytotoxicity compared with unmodied cationic den-
drimers demonstrated. On the other hand, a compromise
between the toxicity, ability to complex nucleic acids and
transfection efficacy of such nanoparticles has to be always
considered.

Apart from surface functional groups, the core and branch-
ing units of dendrimer can also contribute to the overall
toxicity. New less toxic DDMs having biodegradable core or less
This journal is © The Royal Society of Chemistry 2017
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cytotoxic branching units were therefore synthesized. As an
example, the polyester,18 polyether imine,19 phosphate20 or
triazine21,22 low-toxic DDMs were synthesized. Another prom-
ising DDS candidates of this group are carbosilane dendrimers
(CS-DDMs).11,23–28 For example, low toxicity of the second
generation ammonium-terminated CS-DDMs was proven by
several complementary approaches.27 It was also shown that
these cationic DDMs favourably interact with anti-HIV oligo-
deoxyribonucleotides and form dendriplex nanoparticles, suit-
able for cell transfection.23 The siRNA delivery into the brain by
carbosilane dendrimers was also reported.28

Beside this, much less effort has been focused on investi-
gations of dendrimer modications by other types of positively
charged groups, like e.g. phosphonium or arsenium cationic
moieties. As was already demonstrated, such cationic groups
are able to substitute primary amines or ammonium groups in
lipid or polymer-based transfectant molecules with signicantly
lower cytotoxicity and higher transfection efficiency.29–31 As an
example, phosphonium- and arsenium-containing lipids have
shown ability to bind DNA and to mediate higher gene trans-
fection with lower cytotoxicity in comparison with the
ammonium-based analogs in vitro and in vivo32–34. Similarly,
phosphonium-containing AB diblock copolymers, which effi-
ciently complexed pDNA to generate core–shell nanoparticles
were also reported. Resulted polyplexes demonstrated HepaRG
cells specic transfection and low cytotoxicity.29 The same
group of authors also systematically investigated the role of
variable length of alkyl substituent attached to the phospho-
nium cation in DNA complexation and transfection efficiency of
different cell lines.31 The synthesis of phosphonium polymeric
material for nucleic acid transfection consisting of polyacrylate
polymer backbone modied with phosphonium groups has
been reported.30 Further on, in agreement with other studies,29

systematic investigation has shown important inuence of
different types of alkyl substituents on the phosphonium
cations on transfection efficiency and toxicity of polyplexes.30

Despite the proved benets in other types of transfection
materials, there exist only few attempts to synthesize den-
drimers with phosphonium surface groups and to use them for
Scheme 1 Synthesis of trimethylonium salts terminated carbosilane den

This journal is © The Royal Society of Chemistry 2017
gene delivery applications.35–37 Most of the work done was based
on surface group modication of PAMAM dendrimers. As an
example, mitochondria-targeted dendrimer was synthesized via
the acid-amine-coupling conjugation reaction between the acid
group of (3-carboxypropyl)triphenylphosphonium bromide and
the primary amines of the acetylated generation 5 poly(amido-
amine) (PAMAM) dendrimer. Resulting triphenylphosphonium
(TPP)-anchored dendrimer was efficiently taken up by the cells
and demonstrated mitochondrial targeting with greater cell
viability on broblast cells (NIH-3T3) as compared to unmodi-
ed PAMAM-NH2 dendrimer.37 In the similar way, an efficient
HeLa and COS-7 cells transfection with EGFP and luciferase
reporter gene expression plasmids has been shown. Trans-
fection efficacy was improved in comparison with commercial
transfectants Lipo2000 and unmodied dendrimers along with
decreased cytotoxicity.36 Apart from those two literature exam-
ples, which focused solely on TPP surface modication of
PAMAM dendrimers, no systematic comparative investigation
of different types of phosphonium groups on dendrimer cyto-
toxicity and eventually, transfection efficacy has been
presented.

Herein we present synthesis and characterization of
completely new class of generation 1–3 carbosilane dendrimers
surface modied with various types of phosphonium groups
and one type of ammonium terminated CS-DDM for compar-
ison. The core of carbosilane dendrimers was synthesized based
on our previous work on synthesis of CS-DMMs functionalized
with titanocene moieties.38–41 Ammonium and phosphonium
groups were connected by quaternization of trimethyl amine or
an appropriate phosphine by iodopropyl-terminated den-
drimers. To manifest their potential in biomedical applications,
we have performed comparative in vitro cytotoxicity studies on
three model cell lines.
2. Results and discussion
2.1 Synthesis and characterization of dendrimers

The cationic dendrimers were prepared by the sequence of
reactions as shown in Scheme 1. In the rst step carbosilane
drimers.

RSC Adv., 2017, 7, 18724–18744 | 18725
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dendrimers with 3-chloropropyl terminal groups were synthe-
sized via hydrosilylation of allyl-terminated starting compounds
by (3-chloropropyl)dimethylsilane. The reactions were per-
formed in Schlenk tubes using pentane as solvent and the
Karstedt catalyst. The progress of the reactions was monitored
by 1H NMR spectroscopy. The most signicant signals of the
starting compounds are those of the terminal double bonds
consisting of one doublet at ca. d 1.8 and two multiplets at ca.
d 5.4 and 6.0 in 1H NMR spectra and three resonances at ca.
d 22.9, 128.3, and 143.1 in 13C NMR spectra. Disappearance of
these signals indicates the completeness of reaction. No side
products resulting from undesired a-hydrosilylation leading to
branched alkyl spacers in the structure were detected. Siloxane,
which was sometimes observed as the product of hydrolysis
followed by condensation of (3-chloropropyl)dimethylsilane
was removed by evaporation in high vacuum. The chloropropyl
functionality was subsequently transformed to iodopropyl by
Finkelstein reaction. The triplets of the methylenes connected
to halogens are aer the substitution shied to higher eld
from 3.50 ppm for chloride to 3.18 ppm for iodide. As the
starting uncharged dendrimers 1–6 were not easily ionisable,
even using APCI ionization technique, a different approach was
employed. The compounds were dissolved in chloroform, a few
drops of methanol were added followed by addition of ammo-
nium formate buffer. These solutions were then measured
using ESI source in the positive mode resulting in observation
of [M + NH4]

+ ions. Different synthetic protocol based on
hydrosilylation of bromoalkenes by Si–H terminated carbosi-
lane dendrimers was employed by De la Mata et al. for prepa-
ration bromo-terminated carbosilane dendrimers with longer
spacer.42
Scheme 2 Phosphonium carbosilane dendrimers synthesized in this wo

18726 | RSC Adv., 2017, 7, 18724–18744
The last step of the synthesis consists in the formation of
onium salts on the periphery of dendrimers. The quarter-
nisation reaction with 3-iodopropyl-terminated dendrimers was
carried out in acetonitrile with slight excess of trimethylamine
or an appropriate phosphine. Insoluble starting hydrophobic
dendrimers became gradually soluble in acetonitrile as soon as
the number of onium groups created on the periphery was
sufficient to transfer compounds into solution. Aer comple-
tion of the reaction, the excess of amine or phosphine was
extracted in toluene. Depending on terminal groups, the prod-
ucts were isolated as white solids or liquids having variable
viscosity.

In this manner we prepared a series of carbosilane den-
drimers decorated by onium salts on the periphery. For
ammonium–phosphonium comparative study we synthetized
a series of methylated analogues which differ only in cationic
centre i.e. nitrogen (7–9) or phosphorus (10–12) atom. As ex-
pected, due to the much higher nucleophilicity of phosphines
toward carbon compared with amines, quaternization of
amines requires longer reaction time to achieve fully
substituted product. For ammonium derivatives (7–9) was
recently published procedure based on quaternization of amino
groups on periphery of dendrimers with an excess of MeI.43

The above described synthetic procedure was followed also
in the synthesis of a new family of phosphonium-terminated
dendrimers (Scheme 2). Representative groups having diverse
environments of cationic centres were designed and charac-
terized. The NMR spectroscopic and analytical data for all
derivatives are consistent with their proposed structures. The
presence of Si(CH2)3P unit in molecule was documented by
a doublet of outer silicon atoms in 29Si {1H} NMR, typically with
coupling constant 4JSiP ca. 2.5 Hz (Fig. 1). However chemical
rk.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Dendrimer structure and 29Si {1H} NMR. Panel A: compound 14; panel B: compound 15.
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shis in 29Si {1H} NMR showed no signicant change with
respect to the environment of phosphorus atom. 31P {1H} NMR
was in this sense more sensitive. Signals occurred in the range
from about 21 ppm for methoxyphenyl-terminated dendrimers
to 43 ppm for dendrimers 13–15. In the case of all quarternary
ammonium or phosphonium salts, the ions were easily
observable via electrospray ionisation. Due to the ability of
target dendrimer molecules to form multiply charged species,
almost all the possible cations were observed in each case (for
example, if the dendrimer structure is Dend.PnIn, all the
possible [Dend.PnIn�i]

i+ ions are formed) (see Tables S1 and
S2†). This feature offers an opportunity to observe counter-
anions in the positive mode, which simplies the monitoring of
I�/Cl� ion exchange reaction leading to the compounds 19–21,
25–27 and 31–33.

Solubility in aqueous solutions is a critical parameter for
applicability of dendrimers in biological systems and their use
in biomedical applications. Because of the inherent hydro-
phobicity of the interior of carbosilane dendrimers the appro-
priate solubility behaviour can be achieved by targeted
This journal is © The Royal Society of Chemistry 2017
design of peripheral groups. The solubility of onium salts is
known to be strongly dependent on counter-anion,44 therefore
ion exchange was suggested as a useful method to enhance
solubility in water. Dendrimers containing butyl (16–18),
methoxyphenyl (22–24) and phenyl (28–30) substituents
showed only negligible solubility in water when the counter-
anion was the iodide ion despite being well soluble in polar
aprotic solvents such as DMSO, acetonitrile, but also in
methanol. To enhance water solubility of poorly soluble
compounds we exchanged the iodide anions for chloride using
ion exchange resign with the result of increasing the solubility
in water considerably. For example solubility of all dendrimers
with butyl groups was increased from <5 mg mL�1 for deriva-
tives with iodine to >100 mg mL�1 for those with chloride
anion. Table S3† summarizes typical values of solubility of
prepared compounds in water.
2.2 Computer modelling of dendrimers

To obtain detailed information about the shape, size, space
distribution of peripheral groups etc. of all dendrimers in water,
RSC Adv., 2017, 7, 18724–18744 | 18727
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Fig. 2 Computer models of dendrimer structures and their characteristics. Panel A: Simulated dendrimer structures. The first (G1, left), second
(G2, middle) and third (G3, right) generations are shown. (A) NMe3; (B) PMe3; (C) P(Et2)2(CH2)3OH; (D) PBu3; (E) P(C6H4-OMe)3; (F) P(Ph)3.
Hydrogens are omitted (except those attached to oxygens or those belonging to terminal methyl groups attached to oxygens) for better clarity.
Orange scale bar denotes length 20 Å. Colours: C – grey; O – red; H – white; Si – beige; N – blue; P – orange. Panel B: Radial distribution
functions (relative density profiles, RDF) of terminal P(N) atomswith respect to central Si atom in case of 3rd generation dendrimers (upper graph);
RDF of water with respect to central Si atom (just G3, lower graph). Panel C: simulated dendrimer structures (just G3) with molecular surface
shown, which is coloured based on electrostatic potential. (A) NMe3; (B) PMe3; (C) P(Et2)2(CH2)3OH; (D) PBu3; (E) P(C6H4-OMe)3; (F) P(Ph)3. Red –
lower potential (0 V and less); white – potential 0.063 V; blue – higher potential (0.127 V and higher). Influence of water, Na+ and Cl� is taken
implicitly in an account (APBS calculation).
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their computer simulation models were studied using molec-
ular dynamics in explicit water. Models show that higher
generation dendrimers maintain spherical shape (Fig. 2 panel
18728 | RSC Adv., 2017, 7, 18724–18744
A). Calculated radii of gyration (Rg) and “geometric radii” (Rmax)
are shown in Table 1. The sizes of NMe3 and PMe3 dendrimers,
which have the same structure except terminal (quaternized)
This journal is © The Royal Society of Chemistry 2017
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Table 1 The size characteristics of dendrimers. Rg – radius of gyration of the simulated dendrimer structures, Rmax – maximal distance of the
dendrimer atoms from the dendrimer center of geometry (for spherical molecules estimate of their radius). In each cell of the table the average
value and standard deviation is presented

NMe3 PMe3 P(Et2)2(CH2)3OH PBu3 P(C6H4-OMe)3 P(Ph)3

Rg [Å]
G3 10.80 � 0.21 10.83 � 0.20 11.94 � 0.25 12.47 � 0.21 13.10 � 0.20 12.66 � 0.17
G2 8.80 � 0.28 8.98 � 0.36 9.86 � 0.34 10.28 � 0.40 10.23 � 0.23 10.02 � 0.28
G1 6.98 � 0.31 7.27 � 0.30 7.91 � 0.56 8.13 � 0.41 8.04 � 0.29 7.90 � 0.42

Rmax [Å]
G3 19.77 � 1.21 19.70 � 0.90 21.58 � 1.20 22.95 � 1.16 24.70 � 0.92 22.41 � 0.96
G2 16.37 � 1.25 16.59 � 1.23 17.82 � 1.15 19.33 � 1.38 19.53 � 0.63 18.25 � 1.11
G1 12.36 � 0.79 12.79 � 0.74 13.77 � 1.11 15.07 � 1.16 15.52 � 0.85 14.12 � 0.84
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atoms (N or P), are almost identical in all generations. The other
structures are slightly bigger than those two structures P(C6H4-
OMe)3 dendrimer being the biggest.

Radial distribution functions of dendrimer atoms and water
with respect to the central Si atom were calculated for the 3rd

generation (G3) dendrimers. Density analysis of terminal P(N)
atoms revealed more pronounced back-folding in case of PMe3
dendrimer (ca. 6–9 Å area from central Si atom) compared with
NMe3 which has higher density in more distant area (ca. 13–16
Å). Otherwise the density proles of those two dendrimers are
quite similar. Furthermore, the density proles have rather
similar shape in all dendrimers showing one main peak around
ca. 11.5 Å and one secondary peak at ca. 15.5 Å distance from
the central Si atom. P(C6H4-OMe)3 dendrimer has one addi-
tional remarkable peak at 8 Å indicating back-folded branch/es
(see Fig. 2 panel B, upper graph). Radial density proles of water
with respect to central Si atom are shown at Fig. 2 panel B, lower
graph. Dendrimers with the most hydrated interior are NMe3
and PMe3. NMe3 is slightly more hydrated than PMe3 den-
drimer. P(C6H4-OMe)3 dendrimer has the smallest water density
in majority of its interior when compared with other dendrimer
types.

Fig. 2 panel C shows molecular surfaces of dendrimers (G3)
coloured according to their electrostatic potential. As presented
in Table S4 (see ESI†) the average value of surface potential is
very similar (around 0.14 V) for all structures but there are more
signicant differences in the range of electrostatic potential
values (min, max) and standard deviation.

2.3 In vitro cytotoxicity evaluation

To determine the potential of biomedical applications of novel
class of dendrimers presented, we have further focused on
investigation of their cytotoxicity, as one of the most important
parameters which inuence and limit the practical use of the
majority of drug delivery systems. Cytotoxicity proles of car-
bosilane dendrimers terminated with different phosphonium
and NMe3 functional groups were investigated in vitro on three
model cell lines (B14, BRL and NRK cells) with the aim to reect
the potential tissue/cell type related variations. Two methods
were used to determine the effect of dendrimers on cell viability.
The rst one was MTT assay, the method which is based on
monitoring of NAD(P)H-dependent cellular oxidoreductase
This journal is © The Royal Society of Chemistry 2017
enzymes activity and is therefore related to inhibition of meta-
bolic processes in mitochondria. The other method was the
crystal violet (CV) staining assay. This method is based on
crystal violet property to stain cell's DNA and is therefore con-
nected to number of cells aer cultivation experiment (moni-
tors the inhibition of the cell growth).

With the aim to investigate the main parameters inuencing
the toxicity proles of individual dendrimer types, cell viability
was plotted in logarithmic concentration scale (Fig. 3) and tted
with four-parameter logistic function (4PL function, R2 > 0.95)
using nonlinear regression analysis as described in Experi-
mental section (see Section 4.5). Based on the calculated
parameters of each curve, the IC50 values (concentration of
dendrimers which inhibits the cell viability to 50% of the
control sample) were obtained (Table 2) and used for further
evaluation of dendrimer cytotoxicity. Toxicity of dendrimers was
studied based on IC50 as variable of dendrimer type, generation,
assay method and cell line.

2.3.1 Inuence of dendrimer peripheral groups on cyto-
toxicity. As is apparent from Fig. 4 (generation 3) and Fig. S70
and S71† (generation 2, 1) there is no simple relative order of
toxicity of individual types of dendrimers which holds for all
experimental variants and assay methods investigated. More
likely it is possible to recognize some groups or individual types
which differ from the rest of the dendrimers according to the
specic conditions of experiment. Focusing rst on the phos-
phonium and ammonium dendrimers with methyl groups
(NMe3 – dendrimer 7–9 and PMe3 – dendrimer 10–12) quite
similar cytotoxic effect with IC50 in the order of 2–50 mM (based
on the cell type and generation) was observed by MTT method.
This is in good agreement with previously published results27 of
NMe3 2nd generation carbosilane dendrimers cytotoxicity with
the IC50 measured by MTT assay in the range of 1–10 mM. In
comparison with other types of dendrimers, those two den-
drimers stay always close together in relative order of toxicity
showing slightly less toxic effect (exception being P(C6H4-OMe)3
dendrimer 25–27 as discussed further) on mitochondria (MTT
assay), but have very similar effect on inhibition of cell growth
with other types of dendrimers (CV assay, IC50 ¼ 2–160 mM
based on cell type and dendrimer generation). PMe3 dendrimer
was signicantly less toxic when compared with NMe3 one on
B14 cells. This applies to all generations measured by MTT and
RSC Adv., 2017, 7, 18724–18744 | 18729
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Fig. 3 Graphical presentation of data obtained from cell viability assays. Measured data from each experimental variant were fitted with four-
parameter logistic function (R2 $ 0.95). Each graph compares the viability of cells (B14, BRL, NRK cells) exposed to concentration gradient of
different dendrimer types (NMe3, PMe3, P(Et2)2(CH2)3OH, PBu3, P(C6H4-OMe)3, P(Ph)3) of the same generation (G1-3) and measured by the same
method (MTT or CV).
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Table 2 IC50 values of dendrimers (given in mM) and standard error of the mean (SEM) derived from the best fit (four-parameter logistic function,
R2 $ 0.95) of experimental data obtained from cell viability measurements. Values are organized according to the (i) cell line used for toxicity
evaluation (B14, BRL, NRK); (ii) toxicity assay method (MTT, CV); (iii) generation of dendrimer (G3, G2, G1); (iv) type of dendrimer (NMe3, PMe3,
P(Et2)2(CH2)3OH, PBu3, P(C6H4-OMe)3, P(Ph)3)

NMe3 PMe3 P(Et2)2(CH2)3OH PBu3 P(C6H4-OMe)3 P(Ph)3

B14-MTT
G3 2.29 � 0.041 4.43 � 0.17 1.64 � 0.11 1.69 � 0.08 6.23 � 0.37 1.51 � 0.04
G2 4.42 � 0.11 6.78 � 0.28 2.37 � 0.23 3.83 � 0.18 10.81 � 0.96 4.41 � 0.08
G1 14.75 � 1.36 33.18 � 4.08 4.51 � 0.27 5.15 � 0.22 12.75 � 0.51 2.50 � 0.24

B14-CV
G3 2.81 � 0.11 4.18 � 0.23 6.14 � 0.39 4.04 � 0.33 31.94 � 6.02 19.14 � 1.73
G2 5.70 � 0.29 18.16 � 1.02 7.60 � 0.60 7.13 � 0.45 110.7 � 28.52 28.68 � 3.34
G1 58.7 � 9.07 161.7 � 32.01 153.7 � 29.85 27.1 � 2.83 66.7 � 15.91 42.63 � 3.47

BRL-MTT
G3 4.29 � 0.14 2.54 � 0.15 4.64 � 0.24 1.68 � 0.04 7.84 � 0.90 1.59 � 0.08
G2 6.06 � 0.17 4.35 � 0.16 5.11 � 0.32 4.39 � 0.14 14.69 � 0.99 4.11 � 0.15
G1 20.82 � 1.18 15.16 � 0.76 15.9 � 1.31 2.34 � 0.54 219.01 � 38.74 19.14 � 1.79

BRL-CV
G3 9.42 � 0.36 7.42 � 0.21 8.44 � 0.57 3.87 � 0.20 84.8 � 12.79 7.11 � 0.61
G2 14.32 � 0.71 9.68 � 0.48 8.00 � 0.44 6.91 � 0.43 65.8 � 7.35 10.74 � 0.60
G1 81.72 � 20.93 62.06 � 14.03 624.5 � 83.75 7.98 � 0.46 1891.00 � 258.40 13.36 � 0.41

NRK-MTT
G3 7.41 � 0.89 5.68 � 0.55 0.79 � 0.08 1.92 � 0.12 9.68 � 0.67 2.17 � 0.15
G2 12.07 � 0.93 9.15 � 0.76 1.95 � 0.14 3.90 � 0.23 19.33 � 2.56 7.67 � 0.48
G1 68.45 � 15.13 53.31 � 13.24 3.36 � 0.13 13.04 � 0.77 28.47 � 3.65 6.09 � 0.36

NRK-CV
G3 8.48 � 0.25 13.44 � 0.48 6.02 � 0.43 8.93 � 0.59 316.3 � 64.12 20.73 � 1.71
G2 18.06 � 0.68 16.91 � 0.67 7.34 � 0.43 14.08 � 0.72 149.8 � 41.52 86.93 � 8.77
G1 106.3 � 24.26 77.54 � 18.52 12.47 � 0.35 42.19 � 4.58 335.6 � 83.51 48.01 � 7.89
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in case of G1 also to CV assay. Based on such observations, we
may conclude that generally the cytotoxicity of PMe3 is similar
or slightly lower when compared with NMe3 dendrimers based
on the cell line tested. This is in agreement with the published
data focused on comparative studies of phosphonium- and
ammonium-modied lipid transfectants.32–34

Signicant differences in comparison with all other den-
drimers were shown by P(C6H4-OMe)3 dendrimer 25–27. In fact,
it's very low cytotoxicity was measured across all cell lines, assay
methods used and generations (except some small differences
of G1 on B14 cells). IC50 calculated for MTT assay were in the
range of 6–219 mM, whereas for CV assay those values were
shied up to 66–1890 mM (based on the cell line and dendrimer
generation). This exceptionally low cytotoxicity as compared to
other dendrimer types in this study falls in the range reported
for sugar or even PEG coated dendrimers.7,13,45 For example,
Janaszewska et al.46 reported the IC50 value of maltose-modied
open shell and dense shell poly(propylene imine) (PPI) den-
drimers between 100–145 mM when studied on SKOV3 cell line,
contrary to unmodied cationic PPI dendrimers with IC50 < 8
mM. Similarly, Wrobel et al.13 showed the signicant haemolytic
activity of maltose functionalized hyperbranched poly(ethylene
imine)s starting at 100–300 mM concentration depending on
density of maltose units on PEI polymer. It is not so straight-
forward to explain such exceptional properties of P(C6H4-OMe)3
This journal is © The Royal Society of Chemistry 2017
dendrimer. We may hypothesize that it's relatively low cytotox-
icity may be possibly related to delocalization of positive charge
on phosphorus atoms caused by three electron-donating
methoxy groups in para positions capable of conjugation with
electrons of aromatic rings and with the phosphonium center.
The delocalization of positive charge of outer shell together with
larger concentration of charged groups in the interior of den-
drimer, caused by signicant backfolding of dendrimer
branches (as discussed in chapter 3.2) could decrease the toxic
interactions with the cell membrane and proteins in cyto-
plasmic space. Because still being positively charged and
therefore able to complex siRNA we suggest that this type of
dendrimer could be an interesting alternative to low-toxic
pegylated or sugar coated dendrimers for receptor targeted
siRNA delivery in vivo.

Interestingly, recognizable large differences in cell viability
as measured by MTT and CV assay were in several cases, along
with P(C6H4-OMe)3 dendrimer, also observed for P(Ph)3 den-
drimer (31–33). This dendrimer is quite toxic whenmeasured by
MTT (IC50 < 2.5 mM at G3). On the contrary, the toxicity
measured by CV was in some cases (e.g. B14 G3, NRK G2)
signicantly lower (IC50 > 19 mM for B14-G3 and 86 mM for NRK-
G2) when compared with other types of dendrimers ranking it
second (aer P(C6H4-OMe)3 dendrimer) in line (decreasing
order of toxicity, see e.g. Fig. 4, B14-CV-G3). Such results are
RSC Adv., 2017, 7, 18724–18744 | 18731
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Fig. 4 Evaluation of G3 dendrimers cytotoxicity based on IC50 values. Upper panel: To evaluate and rank cytotoxic effect of each kind of
dendrimer based on comparison of IC50 values summarized in Table 2, data of IC50 of all dendrimer types were plotted in a common column
graph for each cell line (B14, BRL, NRK) and assay method used (MTT, CV). Each dendrimer (column) is placed in the order of decreasing mean
value of IC50 (from left to right, increasing toxicity). With the aim to determine a statistical significance of difference between the IC50 values of all
dendrimers, one-way ANOVA followedwith Tukey–Kramermultiply comparison test was used to quantify the p values between each dendrimer.
Values p < 0.05 were supposed to be statistically significant (*), values p $ 0.05 non-significant (ns). Columns were grouped in the graph based
on their p values as compared to lowest IC50 mean value present and p values related to their nearest neighbour. Statistical difference between
the grouped dendrimers is therefore p$ 0.05 (ns), whereas between groups is p < 0.05 (*). In this way, a relative order of dendrimer toxicity was
constructed for each cell line and assay method used. Data are presented as mean � SEM (n ¼ 3). Lower panel: To compare the difference
between the toxicity of G3 dendrimers measured by MTT and CV methods, a set of graphs representing IC50 values of the same dendrimer
assayed by both methods on different cell lines were constructed. To determine a statistical significance of difference between the IC50 values
measured by MTT and CV method for one cell line, unpaired t-test was used to quantify the p values. Values p < 0.05 were supposed to be
statistically significant (*), values p $ 0.05 non-significant (ns). Data are presented as mean � SEM (n ¼ 3).
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quite interesting taking in mind a relatively high hydropho-
bicity of phenyl groups. Moreover, lower toxic inuence on the
growth of cells as observed in some cases and relatively high
toxicity observed by MTT suggests possible preferential target-
ing of this dendrimer into mitochondria. This, in fact, supports
Fig. 5 Effect of dendrimer generation on cytotoxicity based on IC50. Up
CV assay. Each graph represents data analyzed for one type of dendrim
other for each cell line. To determine a statistical significance of differenc
cell line, one-way ANOVA followed with Tukey–Kramer multiply compa
Values p < 0.05 were supposed to be statistically significant (*), values p $

This journal is © The Royal Society of Chemistry 2017
the previously published results on triphenylphosphonium
(TPP) modied PAMAM dendrimers.37 Fluorescently labeled
PAMAM dendrimers, surface functionalized with TPP were
selectively targeted into the mitochondria and showed
a decreased overall toxicity to cells as compared to unmodied
per panel: Data obtained by MTT assay. Lower panel: Data obtained by
er and for three generations (G1–G3) grouped and compared each to
e between the IC50 values of all three generations of dendrimers on one
rison test was used to quantify the p values between each generation.
0.05 non-significant (ns). Data are presented as mean � SEM (n ¼ 3).
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dendrimer. In fact, it is well known that triphenylphosphonium
(TPP), a cation with sufficient lipophilicity and delocalized
positive charge, is an efficient mitochondriotropic ligand which
promotes accumulation of various TPP conjugated molecules in
the mitochondria.47 Thus, despite having no direct evidence, we
suggest that P(C6H4-OMe)3 and P(Ph)3 dendrimers may prefer-
entially accumulate in mitochondria causing relatively large
differences in toxicity as observed by MTT and CV assay. If this
holds true than those two dendrimers could represent a unique
drug delivery systems (DDSs) for mitochondrial targeting with
relatively low toxicity as compared to other types of comparable
systems. Such hypothesis will be veried by further
investigations.

The last group of dendrimers which are characterized by
quite similar cytotoxic effects are PBu3 and P(Et2)2(CH2)3OH
dendrimers (19–21, 13–15). Both are ranked among the most
cytotoxic dendrimers in both –MTT and CV assays (see Table 2)
with some exception of P(Et2)2(CH2)3OH observed at G1 (B14,
BRL – CV assay). The reason for the higher cytotoxicity observed
could be the presence of hydrophobic alkyl substituents on
phosphonium groups. Interestingly, there is no signicant
positive effect of –OH groups present on P(Et2)2(CH2)3OH den-
drimer on decreasing of cytotoxic effect.

Based on these results, we may conclude that the replace-
ment of methyl substituents on phosphonium group with more
hydrophobic and bulky alkyl groups (P(Et2)2(CH2)3OH, PBu3)
leads to the increase of overall cytotoxicity towards the mito-
chondria and strong inhibition of cell growth. Substitution of
methyl substituents with phenyl and p-tolyl groups leads to
signicant differences in toxicity as observed by MTT and CV
method, with higher observed toxicity of dendrimers towards
the mitochondria. This effect is extremely pronounced in the
case of P(C6H4-OMe)3 dendrimers which are more than order of
magnitude less toxic when measured by CV method as
compared to MTT. Such effects are more visible at higher (G2,
G3) generations of dendrimers, where the larger amount of
phosphonium groups on dendrimer is present. Similar results
were demonstrated by Ornelas-Megiatto et al.30 in their study of
cytotoxicity of alkyl-functionalized polyphosphonium polymers.
The nature of the alkyl substituents of the phosphonium
cations was also shown to have important inuence on the
transfection efficiency where the phosphonium groups of the
analogous composition as ammonium ones achieved a much
better transfection efficiency and lower cytotoxicity. Therefore,
we expect that a similar positive effect could be observed with
phosphonium carbosilane dendrimers in dependence on the
type of substituent used.

2.3.2 Inuence of dendrimer generation on cytotoxicity.
Dendrimer generation is another important parameter, which
inuence their overall cytotoxicity. As is apparent from Fig. 5,
dendrimer cytotoxicity signicantly increases between G1 to G2
generation regardless on assay method and cell line used. On
the contrary, much smaller differences were observed between
G2 and G3 dendrimers. The differences between IC50 of G2 and
G3 were statistically signicant only in few cases (see Fig. 5). The
toxicity of dendrimer is always a function of toxicity of core and
outer shell. First generation dendrimers, where a hydrophobic
18734 | RSC Adv., 2017, 7, 18724–18744
core is more open and the number of ammonium/
phosphonium groups is low are much less toxic than G2 and
G3 dendrimers where the number of positively charged groups
increases and creates an outer shell of dendrimer. Thus, the
contribution of hydrophobic core to overall cytotoxicity of
dendrimers is negligible.

2.3.3 Inuence of assay method. MTT and CV assay were
selected for cytotoxicity screening since they measure the effect
of compound (dendrimer) based on different principles. The
MTT is related to specic enzymatic activity connected with
mitochondria, CV monitors the growth of cell population. As is
apparent from Fig. 4, S70 and S71,†MTT assay is more sensitive
to presence of dendrimer than CV assay. Statistically signicant
differences in IC50 of MTT and CV (IC50 MTT < IC50 CV) were
observed in the most of the experimental variations regardless
on dendrimer type, generation and cell line. Moderate differ-
ences between IC50 of MTT and CV (differences within an order
of magnitude) were present mainly in case of NMe3, PMe3,
P(Et2)2(CH2)3OH and PBu3 dendrimers. Contrary to this, much
higher differences (IC50 MTT � IC50 CV) were apparent in case
of P(C6H4-OMe)3 and P(Ph)3 dendrimers as was already dis-
cussed above. Similar discrepancies between the IC50 of various
inhibitors measured by MTT and CV method have been already
discussed elsewhere.48 The reason of such observations could
be the preferential interaction of toxic compound with mito-
chondrial metabolism or provoking a cell stress which onset is
faster than reduction of cell population growth by necrosis or
apoptosis.48,49 Higher differences observed in case of P(C6H4-
OMe)3 and P(Ph)3 dendrimers could be connected to their
preferential targeting and therefore also higher inuence on the
metabolism of mitochondria, as suggested from other pub-
lished works.37 Our experiments also support the conclusions
discussed elsewhere,48 that to evaluate reliably the cytotoxicity
of novel types of nanoparticles, several assay methods must be
performed simultaneously, since they can give a different or
sometimes even misleading results.

3. Conclusions

The carbosilane dendrimers with NMe3, PMe3, P(Et2)2(CH2)3-
OH, PBu3, P(C6H4-OMe)3 and P(Ph)3 periphery substituents
were synthesized, thoroughly characterized and simulated by
computer modelling approaches. Dendrimers containing butyl,
methoxyphenyl and phenyl substituents showed only negligible
solubility in water when the counter-anion was the iodide ion.
By exchange of the iodide anions for chloride using ion
exchange resign the solubility in water was considerably
increased to >100 mg mL�1.

Computer simulations show that higher generation den-
drimers maintain spherical shape and their dimensions are
comparable with only negligible differences. Radial distribution
function revealed interesting properties of P(C6H4-OMe)3 den-
drimer with apparent backfolding of peripheral groups and the
smallest water density in the interior of dendrimer in compar-
ison with other dendrimer types.

Generally, the cytotoxicity of PMe3 carbosilane dendrimers was
similar or slightly lower as compared to NMe3 dendrimers which
This journal is © The Royal Society of Chemistry 2017
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correlates well with the published works focused on phospho-
nium- and ammonium-modied lipid transfectants.32–34 The
substitution of methyl groups of PMe3 carbosilane dendrimers
with more hydrophobic and bulky alkyl substituents (PBu3 and
P(Et2)2(CH2)3OH dendrimers) resulted in increase of cytotoxicity as
measured by MTT and CV method regardless of cell line tested.
Signicant differences in comparison with all other dendrimers
were shown for P(C6H4-OMe)3 dendrimer and partially also in the
case of P(Ph)3 dendrimer. P(C6H4-OMe)3 dendrimer is of very low
cytotoxicity across all cell lines or assay methods used and can be
even compared to low cytotoxic sugar or PEG coated den-
drimers.7,13,45 Recognizably large differences in cell viability as was
measured by MTT and CV assay were in several cases, along with
P(C6H4-OMe)3 dendrimer, observed also for P(Ph)3 dendrimer.
Based on such observations, we suggest that P(C6H4-OMe)3 and
P(Ph)3 dendrimers may preferentially accumulate in mitochon-
dria. Therefore, both dendrimers could represent unique drug
delivery systems (DDS) for mitochondrial targeting with relatively
low cytotoxicity as compared to other types of DDS systems.

4. Experimental section
4.1 General considerations

Unless otherwise stated, reagents were used as received from
commercial sources. Literature procedures were followed in the
preparation of (3 chloropropyl)dimethylsilane50 and allyl-
terminated carbosilane dendrimers.51 Karstedt catalyst (ob-
tained as a 2–3% solution in xylenes), trimethylphosphine
(1.0 M solution in THF), triphenylphosphine and AMBERLYST
A-21 were purchased from Sigma Aldrich, trimethylamine (ca.
25% solution in isopropyl alcohol), tris(p-methoxyphenyl)
phosphine and tributylphosphine from TCI chemicals. Diethyl-
(3-hydroxypropyl)-phosphine was taken from laboratory
supplies. The 1H (299.9 or 499.9 MHz), 13C {1H} (75.4 or 125.7
MHz) and 29Si {1H} (59.6 or 99.3 MHz), 31P {1H} (121.4 or 202.4
MHz) NMR spectra were measured on a Varian Mercury 300 or
Varian Innova 500 spectrometer at 25 �C. The 1H and 13C NMR
spectra were referenced to the line of the solvent (d/ppm; dH/dC:
CDCl3, 7.26/76.99; DMSO-d6, 2.51/39.52; CD3CN, 1.94/1.32). The
29Si and 31P NMR spectra were referenced to external standards.

HRMS spectra were measured using Bruker MicrOTOF-QIII
apparatus. Due to the structure of target compounds, the elec-
trospray ionisation source in positive mode was used with the
parameters adjusted as follows: the capillary voltage was 4200 V,
the end plate offset was �500 V. The collision cell RF ranged
from 350 Vpp to 1000 Vpp, based on the size of the measured
molecule. Nitrogen was used as the nebulizer gas (at the pres-
sure of 1.6 bar), just as the drying gas (heated to 180 �C, with the
ow of 8 L min�1). The scans of MS spectra were carried out in
the mass range of m/z 80–1550 for the smaller and 200–6000 for
the bigger dendrimers. For HRMS, the calibration on Na-
formate or CsPFHA clusters was employed. To support ionisa-
tion in solutions of uncharged dendrimers, ammonium
formate buffer (5 mL MeOH, 1.25 mL HCOOH, 3.9 g
HCOO�NH4

+, lled up to 25 mL with water) was used. The
samples were delivered into the ESI source by direct infusion,
using a syringe pump (Kd-Scientic, KDS-100-CE, 0.5 mL
This journal is © The Royal Society of Chemistry 2017
Hamilton syringe, ow 180 mL min�1) coupled to the
MicrOTOF-QIII mass spectrometer.
4.2 Synthesis of dendrimers

4.2.1 Dendrimer (1). Two drops of Karstedt catalyst solu-
tion were added to a solution of tetraallylsilane (1.00 g, 5.2
mmol) in pentane (2 mL). Aer the mixture was stirred for
10 min, (3-chloropropyl)dimethylsilane (2.91 g, 21.3 mmol) was
added and the mixture was reuxed for 3 h and then stirred at
room temperature overnight. The solvent and the excess of
silane were removed on the rotary evaporator and nally under
high vacuum. Yield: 3.80 g (5.15 mmol, 99%) of dendrimer 1 as
colourless liquid. Data for 1: NMR (CDCl3):

1H (499.99 MHz):
d �0.02 (s, 24H, Si1CH3), 0.54–0.61 (m, 24H, Si0CH2, CH2-
Si1CH2), 1.28–1.35 (m, 8H, Si0CH2CH2), 1.72–1.78 (m, 8H, CH2-
CH2Cl), 3.50 (t, 3JHH ¼ 7.0 Hz, 8H, CH2Cl).

13C {1H} (125.70
MHz): d �3.4 (Si1CH3), 13.0 (CH2CH2CH2Cl), 17.5 (Si0CH2), 18.5
(Si0CH2CH2), 20.1 (Si0CH2CH2CH2), 27.7 (CH2CH2Cl), 48.0
(CH2Cl).

29Si {1H} (59.60 MHz): d 0.58 (Si0), 2.05 (Si1). HRMS
(C32H72Cl4Si5): (ESI

+) m/z: [M + NH4]
+ calcd for C32H72Cl4Si5-

NH4: 756.3551 found: 756.3559, [M + Na]+ calcd for C32H72Cl4-
Si5Na: 761.3104, found: 761.3104.

4.2.2 Dendrimer (2). The compound was synthesized
according to the procedure for 1 from G1allyl8 (1.3 g, 1.86 mmol)
and (3-chloropropyl)dimethylsilane (2.24 g, 16.4 mmol). Yield:
3.30 g (1.84 mmol, 99%) of a yellow oil. Data for 2: NMR (CDCl3):
1H (499.99 MHz): d �0.07 (s, 12H, Si1CH3), �0.02 (s, 48H,
Si2CH3), 0.53–0.60 (m, 64H, Si0CH2, CH2Si

1CH2, CH2Si
2CH2),

1.28–1.34 (m, 24H, CH2CH2Si
1CH2CH2), 1.72–1.78 (m, 16H,

CH2CH2Cl), 3.50 (t, 3JHH ¼ 7.0 Hz, 16H, ClCH2).
13C {1H} (125.70

MHz): d�5.0 (Si1CH3),�3.4 (Si2CH3), 13.0 (CH2CH2CH2Cl), 17.7
(Si0CH2), 18.4 (Si1CH2CH2CH2Si

2), 18.6 (Si0CH2CH2), 18.8
(Si1CH2CH2CH2Si

2), 19.2 (Si0CH2CH2CH2), 19.9 (Si1CH2CH2-
CH2Si

2), 27.7 (CH2CH2CH2Cl), 48.0 (CH2Cl).
29Si {1H} (59.60

MHz): d 0.49 (Si0), 0.97 (Si1); 2.06 (Si2). HRMS (C80H180Cl8Si13):
(ESI+) m/z: [M + NH4]

+ calcd for C80H180Cl8Si13NH4: 1808.8888
found: 1808.8838.

4.2.3 Dendrimer (3). The compound was synthesized
according to the procedure for 1 from G2allyl16 (1.5 g, 0.88 mmol)
and (3-chloropropyl)dimethylsilane (2.11 g, 15.46 mmol). Yield:
3.36 g (0.87 mmol, 99%) of a yellow oil. Data for 3: NMR (CDCl3):
1H (499.99MHz): d�0.08 (s, 36H, Si1,2CH3),�0.02 (s, 96H, Si3CH3),
0.53–0.60 (m, 144H, Si0CH2, CH2Si

1CH2, CH2Si
2CH2, CH2Si

3CH2),
1.28–1.33 (m, 56H, CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.71–1.7

(m, 32H, CH2CH2Cl), 3.49 (t, 3JHH ¼ 7.0 Hz, 32H, ClCH2).
13C {1H}

(125.70 MHz): d �5.0 (Si1CH3), �4.9 (Si2CH3), �3.4 (Si3CH3), 13.0
(CH2CH2CH2Cl), 17.7 (Si0CH2), 18.4 (Si2CH2CH2CH2Si

3), 18.52
(Si1CH2CH2CH2Si

2), 18.55 (Si0CH2CH2CH2Si
1), 18.8 (Si2CH2CH2-

CH2Si
3), 18.96, 19.03 (Si1CH2CH2CH2Si

2), 19.3 (Si0CH2CH2CH2),
19.9 (Si2CH2CH2CH2Si

3), 27.7 (CH2CH2Cl), 48.0 (CH2Cl).
29Si {1H}

(59.60 MHz): d 0.38 (Si0), 0.90 (Si1), 0.98 (Si2), 2.05 (Si3).
4.2.4 Dendrimer (4). Mixture of chlorine terminated den-

drimers 1 (2.00 g, 2.71 mmol) and sodium iodide (8.11 g, 54.2
mmol) in 40 mL of butan-2-one was heated to reux for 2 days.
The reaction mixture was then cooled to room temperature. The
product was extracted to diethyl ether (2 � 30 mL), the extract
RSC Adv., 2017, 7, 18724–18744 | 18735
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ltered through silica gel and dried over anhydrous MgSO4. The
volatiles were removed on the rotary evaporator and nally
under high vacuum. Yield: 2.51 g (2.2 mmol, 84%) of a yellow
oil. Data for 4: NMR (CDCl3):

1H (499.99 MHz): d �0.02 (s, 24H,
Si1CH3), 0.53–0.60 (m, 24H, Si0CH2, CH2Si

1CH2), 1.27–1.32 (m,
8H, Si0CH2CH2), 1.77–1.84 (m, 8H, CH2CH2I), 3.18 (t, 3JHH ¼
7.3 Hz, 8H, CH2I).

13C {1H} (125.70 MHz): d �3.3 (Si1CH3), 11.5
(CH2I), 17.4 (Si0CH2), 17.5 (CH2CH2CH2I), 18.5 (Si0CH2CH2),
20.1 (Si0CH2CH2CH2), 28.9 (CH2CH2I).

29Si {1H} (99.31 MHz):
d 0.56 (Si0), 1.47 (Si1). HRMS (C32H72I4Si5): (ESI

+)m/z: [M + NH4]
+

calcd for C32H72I4Si5NH4: 1122.0997, found: 1122.1000, [M +
Na]+ calcd for C32H72I4Si5Na: 1127.0551, found: 1127.0553.

4.2.5 Dendrimer (5). The compound was synthesized
according to the procedure for dendrimer 4 from dendrimer 2
(1 g, 0.56 mmol). Yield: 1.14 g (0.45 mmol, 81%) of a yellow oil.
Data for 5: NMR (CDCl3):

1H (499.99 MHz): d �0.07 (s, 12H,
Si1CH3), �0.02 (s, 48H, Si2CH3), 0.53–0.60 (m, 64H, Si0CH2,
CH2Si

1CH2, CH2Si
2CH2), 1.28–1.33 (m, 24H, CH2CH2Si

1CH2-
CH2), 1.78–1.84 (m, 16H, CH2CH2I), 3.18 (t, 3JHH ¼ 7.3 Hz, 16H,
ICH2).

13C {1H} (125.70 MHz): d �4.9 (Si1CH3), �3.2 (Si2CH3),
11.4 (CH2I), 17.5 (CH2CH2CH2I), 17.7 (Si0CH2), 18.4 (Si1CH2-
CH2CH2Si

2), 18.6 (Si0CH2CH2CH2), 18.8 (Si1CH2CH2CH2Si
2),

19.2 (Si0CH2CH2CH2), 19.9 (Si
1CH2CH2CH2Si

2), 28.9 (CH2CH2I).
29Si {1H} (59.60 MHz): d 0.50 (Si0), 0.99 (Si1); 1.50 (Si2). HRMS
(C80H180I8Si13): (ESI

+) m/z: [M + NH4]
+ calcd for C80H180I8Si13-

NH4: 2540.3799 found: 2540.3789.
4.2.6 Dendrimer (6). The compound was synthesized

according to the procedure for dendrimer 4 from dendrimer 3 (1 g,
0.26mmol). Yield: 1.18 g (0.22mmol, 86%) of a yellow oil. Data for 6:
NMR (CDCl3):

1H (499.99 MHz): d�0.06 (s, 36H, Si1,2CH3),�0.02 (s,
96H, Si3CH3), 0.54–0.61 (m, 144H, CH2CH2CH2Si

1CH2, CH2Si
2CH2,

CH2Si
3CH2), 1.29–1.34 (m, 56H, CH2CH2Si

1CH2CH2CH2Si
2CH2CH2),

1.78–1.85 (m, 32H, CH2CH2I), 3.18 (t,
3JHH¼ 7.2 Hz, 32H, ICH2).

13C
{1H} (125.70 MHz): d �4.9 (Si1CH3), �4.8 (Si2CH3), �3.2 (Si3CH3),
11.4 (CH2I), 17.5 (CH2CH2CH2I), 17.8 (Si0CH2), 18.4 (Si2CH2CH2-
CH2Si

3), 18.56 (Si1CH2CH2CH2Si
2), 18.59 (Si0CH2CH2), 18.8

(Si2CH2CH2CH2Si
3), 19.02, 19.07 (Si1CH2CH2CH2Si

2), 19.4 (Si0CH2-
CH2CH2), 20.0 (Si2CH2CH2CH2Si

3), 29.0 (CH2CH2I).
29Si {1H} (99.31

MHz): d 0.35 (Si0), 0.88 (Si1), 0.97 (Si2), 1.47 (Si3).
4.2.7 Dendrimer (7). To a solution of dendrimer 4 (1.2 g,

1.09 mmol) in acetonitrile (15 mL) the commercial solution of
trimethylamine (3 M in isopropyl amine) was added (4.3 mL,
13.03 mmol) at 0 �C. The reaction mixture was then stirred at
room temperature for 48 hours. The solvents and the excess of
phosphine were removed on the rotary evaporator and nally
under high vacuum to give product as a white powder. Yield:
1.44 g (1.07 mmol, 99%) data for 7: NMR (DMSO-d6):

1H (499.99
MHz): d �0.02 (s, 24H, Si1CH3), 0.35–0.39 (m, 8H, CH2CH2-
CH2N), 0.52–0.60 (m, 16H, Si0CH2CH2CH2), 1.26–1.34 (m, 8H,
Si0CH2CH2), 1.59–1.66 (m, 8H, CH2CH2N), 3.09 (s, 36H, CH3N),
3.28–3.33 (m, 8H, CH2N).

13C {1H} (125.70 MHz): d �3.4
(Si1CH3), 11.0 (CH2CH2CH2N), 16.8 (Si0CH2), 16.9 (CH2CH2N),
18.0 (Si0CH2CH2), 19.3 (Si0CH2CH2CH2), 52.1 (CH3N),
67.7 (CH2N).

29Si {1H} (99.31 MHz): d 0.74 (Si0), 2.42 (Si1).
HRMS (C44H108N4Si5I4): (ESI+) m/z: [M � I�]+ calcd for
C44H108N4Si5I3: 1213.4549 found: 1213.4536, [M � 2I�]2+ calcd
18736 | RSC Adv., 2017, 7, 18724–18744
for C44H108N4Si5I2: 543.2749 found: 543.2749, [M � 3I�]3+ calcd
for C44H108N4Si5I: 319.8816 found: 319.8822.

4.2.8 Dendrimer (8). The compound was synthesized
according to the procedure for dendrimer 7 from dendrimer 5
(1.1 g, 0.44 mmol). Yield: 1.29 g (0.43 mmol, 99%) of a white
powder. Data for 8: NMR (DMSO-d6):

1H (299.99 MHz): d �0.09
(s, 12H, Si1CH3), �0.00 (s, 48H, Si2CH3), 0.37–0.40 (m, 16H,
CH2CH2CH2N), 0.52–0.59 (m, 48H, Si0CH2, CH2Si

1CH2CH2CH2),
1.29–1.33 (m, 24H, CH2CH2Si

1CH2CH2), 1.62–1.64 (m, 16H,
CH2CH2N), 3.04–3.09 (m, 72H, CH3N), 3.26–3.31 (m, 16H,
NCH2).

13C {1H} (75.44 MHz): d �4.9 (Si1CH3), �3.4 (Si2CH3),
11.2 (CH2CH2CH2N), 17.0 (CH2CH2N), 17.1 (Si0CH2), 18.0
(Si1CH2CH2CH2Si

2), 18.3 (Si0CH2CH2CH2Si
1CH2), 18.5

(Si0CH2CH2CH2), 19.3 (Si1CH2CH2CH2Si
2), 52.2 (NCH3), 67.9

(CH2N).
29Si {1H} (59.60 MHz): d 0.74 (Si0), 0.98 (Si1); 2.34 (Si2).

HRMS (C104H252I8N8Si13): (ESI+) m/z: [M � 2I�]2+ calcd for
C104H252I6N8Si13: 1370.5623 found: 1370.5612, [M� 3I�]3+ calcd
for C104H252I5N8Si13: 871.4065 found: 871.4065, [M � 4I�]4+

calcd for C104H252I4N8Si13: 621.8286 found: 621.8289, [M �
5I�]5+ calcd for C104H252I3N8Si13: 472.0819 found: 472.0813, [M
� 6I�]6+ calcd for C104H252I2N8Si13: 372.2507 found: 372.2527,
[M� 7I�]7+ calcd for C104H252IN8Si13: 300.9428 found: 300.9423.

4.2.9 Dendrimer (9). The compound was synthesized
according to the procedure for dendrimer 7 from dendrimer 6
(1 g, 0.19 mmol). Yield: 1.14 g (0.18 mmol, 97%) of a white
powder. Data for 9: NMR (DMSO-d6):

1H (499.99 MHz): d �0.11
(s, 12H, Si1CH3), �0.09 (s, 24H, Si2CH3), 0.00 (s, 96H, Si3CH3),
0.37–0.40 (m, 32H, CH2CH2CH2N), 0.51–0.59 (m, 112H, Si0CH2,
CH2Si

1CH2, CH2Si
2CH2CH2CH2), 1.28–1.33 (m, 56H,

CH2CH2Si
1CH2CH2CH2Si

2CH2CH2), 1.61–1.66 (m, 32H,
CH2CH2N), 3.08 (br s, 144H, NCH3), 3.22–3.28 (m, 32H, NCH2).
13C {1H} (125.70 MHz): d �4.9 (Si1,2CH3), �3.4 (Si3CH3), 11.2
(CH2CH2CH2N), 17.0 (CH2CH2N), 18.0 (Si2CH2CH2CH2Si

3), 18.2
(Si1CH2CH2CH2Si

2CH2), 18.4 (Si1CH2CH2CH2Si
2), 19.4,

(Si2CH2CH2CH2Si
3), 52.2 (CH3N), 67.9 (CH2N), (Si

0CH2CH2CH2

were overlap or not detected). 29Si {1H} (99.31 MHz): d (Si0 was
not detected), 1.06 (Si1,2), 2.42 (Si3). HRMS (C224H540N16Si29I16):
(ESI+)m/z: [M� 4I�]4+ calcd for C224H540N16Si29I12: 1448.8655 found:
1448.8647, [M � 5I�]5+ calcd for C224H540N16Si29I11: 1133.7114
found: 1133.7114, [M� 6I�]6+ calcd for C224H540N16Si29I10: 923.6086
found: 923.6073. Anal. calc. C224H540I16N16Si29 (6303.74 g mol�1): C,
42.68; H, 8.63; exp.: C, 42.97; H, 8.89.

4.2.10 Dendrimer (10). To a solution of dendrimer 4 (1.2 g,
1.09 mmol) in acetonitrile (15 mL) the commercial solution of
trimethylphosphine (1 M in THF) was added (8.7 mL, 8.67
mmol) at 0 �C. The reaction mixture was then stirred at room
temperature for 48 hours. The solvents and the excess of
phosphine were removed on the rotary evaporator and nally
under high vacuum to give product as a white powder. Yield:
1.52 g (1.07 mmol, 99%). Data for 10: NMR (DMSO-d6):

1H
(299.99 MHz): d �0.01 (s, 24H, Si1CH3), 0.52–0.62 (m, 24H,
Si0CH2, CH2Si

1CH2), 1.26–1.36 (m, 8H, Si0CH2CH2), 1.45–1.54
(m, 8H, PCH2CH2), 1.82 (d, 2JHP ¼ 14.8 Hz, 48H, PCH3), 2.14–
2.24 (m, 8H, PCH2).

13C {1H} (75.44 MHz): d �3.4 (s, Si1CH3), 7.3
(d, 1JPC ¼ 53.7 Hz, PCH3), 15.8 (d, 2JPC ¼ 4.5 Hz, PCH2CH2), 16.7
(d, 3JPC ¼ 14.1 Hz, PCH2CH2CH2), 16.9 (s, Si0CH2), 18.1 (s,
Si0CH2CH2), 19.4 (s, Si0CH2CH2CH2), 25.9 (d, 1JPC ¼ 49.6 Hz,
This journal is © The Royal Society of Chemistry 2017
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CH2P).
29Si {1H} (59.60 MHz): d 0.74 (Si0), 1.66 (d, 4JSiP ¼ 2.4 Hz,

Si1). 31P {1H} (121.44 MHz): d 26.61. HRMS (C44H108I4P4Si5):
(ESI+) m/z: [M � I�]+ calcd for C44H108I3P4Si5: 1281.3376 found:
1281.3373, [M � 2I�]2+ calcd for C44H108I2P4Si5: 557.2163,
found: 557.2169, [M � 3I�]3+ calcd for C44H108IP4Si5: 342.5092,
found: 342.5118.

4.2.11 Dendrimer (11). The compound was synthesized
according to the procedure for dendrimer 10 from dendrimer 5
(1 g, 0.40 mmol). Yield: 1.22 g (0.39 mmol, 98%) of a white
powder. Data for 11: NMR (DMSO-d6):

1H (499.99 MHz): d�0.09
(s, 12H, Si1CH3), �0.02 (s, 48H, Si2CH3), 0.52–0.60 (m, 64H,
Si0CH2, CH2Si

1CH2, CH2Si
2CH2), 1.27–1.33 (m, 24H, CH2CH2-

Si1CH2CH2), 1.47–1.52 (m, 16H, CH2CH2P), 1.83 (d, 1JHP ¼
14.8 Hz, 72H, CH3P), 2.17–2.23 (m, 16H, PCH2).

13C {1H} (125.70
MHz): d �4.9 (Si1CH3), �3.4 (Si2CH3), 7.4 (d, 1JCP ¼ 53.6 Hz,
PCH3), 15.8 (d, 2JCP ¼ 4.4 Hz, CH2CH2P), 16.6 (d, 3JCP ¼ 13.9 Hz,
CH2CH2CH2P), 17.1 (Si0CH2), 17.9 (Si1CH2CH2CH2Si

2), 18.1
(Si0CH2CH2CH2Si

0CH2), 18.4 (Si0CH2CH2CH2), 19.3 (Si1CH2-
CH2CH2Si

2), 25.9 (d, 1JCP¼ 49.7 Hz, CH2P).
29Si {1H} inept (99.31

MHz): d 0.82 (Si0), 1.07 (Si1), 1.64 (d, 4JSiP ¼ 2.3 Hz, Si2). 31P {1H}
(202.37MHz): d 26.59. HRMS (C104H252I8P8Si13): (ESI

+)m/z: [M�
2I�]2+ calcd for C104H252I6P8Si13: 1437.4438 found: 1437.4433,
[M � 3I�]3+ calcd for C104H252I5P8Si13: 915.9941 found:
915.9941, [M � 4I�]4+ calcd for C104H252I4P8Si13: 655.2694
found: 655.2692, [M � 5I�]5+ calcd for C104H252I3P8Si13:
498.8345 found: 498.8340, [M � 6I�]6+ calcd for
C104H252I2P8Si13: 394.5446 found: 394.5444, [M � 7I�]7+ calcd
for C104H252IP8Si13: 320.0517 found: 320.0511.

4.2.12 Dendrimer (12). The compound was synthesized
according to the procedure for dendrimer 10 from dendrimer 6
(1 g, 0.19 mmol). Yield: 1.20 g (0.18 mmol, 98%) of a white
powder. Data for 12: NMR (DMSO-d6):

1H (499.99 MHz): d�0.11
(s, 12H, Si1CH3), �0.09 (s, 24H, Si2CH3), �0.02 (s, 96H, Si3CH3),
0.52–0.60 (m, 144H, Si0CH2, CH2Si

1CH2, CH2Si
2CH2, CH2-

Si3CH2), 1.27–1.33 (m, 56H, CH2CH2Si
1CH2CH2CH2Si

2CH2CH2),
1.46–1.53 (m, 32H, CH2CH2P), 1.88 (d, 1JPH ¼ 14.8 Hz, 144H,
PCH3), 2.22–2.28 (d, 32H, PCH2).

13C {1H} (125.70 MHz): d�4.84
(Si2CH3), �4.81 (Si1CH3), �3.3 (Si3CH3), 7.5 (d, 1JPC ¼
53.7 Hz,CH3P), 15.9 (d, 2JCP ¼ 3.9 Hz, CH2CH2P), 16.7 (d, 3JCP ¼
14.0 Hz, CH2CH2CH2P), 18.0 (Si2CH2CH2CH2Si

3), 18.2
(Si1CH2CH2CH2Si

2), 18.3 (Si2CH2CH2CH2Si
3), 18.4 (Si1CH2-

CH2CH2Si
2), 19.5, (Si2CH2CH2CH2Si

3), 25.9 (d, 1JCP ¼ 49.4 Hz,
CH2P). (Si

0CH2CH2CH2 were overlap or not detected). 29Si {1H}
(99.31 MHz): d (Si0 was not detected), 1.05 (Si1,2), 1.62 (d, 4JSiP ¼
2.2 Hz, Si3). 31P {1H} (202.37 MHz): d 26.59. HRMS
(C224H540I16P16Si29): (ESI+) m/z: [M � 3I�]3+ calcd for
C224H540I13P16Si29: 2064.6327 found: 2064.6333, [M � 4I�]4+

calcd for C224H540I12P16Si29: 1516.7483 found: 1516.7482, [M �
5I�]5+ calcd for C224H540I11P16Si29: 1188.0176 found: 1188.0170,
[M � 6I�]6+ calcd for C224H540I10P16Si29: 968.8639 found:
968.8644, [M � 7I�]7+ calcd for C224H540I9P16Si29: 812.3254
found: 812.3267, [M � 8I�]8+ calcd for C224H540I8P16Si29:
694.9216 found: 694.9223.

4.2.13 Dendrimers (13–18, 22–24, 28–30). Dendrimers 13–
18, 22–24, 28–30 were synthetized according to similar proce-
dure using iododerivate 4 for rst 5 for second and 6 for third
generation. Appropriate phosphine was used in slight excess. In
This journal is © The Royal Society of Chemistry 2017
all cases yields are in range between 97–100%. Dendrimers 14–
15 were prepared as colourless liquids, 16–33 as white powders.

4.2.14 Dendrimer (13). To a solution of dendrimer 4
(1.2 g, 1.09 mmol) in acetonitrile (15 mL) the diethyl-(3-
hydroxypropyl)-phosphin was added (8.7 mL, 8.67 mmol). The
reaction mixture was then stirred at 70 �C for 48 hours. The
solvents were removed on the rotary evaporator and to a crude
product toluene (2 mL) was added and mixture was stirred at
80 �C for 6 h followed by ltration at room temperature and
drying of product at vacuum. The product was obtained as
a colourless liquid. Yield: 1.52 g (1.07 mmol, 99%). Data for 13:
NMR (DMSO-d6):

1H (499.99 MHz): d �0.02 (s, 24H, Si1CH3),
0.53–0.59 (m, 16H, Si0CH2CH2CH2), 0.60–0.64 (m, 8H, Si1CH2-
CH2CH2P), 1.13 (dt, 3JHP ¼ 18.2 Hz, 3JHH ¼ 7.7 Hz, 24H, CH3),
1.27–1.34 (m, 8H, Si0CH2CH2), 1.44–1.52 (m, 8H, Si1CH2CH2-
CH2P), 1.60–1.66 (m, 8H, CH2CH2OH), 2.19–2.29 (m, 32H,
CH2P), 3.48 (q, 3JHH ¼ 5.6 Hz, 8H, CH2OH), 4.77 (t, 3JHH ¼
5.3 Hz, 4H, OH). 13C {1H} (125.70 MHz): d �3.4 (s, Si1CH3), 5.3
(d, 2JCP ¼ 5.5 Hz, PCH2CH3), 11.1 (d, 1JCP ¼ 48.6 Hz, CH3CH2P),
14.0 (d, 1JCP ¼ 48.9 Hz, PCH2CH2CH2OH), 15.9 (d, 2JCP ¼ 4.6 Hz,
Si1CH2CH2CH2P), 16.92 (s, Si0CH2), 19.94 (d, 3JCP ¼ 12.8 Hz,
Si1CH2CH2CH2P), 18.1 (Si0CH2CH2), 19.4 (s, Si0CH2CH2CH2),
20.7 (d, 1JCP ¼ 44.7 Hz, Si1CH2CH2CH2P), 24.0 (d, 2JCP ¼ 4.3 Hz,
OHCH2CH2CH2P), 60.4 (d, 3JCP ¼ 15.4 Hz, OHCH2).

29Si {1H}
(99.31 MHz): d 0.71 (s, Si0), 1.58 (d, 4JSiP ¼ 2.5 Hz, Si1). 31P
{1H} (121.41 MHz): d 42.63. HRMS (C60H140O4Si5I4): (ESI

+) m/z:
[M � I�]+ calcd for C60H140O4Si5I3: 1569.5677 found: 1569.5668,
[M � 2I�]2+ calcd for C60H140O4Si5I2: 721.3313 found: 721.3316,
[M � 3I�]3+ calcd for C60H140O4Si5I: 438.5858 found: 438.5856,
[M � 4I�]4+ calcd for C60H140O4Si5: 297.2131 found: 297.2135.
Anal. calc. C60H140I4O4P4Si5 (1697.69 g mol�1): C, 42.45; H, 8.31;
exp.: C, 43.26; H, 8.73.

4.2.15 Dendrimer (14). Data for 14: NMR (DMSO-d6):
1H

(299.99 MHz): d �0.09 (s, 12H, Si1CH3), �0.02 (s, 48H, Si2CH3),
0.50–0.65 (m, 64H, Si0CH2, CH2Si

1CH2CH2CH2Si
2CH2), 1.13 (dt,

3JHP ¼ 18.0 Hz, 3JHH ¼ 7.6 Hz, 48H, CH3), 1.25–1.34 (m, 24H,
Si0CH2CH2CH2Si

1CH2CH2), 1.43–1.53 (m, 16H, Si2CH2CH2-
CH2P), 1.60–1.67 (m, 16H, PCH2CH2CH2OH), 2.19–2.32 (m,
64H, CH2P), 3.48 (q, 3JHH ¼ 5.4 Hz, 16H, CH2OH), 4.78 (t, 3JHH ¼
5.4 Hz, 8H, OH). 13C {1H} (125.70 MHz): d �4.9 (s, Si1CH3), �3.4
(s, Si2CH3), 5.3 (d, 2JCP ¼ 5.3 Hz, PCH2CH3), 11.1 (d, 1JCP ¼
48.5 Hz, CH3CH2P), 14.1 (d, 1JCP ¼ 49.4 Hz, PCH2CH2CH2OH),
15.9 (d, 2JCP¼ 4.3 Hz, Si2CH2CH2CH2P), 16.90 (d,

3JCP¼ 13.0 Hz,
Si2CH2CH2CH2P), 17.1 (s, Si0CH2), 18.0 (s, Si1CH2CH2CH2Si

2),
18.3 (s, Si1CH2CH2CH2Si

2), 18.5 (s, Si0CH2CH2), 19.4 (s,
Si1CH2CH2CH2Si

2), 20.8 (d, 1JCP ¼ 43.4 Hz, Si2CH2CH2CH2P),
24.1 (d, 2JCP ¼ 4.3 Hz, OHCH2CH2), 60.4 (d, 3JCP ¼ 15.5 Hz,
OHCH2), (Si0CH2CH2CH2 was not detected). 29Si {1H} (59.60
MHz): d 0.84 (s, Si0), 1.08 (s, Si1), 2.48 (d, 4JSiP ¼ 2.5 Hz, Si2). 31P
{1H} (121.44 MHz): d 42.61. HRMS (C136H316O8Si13I8): (ESI

+)m/z:
[M � 2I�]2+ calcd for C136H316O8Si13I6: 1726.6756 found:
1726.6756, [M � 3I�]3+ calcd for C136H316O8Si13I5: 1108.8154
found: 1108.8152, [M � 4I�]4+ calcd for C136H316O8Si13I4:
799.8853 found: 799.8849, [M � 5I�]5+ calcd for C136H316O8Si13I3:
614.5272 found: 614.5272, [M � 6I�]6+ calcd for C136H316O8Si13I2:
490.9551 found: 490.9552, [M � 7I�]7+ calcd for C136H316O8Si13I:
402.6894 found: 402.6888.
RSC Adv., 2017, 7, 18724–18744 | 18737
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4.2.16 Dendrimer (15). Data for 15: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.10 (s, 36H, Si1,2CH3), �0.03 (s, 96H, Si3CH3),
0.51–0.57 (m, 112H, Si0CH2, CH2Si

1CH2, CH2Si
2CH2CH2CH2Si

3),
0.61–0.64 (m, 32H, Si3CH2CH2CH2P), 1.13 (dt, 3JHP ¼ 15.4 Hz,
3JHH ¼ 7.4 Hz, 96H, CH3), 1.26–1.33 (m, 56H,
CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.46–1.52 (m, 32H,

Si3CH2CH2CH2P), 1.60–1.68 (m, 32H, CH2CH2OH), 2.22–2.31
(m, 128H, CH2P), 3.47–3.50 (m, 32H, CH2OH), 4.77 (br s, 16H,
OH). 13C {1H} (125.70 MHz): d �4.9 (s, Si1,2CH3), �3.4 (s,
Si3CH3), 5.4 (d, 2JCP ¼ 4.4 Hz, PCH2CH3), 11.2 (d, 1JCP ¼ 48.8 Hz,
CH3CH2P), 14.2 (d, 1JCP ¼ 47.9 Hz, PCH2CH2CH2OH), 16.0 (d,
2JCP ¼ 4.4 Hz, Si3CH2CH2CH2P), 16.90 (d, 3JCP ¼ 12.7 Hz,
Si3CH2CH2CH2P), 18.0 (s, Si2CH2CH2CH2Si

3), 18.2 (s, Si1CH2-
CH2CH2Si

2), 18.3 (s, Si2CH2CH2CH2Si
3), 18.4 (s, Si1CH2CH2-

CH2Si
2), 19.5 (s, Si2CH2CH2CH2Si

3), 20.9 (d, 1JCP ¼ 43.3 Hz,
Si3CH2CH2CH2P), 24.1 (d,

2JCP ¼ 4.3 Hz, OHCH2CH2CH2P), 60.4
(d, 3JCP ¼ 15.5 Hz, OHCH2), (Si

0CH2CH2CH2 were overlap or not
detected). 29Si {1H} (99.31 MHz): d 0.74 (s, Si0), 1.04 (s, Si1,2), 1.53
(d, 4JSiP ¼ 2.2 Hz, Si3). 31P {1H} (121.44 MHz): d 42.57. HRMS
(C288H668O16P16Si29I16): (ESI

+) m/z: [M � 3I�]3+ calcd for C288-
H668O16P16Si29I13: 2449.2736 found: 2449.2686, [M � 4I�]4+

calcd for C288H668O16P16Si29I12: 1805.2290 found: 1805.2277, [M
� 5I�]5+ calcd for C288H668O16P16Si29I11: 1418.8022 found:
1418.8014, [M � 6I�]6+ calcd for C288H668O16P16Si29I10:
1161.1843 found: 1161.1835, [M � 7I�]7+ calcd for C288H668-
O16P16Si29I9: 977.1715 found: 977.1711, [M � 8I�]8+ calcd for
C288H668O16P16Si29I8: 839.1620 found: 839.1614, [M � 9I�]9+

calcd for C288H668O16P16Si29I7: 731.8212 found: 731.8220, [M �
10I�]10+ calcd for C288H668O16P16Si29I6: 645.9486 found:
645.9441, [M� 11I�]11+ calcd for C288H668O16P16Si29I5: 575.6891
found: 575.6874.

4.2.17 Dendrimer (16). Data for 16: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.02 (s, 24H, Si1CH3), 0.53–0.57 (m, 16H,
Si0CH2CH2CH2), 0.59–0.63 (m, 8H, Si1CH2CH2CH2P), 0.92 (t,
3JHH ¼ 7.1 Hz, 36H, CH3), 1.27–1.33 (m, 8H, Si0CH2CH2CH2),
1.39–1.49 (m, 56H, Si1CH2CH2CH2PCH2CH2CH2), 2.17–2.23 (m,
32H, CH2P).

13C {1H} (125.70 MHz): d �35 (s, Si1CH3), 13.3 (s,
CH2CH3), 15.9 (d, 2JCP ¼ 4.5 Hz, Si1CH2CH2CH2P), 16.8 (d, 3JCP
¼ 13.0 Hz, Si1CH2CH2CH2P), 17.0 (s, Si0CH2), 17.3 (d, 1JCP ¼
47.3 Hz, PCH2CH2CH2CH3), 18.1 (s, Si0CH2CH2), 19.4 (s,
Si0CH2CH2CH2), 21.3 (d, 1JCP ¼ 44.7 Hz, Si1CH2CH2CH2P), 22.7
(d, 2JCP ¼ 4.3 Hz, CH3CH2CH2CH2P), 23.3 (d, 3JCP ¼ 15.4 Hz,
CH3CH2).

29Si {1H} (99.31 MHz): d 0.67 (s, Si0), 1.61 (d, 4JSiP ¼
2.5 Hz, Si1). 31P {1H} (202.35 MHz): d 32.75. HRMS
(C80H180P4Si5I4): (ESI

+) m/z: [M � I�]+ calcd for C80H180P4Si5I3:
1786.9036 found: 1786.9038, [M � 2I�]2+ calcd for
C80H180P4Si5I2: 829.9992 found: 829.9985, [M � 3I�]3+ calcd for
C80H180P4Si5I: 511.0311 found: 511.0317, [M � 4I�]4+

C80H180P4Si5: 351.5461 found: 351.5461.
4.2.18 Dendrimer (17). Data for 17: NMR (DMSO-d6):

1H
(499.99 MHz): d �0.09 (s, 12H, Si1CH3), �0.03 (s, 48H, Si2CH3),
0.51–0.56 (m, 48H, Si0CH2, CH2Si

1CH2CH2CH2), 0.60–0.63 (m,
16H, Si2CH2CH2CH2P), 0.92 (t, 3JHH ¼ 7.1 Hz, 72H, CH3), 1.28–
1.32 (m, 24H, CH2CH2Si

1CH2CH2), 1.39–1.47 (m, 112H,
Si2CH2CH2CH2P, CH2CH2CH3), 2.19–2.25 (m, 64H, CH2P).

13C
{1H} (125.70 MHz): d �4.9 (s, Si1CH3), �3.4 (s, Si2CH3), 13.3 (s,
18738 | RSC Adv., 2017, 7, 18724–18744
CH2CH3), 16.0 (d, 2JCP ¼ 3.8 Hz, Si2CH2CH2CH2P), 16.8 (d, 3JCP
¼ 12.8 Hz, Si2CH2CH2CH2P), 17.1 (s, Si0CH2), 17.4 (d, 1JCP ¼
47.4 Hz, PCH2CH2CH2CH3), 18.0 (s, Si1CH2CH2CH2Si

2), 18.2 (s,
Si0CH2CH2), 18.3 (s, Si1CH2CH2CH2Si

2), 18.5 (s, Si0CH2CH2-
CH2), 19.4 (s, Si1CH2CH2CH2Si

2), 21.4 (d, 1JCP ¼ 44.3 Hz,
Si2CH2CH2CH2P), 22.7 (d, 2JCP ¼ 4.4 Hz, CH3CH2CH2CH2P),
23.3 (d, 3JCP ¼ 15.5 Hz, CH3CH2).

29Si (inept) {1H} (99.31 MHz):
d 0.79 (s, Si0), 1.03 (s, Si1), 1.56 (d, 4JSiP ¼ 2.5 Hz, Si2). 31P {1H}
(202.37MHz): d 32.71. HRMS (C176H396I8P8Si13): (ESI

+)m/z: [M�
2I�]2+ calcd for C176H396I6P8Si13: 1943.5098 found: 1943.5091,
[M � 3I�]3+ calcd for C176H396I5P8Si13: 1253.3715 found:
1253.3708, [M � 4I�]4+ calcd for C176H396I4P8Si13: 908.3024
found: 908.3029, [M � 5I�]5+ calcd for C176H396I3P8Si13:
701.2609 found: 701.2603, [M � 6I�]6+ calcd for
C176H396I2P8Si13: 563.2332 found: 563.2317, [M � 7I�]7+ calcd
for C176H396IP8Si13: 464.6420 found: 464.6411.

4.2.19 Dendrimer (18). Data for 18: NMR (CD3CN):
1H

(499.99 MHz): d �0.07 (s, 12H, Si1CH3), �0.06 (s, 24H, Si2CH3),
0.01 (s, 96H, Si3CH3), 0.55–0.62 (m, 112H, Si0CH2, CH2Si

1CH2,
CH2Si

2CH2CH2CH2Si
3), 0.66–0.70 (m, 32H, Si3CH2CH2CH2P),

0.96 (t, 3JHH ¼ 7.1 Hz, 144H, CH3), 1.31–1.39 (m, 56H,
CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.44–1.56 (m, 224H,

Si3CH2CH2CH2P, CH2CH2CH3), 2.20–2.28 (m, 128H, CH2P).
13C

{1H} (125.70 MHz): d �4.1 (s, Si1,2CH3), �2.8 (s, Si3CH3), 13.8
(s,CH2CH3), 17.6 (d, 2JCP ¼ 4.9 Hz, Si3CH2CH2CH2P), 18.1 (d,
3JCP ¼ 13.2 Hz, Si3CH2CH2CH2P), 18.5 (br s, Si0CH2), 19.3 (d,
1JCP ¼ 47.5 Hz, PCH2CH2CH2CH3), (Si

0CH2CH2 overlap), 19.4 (s,
Si2CH2CH2CH2Si

3), 19.5 (s, Si1CH2CH2CH2Si
2), 19.6 (s, Si2CH2-

CH2CH2Si
3), 19.8 (s, Si1CH2CH2CH2Si

2), 20.0 (s, Si0CH2CH2-
CH2), 20.7 (s, Si2CH2CH2CH2Si

3), 23.3 (d, 1JCP ¼ 44.8 Hz,
Si3CH2CH2CH2P), 24.2 (d, 2JCP ¼ 4.5 Hz, CH3CH2CH2CH2P),
24.6 (d, 3JCP¼ 15.4 Hz, CH3CH2).

29Si {1H} (59.60 MHz): d 0.72 (s,
Si0), 0.99 (s, Si1,2), 1.55 (d, 4JSiP ¼ 2.5 Hz, Si3). 31P {1H} (202.37
MHz): d 33.55. HRMS (C368H828I16P16Si29): (ESI+) m/z: [M �
4I�]4+ calcd for C368H828I12P16Si29: 2021.8131 found: 2021.8132,
[M � 5I�]5+ calcd for C368H828I11P16Si29: 1592.0695 found:
1592.0695, [M � 6I�]6+ calcd for C368H828I10P16Si29: 1305.5737
found: 1305.5729, [M � 7I�]7+ C368H828I9P16Si29: 1100.9338
found: 1100.9317, [M � 8I�]8+ C368H828I8P16Si29: 947.4540
found: 947.4557, [M � 9I�]9+ C368H828I7P16Si29: 828.0807 found:
828.0775, [M � 10I�]10+ C368H828I6P16Si29: 732.5822 found:
732.5795.

4.2.20 Dendrimer (22). Data for 22: NMR (DMSO-d6):
1H

(299.99 MHz): d �0.16 (s, 24H, Si1CH3), 0.40–0.45 (m, 16H,
Si0CH2CH2CH2), 0.65–0.70 (m, 8H, CH2CH2CH2P), 1.16–1.19 (m,
8H, Si0CH2CH2CH2), 1.46–1.52 (m, 8H, CH2CH2P), 3.35–3.44 (m,
8H, CH2P), 3.87 (s, 36H, OCH3), 7.25–7.29 (m, 24H CH), 7.63–
7.70 (m, 24H, CH). 13C {1H} (75.44 MHz): d �3.6 (s, Si1CH3), 16.6
(d, 3JCP¼ 13.9 Hz, CH2CH2CH2P), 16.7 (s, Si

0CH2), 16.9 (d,
2JCP¼

3.9 Hz, CH2CH2P), 18.0 (s, Si0CH2CH2), 19.2 (s, Si
0CH2CH2CH2),

24.6 (d, 1JCP ¼ 49.1 Hz, PCH2), 55.9 (s, OCH3), 109.5 (d, 1JCP ¼
93.1 Hz, CP), 115.8 (d, 3JCP ¼ 13.5 Hz, CHCHCP), 135.4 (d, 2JCP¼
11.6 Hz, CHCP), 163.9 (d, 4JCP ¼ 2.9 Hz, Cipso).

29Si {1H} (59.60
MHz): d 0.70 (s, Si0), 1.53 (d, 4JSiP ¼ 2.7 Hz, Si1). 31P {1H} (121.44
MHz): d 26.47. HRMS (C80H180Cl4P4Si5): (ESI

+) m/z: [M � Cl�]+

calcd for C80H180Cl3P4Si5: 1512.0940 found: 1512.0932, [M �
2Cl�]2+ calcd for C80H180Cl2P4Si5: 738.5621 found: 738.5627, [M
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra01845b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
7:

08
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
� 3Cl�]3+ calcd for C80H180ClP4Si5: 480.3858 found: 480.3859,
[M � 4Cl�]4+ calcd for C80H180P4Si5: 351.5466 found: 351.5471.

4.2.21 Dendrimer (23). Data for 23: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.21 (s, 12H, Si1CH3), �0.18 (48H, Si2CH3),
0.39–0.44 (m, 48H, Si0CH2, CH2Si

1CH2CH2CH2), 0.65–0.68 (m,
16H, CH2CH2CH2P), 1.14–1.22 (m, 24H, CH2CH2Si

1CH2CH2),
1.44–1.50 (m, 16H, CH2CH2P), 3.38–3.42 (m, 16H, CH2P), 3.85 (s,
72H, OCH3), 7.24–7.27 (m, 48H CH), 7.63–7.67 (m, 48H, CH). 13C
{1H} (125.70 MHz): d �5.1 (s, Si1CH3), �3.6 (s, Si2CH3), 16.5 (d,
3JCP ¼ 13.4 Hz, CH2CH2CH2P), 16.9 (d,

2JCP ¼ 4.4 Hz, CH2CH2P),
17.0 (s, Si0CH2), 17.9 (s, Si1CH2CH2CH2Si

2), 18.1 (s, Si1CH2-
CH2CH2Si

2), (Si0CH2CH2 overlap), 18.4 (s, Si0CH2CH2CH2), 19.2
(s, Si1CH2CH2CH2Si

2), 24.6 (d, 1JCP ¼ 49.2 Hz, CH2P), 55.9 (s,
OCH3), 109.5 (d, 1JCP ¼ 93.1 Hz, CP), 115.8 (d, 3JCP ¼ 13.5 Hz,
CHCHCP), 135.4 (d, 2JCP ¼ 11.6 Hz, CHCP), 163.9 (d, 4JCP ¼
3.2 Hz, Cipso).

29Si {1H} (99.31 MHz): d 0.7 (s, Si0), 0.95 (s, Si1),
1.43 (d, 4JSiP¼ 2.9 Hz, Si2). 31P {1H} (202.37MHz): d 20.59. HRMS
(C176H396Cl8P8Si13): (ESI+) m/z: [M � 3Cl�]3+ calcd for C176-
H396Cl5P8Si13: 1100.8111 found: 1100.8111, [M � 4Cl�]4+ calcd
for C176H396Cl4P8Si13: 816.8661 found: 816.8653, [M � 5Cl�]5+

calcd for C176H396Cl3P8Si13: 646.2991 found: 646.2989, [M �
6Cl�]6+ calcd for C176H396Cl2P8Si13: 532.7545 found: 532.7547,
[M � 7Cl�]7+ calcd for C176H396ClP8Si13: 451.5083 found:
451.5086, [M � 8Cl�]8+ calcd for C176H396P8Si13: 390.6987
found: 390.6983. Anal. calc. C248H348I8O24P8Si13 (5341.54 g
mol�1): C, 55.76; H, 6.57; exp.: C, 56.22; H, 6.78.

4.2.22 Dendrimer (24). Data for 24: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.20 (br s, 132H, Si1,2,3CH3), 0.40 (br s,
112H, Si0CH2, CH2Si

1CH2, CH2Si
2CH2CH2CH2Si

3), 0.68
(br s, 32H, CH2CH2CH2P), 1.17 (br s, 56H,
CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.47 (br s, 32H, CH2CH2P),

3.42 (br s, 32H, CH2P), 3.83 (s, 144H, OCH3), 7.23–7.25 (m, 96H,
CH), 7.64–7.68 (m, 96H, CH). 13C {1H} (125.70 MHz): d �5.1 (s,
Si1,2CH3), �3.7 (s, Si3CH3), 16.5 (d, 3JCP ¼ 14.0 Hz, CH2CH2-
CH2P), 16.9 (d, 2JCP ¼ 4.0 Hz, CH2CH2P); 17.9 (s, Si2CH2CH2-
CH2Si

3), 18.1 (s, Si1CH2CH2CH2Si
2), 18.3 (s, Si2CH2CH2CH2Si

3),
18.6 (s, Si0CH2CH2CH2), 19.2 (s, Si

2CH2CH2CH2Si
3), 24.7 (d, 1JCP

¼ 49.6 Hz, CH2P), 55.9 (s, OCH3), 109.5 (d, 1JCP ¼ 93.2 Hz, CP),
115.8 (d, 3JCP ¼ 13.4 Hz, CHCHCP), 135.4 (d, 2JCP ¼ 11.7 Hz,
CHCP), 163.9 (d, 4JCP ¼ 3.1 Hz, Cipso), (Si

0CH2CH2 were not
detected or overlap). 29Si {1H} (inept) (99.31 MHz): d Si0 was not
detected, 0.92 (s, Si1,2), 1.39 (d, 4JSiP ¼ 2.9 Hz, Si3). 31P {1H}
(202.37 MHz): d 20.57. HRMS (C368H828Cl16P16Si29): (ESI

+) m/z:
[M � 2Cl�]2+ calcd for C368H828Cl14P16Si29: 3529.9769 found:
3529.9799, [M � 3Cl�]3+ calcd for C368H828Cl13P16Si29:
2341.6616 found: 2341.6592, [M � 4Cl�]4+ calcd for C368H828-
Cl12P16Si29: 1747.2541 found: 1747.2537, [M � 5Cl�]5+ calcd for
C368H828Cl11P16Si29: 1390.8095 found: 1390.8097, [M � 6Cl�]6+

calcd for C368H828Cl10P16Si29: 1153.0131 found: 1153.0127, [M�
7Cl�]7+ calcd for C368H828Cl9P16Si29: 983.3014 found: 983.2992,
[M � 8Cl�]8+ calcd for C368H828Cl8P16Si29: 855.7677 found:
855.7692, [M � 9Cl�]9+ calcd for C368H828Cl7P16Si29: 756.9080
found: 756.9035, [M � 10Cl�]10+ calcd for C368H828Cl6P16Si29:
677.6204 found: 677.6217.

4.2.23 Dendrimer (28). Data for 28: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.17 (s, 24H, Si1CH3); 0.38–0.43 (m, 16H,
Si0CH2CH2CH2), 0.68–0.72 (m, 8H, Si1CH2CH2CH2P), 1.16–1.18
This journal is © The Royal Society of Chemistry 2017
(m, 8H, Si0CH2CH2), 1.50–1.52 (m, 8H, CH2CH2P), 3.61–3.64 (m,
8H, CH2P), 7.74–7.90 (m, 60H, CH Ph). 13C {1H} (125.70 MHz):
d�3.6 (s, Si1CH3), 16.6 (d,

3JCP¼ 13.6 Hz, CH2CH2CH2P), 16.7 (s,
Si0CH2), 17.0 (d, 2JCP ¼ 4.6 Hz, CH2CH2P), 18.0 (s, Si0CH2CH2),
19.2 (s, Si0CH2CH2CH2), 23.5 (d, 1JCP ¼ 46.0 Hz, PCH2), 118.5 (d,
1JCP¼ 85.4 Hz, CP), 130.2 (d, 3JCP¼ 12.4 Hz, CHCHCP), 133.5 (d,
2JCP ¼ 10.0 Hz, CHCP), 134.9 (d, 4JCP ¼ 3.2 Hz, CHCHCHCP).
29Si {1H} (99.31 MHz): d 0.69 (s, Si0), 1.55 (d, 4JSiP ¼ 2.7 Hz, Si1).
31P {1H} (202.37 MHz): d 22.88. HRMS: C104H132P4Si5I4 (ESI+):
m/z calc. for [C104H132P4Si5I3]

+ calc. 2026.5281 found 2026.5244;
[C104H132P4Si5I2]

2+ calc. 949.8115 found 949.8118;
[C104H132P4Si5I]

3+ calc. 590.9060 found 590.9052
[C104H132P4Si5]

4+ calc. 411.4532 found 411.4533.
4.2.24 Dendrimer (29). Data for 29: NMR (DMSO-d6):

1H
(499.99 MHz): d �0.20 (br s, 60H, Si1CH3, Si

2CH3), 0.38–0.45 (m,
48H, CH2CH2CH2Si

1CH2CH2CH2), 0.66–0.70 (m, 16H, CH2CH2-
CH2P), 1.15–1.21 (m, 24H, CH2CH2Si

1CH2CH2), 1.47–1.52 (m,
16H, CH2CH2P), 3.56–3.62 (m, 16H, CH2P), 7.72–7.89 (m, 120H,
CH Ph). 13C {1H} (125.70 MHz): d �5.0 (s, Si1CH3), �3.6 (s,
Si2CH3), 16.5 (d, 3JCP ¼ 13.6 Hz, CH2CH2CH2P), 16.97 (d, 2JCP ¼
4.8 Hz, CH2CH2P), 17.04 (s, Si0CH2), 17.9 (s, Si1CH2CH2CH2Si

2),
18.1 (s, Si1CH2CH2CH2Si

2), 18.2 (s, Si0CH2CH2), 18.4 (s,
Si0CH2CH2CH2), 19.2 (s, Si1CH2CH2CH2Si

2), 23.5 (d, 1JCP ¼
46.2 Hz, CH2P), 118.5 (d, 1JCP ¼ 85.2 Hz, CP), 130.2 (d, 3JCP ¼
12.4 Hz, CHCHCP), 133.5 (d, 2JCP ¼ 10.1 Hz, CHCP), 134.9 (d,
4JCP¼ 3.1 Hz, CHCHCHCP). 29Si {1H} (99.31 MHz): d 0.74 (s, Si0),
1.00 (s, Si1), 1.52 (d, 4JSiP ¼ 2.9 Hz, Si2). 31P {1H} (202.37 MHz):
d 22.91. HRMS: C224H300P8Si13I8 (ESI+): m/z calc. for
[C224H300P8Si13I6]

2+ calc. 1943.5098 found 1943.5098;
[C224H300P8Si13I5]

3+ calc. 1253.3715 found 1253.3708;
[C224H300P8Si13I4]

4+ calc. 908.3024 found 908.3029;
[C224H300P8Si13I3]

5+ calc. 701.2609 found 701.2603;
[C224H300P8Si13I2]

6+ calc. 563.2332 found 563.2317;
[C224H300P8Si13I]

7+ calc. 464.6420 found 464.6420.
4.2.25 Dendrimer (30). Data for 30: NMR (DMSO-d6):

1H
(499.99 MHz): d �0.22 (br s, 132H, Si1,2,3CH3), 0.38–0.46 (m,
112H, CH2CH2CH2Si

1CH2CH2CH2Si
2CH2CH2CH2), 0.67–0.71

(m, 32H, CH2CH2CH2P), 1.14–1.24 (m, 56H,
CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.45–1.52 (m, 32H,

CH2CH2P), 3.57–3.66 (m, 32H, CH2P), 7.73–7.86 (m, 240H, CH
Ph). 13C {1H} (125.70 MHz): d�5.0 (s, Si1,2CH3),�3.6 (s, Si3CH3),
16.5 (d, 3JCP ¼ 13.4 Hz, CH2CH2CH2P), 17.0 (d, 2JCP ¼ 4.0 Hz,
CH2CH2P), 17.9 (s, Si

2CH2CH2CH2Si
3), (Si0CH2CH2CH2 were not

detected or overlap), 18.07 (s, Si1CH2CH2CH2Si
2), 18.12 (s,

Si2CH2CH2CH2Si
3), 18.3 (s, Si1CH2CH2CH2Si

2), 19.2 (s, Si2CH2-
CH2CH2Si

3), 23.5 (d, 1JCP ¼ 46.1 Hz, CH2P), 118.5 (d, 1JCP ¼
85.2 Hz, CP), 130.2 (d, 3JCP ¼ 12.3 Hz, CHCHCP), 133.6 (d, 2JCP¼
10.1 Hz, CHCP), 134.9 (d, 4JCP ¼ 2.9 Hz, CHCHCHCP). 29Si {1H}
(59.60 MHz): d Si0 was not detected, 0.97 (s, Si1, Si2), 1.47. (d,
4JSiP ¼ 3.0 Hz, Si3). 31P {1H} (202.37 MHz): d 22.87. HRMS:
C464H636P16Si29I16 (ESI+): m/z calc. for [C464H636P16Si29I13]

3+

3057.8860 found 3057.8863; [C464H636P16Si29I12]
4+ calc.

2261.6882 found 2261.6880; [C464H636P16Si29I11]
5+ calc.

1783.9696 found 1783.9639; [C464H636P16Si29I10]
6+ calc.

1465.4905 found 1465.4898; [C464H636P16Si29I9]
7+

calc.1238.0054 found 1238.0038; [C464H636P16Si29I8]
8+ calc.

1067.3916 found 1067.3900; [C464H636P16Si29I7]
9+ calc. 934.6920
RSC Adv., 2017, 7, 18724–18744 | 18739
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found 934.6933; [C464H636P16Si29I6]
10+ 828.5323 found 828.5305;

[C464H636P16Si29I5]
11+ calc. 741.6744 found 741.6765;

[C464H636P16Si29I4]
12+ calc. 669.2927 found 669.2976;

[C464H636P16Si29I3]
13+ calc. 608.0467 found 608.0451.

Dendrimers 19–21, 25–27, 31–33 were prepared according to
similar procedure. A respective iodo derivative was converted to
chloro derivative by ion exchange on AMBERLYST A-21 with
methanol as the mobile phase. In all cases yields are in range
between 98–100%.

4.2.26 Dendrimer (19). Data for 19: NMR (CD3CN):
1H

(499.99 MHz): d 0.00 (s, 24H, Si1CH3), 0.56–0.61 (m, 16H,
Si0CH2CH2CH2), 0.64–0.67 (m, 8H, Si1CH2CH2CH2P), 0.95 (t,
3JHH ¼ 7.1 Hz, 36H, CH3), 1.31–1.38 (m, 8H, Si0CH2CH2CH2),
1.42–1.55 (m, 56H, Si1CH2CH2CH2PCH2CH2CH2), 2.14–2.21 (m,
32H, CH2P).

13C {1H} (125.70 MHz): d �3.2 (s, Si1CH3), 13.7 (d,
4JCP¼ 0.9 Hz, CH2CH3), 17.4 (d,

2JCP¼ 4.7 Hz, Si1CH2CH2CH2P),
18.0 (d, 3JCP ¼ 12.9 Hz, Si1CH2CH2CH2P), 18.2 (s, Si0CH2), 19.1
(d, 1JCP ¼ 47.8 Hz, PCH2CH2CH2CH3), 19.4 (s, Si0CH2CH2), 20.6
(s, Si0CH2CH2CH2), 23.0 (d, 1JCP ¼ 44.6 Hz, Si1CH2CH2CH2P),
24.0 (d, 2JCP¼ 4.3 Hz, CH3CH2CH2CH2P), 24.5 (d,

3JCP¼ 15.3 Hz,
CH3CH2).

29Si {1H} (99.31 MHz): d 0.60 (s, Si0), 1.58 (d, 4JSiP ¼
2.4 Hz, Si1). 31P {1H} (121.41 MHz): d 33.60. HRMS (C116H156-
P4Si5I4O12): (ESI

+) m/z: [M � I�]+calcd for C116H156P4Si5I3O12:
2386.6549 found: 2386.6554, [M � 2I�]2+ calcd for C116H156P4-
Si5I2O12: 1129.8749 found: 1129.8755, [M � 3I�]3+ calcd for
C116H156P4Si5I3O12: 710.9483 found: 710.9478, [M� 4I�]4+ calcd
for C116H156P4Si5O12: 501.4849 found: 501.4853.

4.2.27 Dendrimer (20). Data for 20: NMR (CD3CN):
1H

(499.99 MHz): d �0.07 (s, 12H, Si1CH3), �0.01 (s, 48H, Si2CH3),
0.53–0.60 (m, 48H, Si0CH2, CH2Si

1CH2CH2CH2), 0.64–0.67 (m,
16H, Si2CH2CH2CH2P), 0.94 (t, 3JHH ¼ 7.1 Hz, 72H, CH3), 1.31–
1.36 (m, 24H, CH2CH2Si

1CH2CH2), 1.42–1.54 (m, 112H,
Si2CH2CH2CH2P, CH2CH2CH3), 2.17–2.27 (m, 64H, CH2P).

13C
{1H} (125.70 MHz): d �4.4 (s, Si1CH3), �3.1 (s, Si2CH3), 13.7 (s,
CH2CH3), 17.4 (d, 2JCP ¼ 4.7 Hz, Si2CH2CH2CH2P), 18.0 (d, 3JCP
¼ 12.9 Hz, Si2CH2CH2CH2P), 18.42 (s, Si0CH2), 19.1 (d, 1JCP ¼
47.6 Hz, PCH2CH2CH2CH3), 19.3 (s, Si1CH2CH2CH2Si

2), 19.6 (s,
Si1CH2CH2CH2Si

2, Si0CH2CH2), 19.8 (s, Si
0CH2CH2CH2), 20.6 (s,

Si1CH2CH2CH2Si
2), 23.1 (d, 1JCP ¼ 44.5 Hz, Si2CH2CH2CH2P),

24.1 (d, 2JCP¼ 4.6 Hz, CH3CH2CH2CH2P), 24.6 (d,
3JCP¼ 15.7 Hz,

CH3CH2).
29Si {1H} (59.60 MHz): d 0.74 (s, Si0), 0.98 (s, Si1), 1.54

(d, 4JSiP ¼ 2.5 Hz, Si2). 31P {1H} (202.37 MHz): d 32.47. HRMS
(C248H348P8O24Si13I8): (ESI+) m/z: [M � 3I�]3+ calcd for C248-
H348P8O24Si13I5: 1653.5399 found: 1653.5380, [M � 4I�]4+

calcd for C248H348P8O24Si13I4: 1208.4287 found: 1208.4270, [M
� 5I�]5+ calcd for C248H348P8O24Si13I3: 941.3619 found:
941.3607, [M � 6I�]6+ calcd for C248H348P8O24Si13I2: 763.3174
found: 763.3156, [M � 7I�]7+ calcd for C248H348P8O24Si13I:
636.1428 found: 636.1405, [M � 8I�]8+ calcd for
C248H348P8O24Si13: 540.7618 found: 540.7615.

4.2.28 Dendrimer (21). Data for 21: NMR (CD3CN):
1H

(499.99 MHz): d �0.08 (s, 12H, Si1CH3), �0.06 (s, 24H, Si2CH3),
0.00 (s, 96H, Si3CH3), 0.54–0.59 (m, 112H, Si0CH2, CH2Si

1CH2,
CH2Si

2CH2CH2CH2Si
3), 0.64–0.68 (m, 32H, Si3CH2CH2CH2P),

0.95 (t, 3JHH ¼ 7.1 Hz, 144H, CH3), 1.32–1.37 (m, 56H,
CH2CH2Si

1CH2CH2CH2Si
2CH2CH2), 1.44–1.55 (m, 224H,

Si3CH2CH2CH2P, CH2CH2CH3), 2.21–2.30 (m, 128H, CH2P).
13C
18740 | RSC Adv., 2017, 7, 18724–18744
{1H} (125.70 MHz): d �4.2 (s, Si1,2CH3), �2.9 (s, Si3CH3), 13.8
(s,CH2CH3), 17.5 (d, 2JCP ¼ 4.2 Hz, Si3CH2CH2CH2P), 18.1 (d,
3JCP¼ 13.0 Hz, Si3CH2CH2CH2P), 18.6 (s, Si

0CH2), 19.2 (d,
1JCP¼

47.8 Hz, PCH2CH2CH2CH3), (s, Si0CH2CH2 overlap), 19.3 (s,
Si2CH2CH2CH2Si

3), 19.5 (s, Si1CH2CH2CH2Si
2), 19.6 (s, Si2CH2-

CH2CH2Si
3), 19.8 (s, Si1CH2CH2CH2Si

2), 20.0 (s, Si0CH2CH2-
CH2), 20.7 (s, Si2CH2CH2CH2Si

3), 23.2 (d, 1JCP ¼ 44.9 Hz,
Si3CH2CH2CH2P), 24.2 (d, 2JCP ¼ 4.4 Hz, CH3CH2CH2CH2P),
24.6 (d, 3JCP ¼ 15.5 Hz, CH3CH2).

29Si {1H} (59.60 MHz): d (Si0

was not detected), 1.01 (s, Si1,2), 1.53 (d, 4JSiP ¼ 1.8 Hz, Si3). 31P
{1H} (202.37 MHz): d 32.43. HRMS (C512H732P16Si29I16O48):
(ESI+) m/z: [M � 4I�]4+ calcd for C512H732P16Si29I12O48:
2621.8153 found: 2621.8113, [M � 5I�]5+ calcd for C512H732-
P16Si29I11O48: 2072.0712 found: 2072.0691, [M � 6I�]6+ calcd for
C512H732P16Si29I10O48: 1705.5750 found: 1705.5777, [M � 7I�]7+

calcd for C512H732P16Si29I9O48: 1443.7923 found: 1443.7899, [M
� 8I]8+ calcd for C512H732P16Si29I8O48: 1247.4551 found:
1247.4601, [M� 9I�]9+ calcd for C512H732P16Si29I7O48: 1094.7484
found: 1094.7459, [M � 10I�]10+ calcd for C512H732P16Si29I6O48:
972.5831 found: 972.5753, [M � 11I�]11+ calcd for C512H732P16-
Si29I5O48: 872.6296 found: 872.6241, [M � 12I�]12+ calcd for
C512H732P16Si29I4O48: 789.3351 found: 789.3337, [M � 13I�]13+

calcd for C512H732P16Si29I3O48: 718.8555 found: 718.8503.
4.2.29 Dendrimer (25). Data for 25: NMR (DMSO-d6):

1H
(499.99 MHz): d �0.16 (s, 24H, Si1CH3), 0.39–0.43 (m, 16H,
Si0CH2CH2CH2), 0.64–0.67 (m, 8H, CH2CH2CH2P), 1.13–1.21 (m,
8H, Si0CH2CH2), 1.45–1.50 (m, 8H, CH2CH2P), 3.37–3.42 (m, 8H,
CH2P), 3.86 (s, 36H, OCH3), 7.26–7.28 (m, 24H, CH), 7.63–7.68
(m, 24H, CH). 13C {1H} (125.70 MHz): d �3.7 (s, Si1CH3), 16.6 (d,
3JCP ¼ 13.8 Hz, CH2CH2CH2P), 16.8 (s, Si0CH2), 16.9 (d, 2JCP ¼
4.1 Hz, CH2CH2P), 18.0 (s, Si0CH2CH2), 19.2 (s, Si

0CH2CH2CH2),
24.5 (d, 1JCP ¼ 49.1 Hz, PCH2), 55.9 (s, OCH3), 109.6 (d, 1JCP ¼
93.0 Hz, CP), 115.8 (d, 3JCP ¼ 13.5 Hz, CHCHCP), 135.4 (d, 2JCP¼
11.7 Hz, CHCP), 163.9 (d, 4JCP ¼ 3.0 Hz, Cipso).

29Si {1H} (99.31
MHz): d 0.65 (s, Si0), 1.49 (d, 4JSiP ¼ 2.8 Hz, Si1). 31P {1H} (202.37
MHz): d 20.63. HRMS (C116H156P4Si5Cl4O12): (ESI

+) m/z: [M �
Cl�]+ calcd for C116H156P4Si5Cl3O12: 2112.8474 found:
2112.8485, [M � 2Cl�]2+ calcd for C116H156P4Si5Cl2O12:
1038.4390 found: 1038.4388, [M � 3Cl�]3+ calcd for C116H156-
P4Si5ClO12: 680.6365 found: 680.6366, [M � 4Cl�]4+ calcd for
C116H156P4Si5O12: 501.4849 found: 501.4846.

4.2.30 Dendrimer (26). Data for 26: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.22 (s, 12H, Si1CH3), �0.19 (48H, Si2CH3),
0.39–0.42 (m, 48H, Si0CH2, CH2Si

1CH2CH2CH2), 0.65–0.68 (m,
16H, CH2CH2CH2P), 1.18 (br s, 24H, CH2CH2Si

1CH2CH2), 1.46
(br s, 16H, CH2CH2P), 3.41–3.50 (m, 16H, CH2P), 3.85 (s, 72H,
OCH3), 7.24–7.27 (m, 48H CH), 7.66–7.69 (m, 48H, CH). 13C {1H}
(125.70 MHz): d�5.1 (s, Si1CH3),�3.6 (s, Si2CH3), 16.5 (d,

3JCP ¼
13.7 Hz, CH2CH2CH2P), 16.9 (d, 2JCP ¼ 4.4 Hz, CH2CH2P), 17.1
(s, Si0CH2), 17.9 (s, Si1CH2CH2CH2Si

2), 18.1 (s, Si1CH2CH2-
CH2Si

2), 18.2 (s, Si0CH2CH2), 18.4 (s, Si0CH2CH2CH2), 19.2 (s,
Si1CH2CH2CH2Si

2), 24.5 (d, 1JCP ¼ 49.1 Hz, CH2P), 55.9 (s,
OCH3), 109.6 (d, 1JCP ¼ 93.1 Hz, CP), 115.8 (d, 3JCP ¼ 13.6 Hz,
CHCHCP), 135.4 (d, 2JCP ¼ 11.6 Hz, CHCP), 163.9 (d, 4JCP ¼
3.1 Hz, Cipso).

29Si {1H} (99.31 MHz): d (Si0 was not detected),
0.97 (s, Si1), 1.44 (d, 4JSiP ¼ 2.9 Hz, Si2). 31P {1H} (202.37 MHz):
d 20.64. HRMS (C248H348P8Si13Cl8O24): (ESI

+) m/z: [M � 2Cl�]2+
This journal is © The Royal Society of Chemistry 2017
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calcd for C248H348P8Si13Cl6O24: 2269.4534 found: 2269.4517, [M
� 3Cl�]3+ calcd for C248H348P8Si13Cl5O24: 1500.9793 found:
1500.9760, [M � 4Cl�]4+ calcd for C248H348P8Si13Cl4O24:
116.9923 found: 116.9917, [M � 5Cl�]5+ calcd for C248H348P8-
Si13Cl3O24: 886.4001 found: 886.3995, [M � 6Cl�]6+ calcd for
C248H348P8Si13Cl2O24: 732.8386 found: 732.8341, [M � 7Cl�]7+

calcd for C248H348P8Si13ClO24: 623.0086 found: 623.0069, [M �
8Cl�]8+ calcd for C248H348P8Si13O24: 540.7618 found: 540.7604.

4.2.31 Dendrimer (27). Data for 27: NMR (DMSO-d6):
1H

(499.99 MHz): d �0.23 (br s, 132H, Si1,2,3CH3), 0.39 (br s, 112H,
Si0CH2, CH2Si

1CH2, CH2Si
2CH2CH2CH2Si

3), 0.67 (br s, 32H,
CH2CH2CH2P), 1.48 (br s, 56H, CH2CH2Si

1CH2CH2

CH2Si
2CH2CH2), 1.48 (br s, 32H, CH2CH2P), 3.51 (br s, 32H,

CH2P), 3.83 (s, 144H, OCH3), 7.22–7.24 (m, 96H, CH), 7.66–7.70
(m, 96H, CH). 13C {1H} (125.70 MHz): d �5.1 (s, Si1,2CH3), �3.7
(s, Si3CH3), 16.4 (d,

3JCP¼ 13.4 Hz, CH2CH2CH2P), 16.9 (d,
2JCP¼

4.2 Hz, CH2CH2P); 17.9 (s, Si2CH2CH2CH2Si
3); 18.1 (br s,

Si1CH2CH2CH2Si
2), 18.3 (s, Si2CH2CH2CH2Si

3), 19.2 (s, Si2CH2-
CH2CH2Si

3), 24.6 (d, 1JCP¼ 49.3 Hz, CH2P), 55.9 (s, OCH3), 109.6
(d, 1JCP¼ 85.2 Hz, CP), 115.8 (d, 3JCP¼ 13.2 Hz, CHCHCP), 135.4
(d, 2JCP ¼ 11.6 Hz, CHCP), 163.9 (s, Cipso), (Si

0CH2CH2CH2 were
not detected or overlap). 29Si {1H} (inept) (99.31 MHz): d Si0 was
not detected, 0.91 (s, Si1,2), 1.36 (d, 4JSiP ¼ 2.9 Hz, Si3). 31P {1H}
(202.37 MHz): d 20.64. HRMS (C512H732P16Si29Cl16O48): (ESI

+)m/
z: [M � 3Cl�]3+ calcd for C512H732P16Si29Cl13O48: 3141.9983
found: 3142.0013, [M � 4Cl�]4+ calcd for C512H732P16Si29Cl12
O48: 2347.5066 found: 2347.5082, [M � 5Cl�]5+ calcd for C512

H732P16Si29Cl11O48: 1871.0115 found: 1871.0099, [M � 6Cl�]6+

calcd for C512H732P16Si29Cl10O48: 1553.1815 found: 1553.1836,
[M � 7Cl�]7+ calcd for C512H732P16Si29Cl9O48: 1326.3029 found:
1326.3036, [M � 8Cl�]8+ calcd for C512H732P16Si29Cl8O48:
1156.0189 found: 1156.0149, [M � 9Cl�]9+ calcd for C512H732-
P16Si29Cl7O48: 1023.6869 found: 1023.6872, [M� 10Cl�]10+ calcd
for C512H732P16Si29Cl6O48: 917.7214 found: 917.7234, [M �
11Cl�]11+ calcd for C512H732P16Si29Cl5O48: 831.1132 found:
831.1105, [M � 12Cl�]12+ calcd for C512H732P16Si29Cl4O48:
758.8564 found: 758.8504, [M � 13Cl�]13+ calcd for C512H732

P16Si29Cl3O48: 697.7929 found: 697.7889.
4.2.32 Dendrimer (31). Data for 31: NMR (DMSO-d6):

1H
(400.13 MHz): d �0.18 (s, 24H, Si1CH3), 0.38–0.43 (m, 16H,
Si0CH2CH2CH2), 0.66–0.70 (m, 8H, CH2CH2CH2P), 1.11–1.20 (m,
8H, Si0CH2CH2), 1.45–1.55 (m, 8H, CH2CH2P), 3.60–3.67 (m, 8H,
CH2P), 7.73–7.90 (m, 60H, CH Ph). 13C {1H} (100.62 MHz): d�3.7
(s, Si1CH3), 16.6 (d, 3JCP ¼ 13.6 Hz, CH2CH2CH2P), 16.8 (s,
Si0CH2), 17.0 (d, 2JCP ¼ 4.6 Hz, CH2CH2P), 18.0 (s, Si0CH2CH2),
19.2 (s, Si0CH2CH2CH2), 23.4 (d, 1JCP ¼ 46.3 Hz, PCH2), 118.6 (d,
1JCP¼ 85.3 Hz, CP), 130.2 (d, 3JCP¼ 12.4 Hz, CHCHCP), 133.6 (d,
2JCP ¼ 10.1 Hz, CHCP), 134.9 (d, 4JCP ¼ 2.6 Hz, CHCHCHCP).
29Si {1H} (79.49 MHz): d 0.68 (s, Si0), 1.56 (d, 4JSiP ¼ 2.9 Hz, Si1).
31P {1H} (161.98 MHz): d 22.99. C104H132P4Si5Cl4 (ESI

+):m/z calc.
for [C104H132P4Si5Cl3]

+ calc. 1751.7194 found 1751.7174; [C104

H132P4Si5Cl2]
2+ calc. 858.3754 found 858.3751; [C104H132P4Si5

Cl]3+ calc. 560.5941 found 560.5945 [C104H132P4Si5]
4+ calc.

411.4532 found 411.4533.
4.2.33 Dendrimer (32). Data for 32: NMR (DMSO-d6):

1H
(499.99 MHz): d �0.21 (br s, 60H, Si1CH3, Si

2CH3), 0.38–0.49 (m,
48H, CH2CH2CH2Si

1CH2CH2CH2), 0.70–0.76 (m, 16H, CH2CH2
This journal is © The Royal Society of Chemistry 2017
CH2P), 1.12–1.27 (m, 24H, CH2CH2Si
1CH2CH2), 1.43–1.58 (m,

16H, CH2CH2P), 3.61–3.76 (m, 16H, CH2P), 7.71–7.89 (m, 120H,
CH Ph). 13C {1H} (125.70 MHz): d �5.0 (s, Si1CH3), �3.7 (s,
Si2CH3), 16.5 (d, 3JCP ¼ 13.4 Hz, CH2CH2CH2P), 17.0 (d, 2JCP ¼
4.7 Hz, CH2CH2P), 17.1 (s, Si0CH2), 17.9 (s, Si1CH2CH2CH2Si

2),
18.1 (s, Si1CH2CH2CH2Si

2), 18.2 (s, Si0CH2CH2), 18.4 (s,
Si0CH2CH2CH2), 19.2 (s, Si1CH2CH2CH2Si

2), 23.4 (d, 1JCP ¼
46.0 Hz, CH2P), 118.6 (d, 1JCP ¼ 85.3 Hz, CP), 130.2 (d, 3JCP ¼
12.4 Hz, CHCHCP), 133.6 (d, 2JCP ¼ 10.2 Hz, CHCP), 134.8 (d,
4JCP¼ 3.2 Hz, CHCHCHCP). 29Si {1H} (79.49 MHz): d 0.70 (s, Si0),
0.97 (s, Si1), 1.48 (d, 4JSiP ¼ 3.0 Hz, Si2). 31P {1H} (161.98 MHz):
d 22.98. HRMS: (ESI+): m/z calc. for C224H300P8Si13Cl8 (ESI+):
[C224H300P8Si13Cl6]

2+ calc. 1908.8261 found 1908.8280; [C224

H300P8Si13Cl5]
3+ calc.1260.8945 found 1260.8946; [C224H300P8-

Si13Cl4]
4+ calc. 936.6787 found 936.6796; [C224H300P8Si13Cl3]

5+

calc. 742.3492 found 742.3495; [C224H300P8Si13Cl2]
6+ calc.

612.6295 found 612.6282; [C224H300P8Si13Cl]
7+ calc. 520.1155

found 520.1142; [C224H300P8Si13]
8+ calc. 450.6049 found

450.6046. Anal. calc. C224H300Cl8P8Si13 (3889.30 g mol�1): C,
69.17; H, 7.17; exp.: C, 69.82; H, 7.31.

4.2.34 Dendrimer (33). Data for 33: NMR (DMSO-d6):
1H

(400.13 MHz): d �0.23 (br s, 132H, Si1,2,3CH3), 0.38–0.46 (m,
112H, CH2CH2CH2Si

1CH2CH2CH2Si
2CH2CH2CH2), 0.64–0.72

(m, 32H, CH2CH2CH2P), 1.10–1.24 (m, 56H, CH2CH2Si
1

CH2CH2CH2Si
2CH2CH2), 1.42–1.55 (m, 32H, CH2CH2P), 3.67–

3.81 (m, 32H, CH2P), 7.69–7.85 (m, 240H, CH Ph). 13C {1H}
(100.62 MHz): d �5.0 (s, Si1,2CH3), �3.7 (s, Si3CH3), 16.4 (d, 3JCP
¼ 13.8 Hz, CH2CH2CH2P), 17.0 (d,

2JCP¼ 4.5 Hz, CH2CH2P), 17.9
(s, Si2CH2CH2CH2Si

3), (Si0CH2CH2CH2 were not detected or
overlap), 18.07 (s, Si1CH2CH2CH2Si

2), 18.12 (s, Si2CH2CH2CH2-
Si3), 18.3 (s, Si1CH2CH2CH2Si

2), 19.2 (s, Si2CH2CH2CH2Si
3), 23.4

(d, 1JCP ¼ 45.9 Hz, CH2P), 118.7 (d, 1JCP ¼ 85.2 Hz, CP), 130.1 (d,
3JCP¼ 12.4 Hz, CHCHCP), 133.6 (d, 2JCP¼ 10.1 Hz, CHCP), 134.8
(d, 4JCP ¼ 2.0 Hz, CHCHCHCP). 29Si {1H} (79.49 MHz): d Si0 was
not detected, 0.94 (s, Si1, Si2), 1.42 (d, 4JSiP¼ 3.0 Hz, Si3). 31P {1H}
(161.98 MHz): d 23.02. HRMS: (ESI+): m/z calcd for C464H636-
P16Si29Cl16 (ESI

+): [C464H636P16Si29Cl13]
3+ calc. 2661.4953 found

2661.4946; [C464H636P16Si29Cl12]
4+ calc. 1987.1293 found

1987.1277; [C464H636P16Si29Cl11]
5+ calc. 1582.7097 found

1582.7090; [C464H636P16Si29Cl10]
6+ calc. 1312.9299 found

1312.9299; [C464H636P16Si29Cl9]
7+ calc. 1120.3730 found

1120.3722; [C464H636P16Si29Cl8]
8+ calc. 975.8303 found

975.8358; [C464H636P16Si29Cl7]
9+ calc. 863.5192 found 863.5160;

[C464H636P16Si29Cl6]
10+ calc. 773.6705 found 773.6698; [C464

H636P16Si29Cl5]
11+ calc. 700.0669 found 700.0637; [C464H636P16

Si29Cl4]
12+ calc. 638.8139 found 638.8103; [C464H636P16Si29Cl3]

13+

calc. 586.9075 found 586.9050.
4.3 Computer modelling of dendrimers

3D computer models of dendrimer structures were created
using dendrimer builder, as implemented in the Materials
Studio soware package from BIOVIA (formerly Accelrys). The
RESP technique52 was used for calculation of dendrimer atoms
partial charges. For this charge parametrisation the R.E.D.-IV
tools53 was used. The necessary QM calculations (QM struc-
ture minimisations, molecular electrostatic potential (MEP)
RSC Adv., 2017, 7, 18724–18744 | 18741
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calculations) were done using GAMESS.54,55 The default, HF/6-
31G*, level of theory was used for all charge-related QM calcu-
lations and the MEP potential was tted on Connolly molecular
surface. GAFF force eld (Generalized Amber Force Field), was
used for parametrization of dendrimers.56 Missing force eld
parameters were tted by minimizing the differences between
QM and force eld based relative energies of properly chosen
molecular fragments. QM energies were calculated at MP2/HF/
6-31G** level of theory using GAMESS and tting was accom-
plished using paramt routine from AMBER14 soware.57

Slightly adjusted van der Waals parameters for Si atoms from
MM3 force eld were used in this study.58 Dendrimer models
were solvated in explicit water (TIP3P model) with the proper
number of Na+ and Cl� ions to preserve neutrality of the system
and to ensure the physiological ionic strength (0.15 M).59 First
the systems were minimized (5000 steps with 2 kcal (mol Å2)�1

restraint + 5000 without restraint), heated (200 ps NVT) to 294 K
and equilibrated using 70 ns long molecular dynamics simu-
lations (NPT, T ¼ 294 K, P ¼ 0.1 MPa). The rst 0.5 ns with
restrained solute. Hydrogens were constrained with the SHAKE
algorithm to allow 2 fs time step60 and Langevin thermostat with
collision frequency 2 ps�1 was used for all MD runs.61 The
pressure relaxation time for weak-coupling barostat was 2 ps.
Particle mesh Ewald method (PME) was used to treat long range
electrostatic interactions under periodic conditions with
a direct space cutoff of 10 Angstroms. The same cutoff was used
for van der Waals interactions. The pmemd.cuda module from
Amber14 package was used for all simulation steps.62 Radial
distribution function calculations were done using last 20 ns of
MD trajectory (2000 frames analyzed). In case of size charac-
teristics calculations (Rg, Rmax) last 40 ns was used (80 frames
analyzed). The cpptraj module from Amber14 was used for last
mentioned analysis.63 Adaptive Poisson Boltzmann Solver
(APBS) was used for electrostatic potential calculation.64

Chimera soware was used for all visualizations.65
4.4 In vitro toxicity evaluation

4.4.1 Cell culture. B14 cells (Cricetulus griseus, ATCC, CCL-
14.1, Sigma-Aldrich Inc.) were grown in High glucose DMEM
medium with 10% (v/v) fetal bovine serum (FBS) and 4 mM
glutamine, BRL 3A (Rattus norvegicus, ATCC, CRL-1442, Sigma-
Aldrich Inc.) in Ham's F12 medium with 10% (v/v) FBS and
2 mM glutamine, and NRK 52E (Rattus norvegicus, ATCC, CRL-
1571, Sigma-Aldrich Inc.) in high glucose DMEM with 2 mM
glutamine, 10% (v/v) new born calf serum (NBCS) and 1% (v/v)
nonessential amino acid solution (NEAA), all media were sup-
plemented with 0.1% (w/v) penicillin and 0.1% (w/v) strepto-
mycin. The cells were maintained in culture asks in a 37 �C
humidied atmosphere of 5% CO2/95% air (incubator) and
passaged every 2–3 days. Cells were harvested and used in
experiments aer obtaining 80–90% conuence. The number of
viable cells was determined by trypan blue exclusion on a hae-
mocytometer. Then cells were suspended in media in
a concentration of 1.0 � 105 cells per mL and plated in at
bottom 96-well plates. Plates with cells were incubated 24 h at
18742 | RSC Adv., 2017, 7, 18724–18744
a 37 �C in a humidied atmosphere of 5% CO2 to allow
adherence of the cells before the administration of dendrimers.

4.4.2 MTT assay. Cytotoxicity of dendrimers was assayed
with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide). Briey, aer 24 h incubation when cells attached on
96-well plates they were treated with concentration range from
0.5 to 20 mM carbosilane dendrimers. Aer 24 h incubation,
a solution of MTT in PBS was added to each well. Four hours
later the medium was removed and the formazan precipitate
dissolved in DMSO for absorbance measurement at 580 nm and
reference 700 nm. Viability is given graphically as a percent of
the control values (without dendrimers).

4.4.3 Crystal violet staining assay (CVS). The cytotoxicity
effect was also evaluated by crystal violet assay. Cells were
seeded in 96-well plates and were grown in 100 ml of appro-
priate growth medium for 24 h. Then cells were treated with
carbosilane dendrimers as it has been done in a MMT assay.
Aer 24 h incubation cells were washed by phosphate buffer
and 50 ml of 0.05% crystal violet solution in 20% methanol was
added. Cells had been incubated with staining solution for
30 min and aer incubation double washed with distilled water
and le to dry. Aer drying process the crystal violet was
washed from dry cells by methanol and the absorbance was
measured at 570 nm and reference 700 nm. Viability is given
graphically as a percent of the control values (without
dendrimers).
4.5 IC50 calculations

The IC50 values (concentration of dendrimers which inhibit the
cell viability to 50% of the control sample) were calculated from
the best t of experimental data with four-parameter logistic
function (4PL function, R2 > 0.95) using nonlinear regression
analysis in Graph Pad Prism soware (GraphPad Soware, Inc.
USA, version 7):

Y ¼ 100/(1 + (XHillSlope)/(IC50
HillSlope)) (1)

where X ¼ log of dendrimer concentration, Y ¼ growth inhibi-
tion value normalized to control and the HillSlope represent
unitless factor.
4.6 Statistical analysis

Measured data are presented as the mean value � standard
deviation (error bars, S.D.). Each experimental variant was
conducted in at least three independent runs. The statistical
analysis was performed with GraphPad Prism 7 (GraphPad
Soware, Inc, USA) soware using an unpaired t-test or one-way
ANOVA followed with Tukey–Kramer multiply comparison test.
p < 0.05 was considered statistically signicant.
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Chem., 2007, 79, 1639–1645.
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Macromolecules, 2010, 43, 4511–4519.
RSC Adv., 2017, 7, 18724–18744 | 18743

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra01845b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
7:

08
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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