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The acid hydrolysis of 3-mercaptopropyltrimethoxysilane resulted in the formation of cubic silses-
quioxane 1 containing original organic function (SH). The structure was elucidated through X-ray single
crystal diffraction, spectral (FTIR and NMR) techniques and elemental analysis. Values of the inner and
outer diameter of the nanostructure of 0.54, 1.63 nm were found. Thermal behavior was investigated by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), while that in dependence

on moisture was assessed through water vapor sorption in dynamic regime (DVS). The biological activity
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of the compound was also tested.
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1. Introduction

Completely condensed polyhedral oligosilsesquioxanes, abbre-
viated by the acronym POSSs are a group of nanometer-scaled
organosilicon compounds with well-defined and highly symmet-
rical structures with the general formula Si,O3p2R,, or TpR, (Where
n =4, 6, 8,10, 12, R = H, or any alkyl, alkylene, aryl, arylene, and
their organofunctional derivatives). These compounds are organic-
inorganic architectures, with inner inorganic frameworks consist-
ing of silicon and oxygen atoms surrounded by organic R sub-
stituents, in three dimensional arrangements [1—3]. The R groups
determine many of the physical and chemical properties of the cage
molecule [1] and may be the same or different, non-reactive or
reactive. As a result, depending on the reactivity of the organic
group R, POSSs can be classified as nonfunctional and functional.
The latter is of greater interest since the reactive R groups permit
the chemical bonding of the cages to different substrates [3]. The
most representative members of this family are the cubic (n = 8),
RgSigO12 or Tg, whose formation is favored by the steric effects
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[3—5]. The Tg silsesquioxanes have been used as “nanobuilding
blocks” into polymer networks, in nanoparticles, in optically active
materials, for drug delivery, in nanocomposites, in liquid crystalline
materials, as cores for dendrimers, flow aids for high temperature
thermoplastics, etc. [7—9]. Some promising bio-inspired research
areas for POSS include bone growth and soft tissue healing [9]. The
main ways for the synthesis of Tg cores are the acid or base cata-
lysed hydrolytic polycondensation of simple chloro- or alkox-
ysilanes and hydroxide/fluoride catalysed rearrangement of
silsesquioxane resins [6,10,11].

In this paper we report the synthesis, structural data and some
properties for the acid hydrolysis product of 3-mercaptopropyl-
trimethoxysilane, this being octakis(3-mercaptopropyl)octa-
silsesquioxane (1). This compound, in principle, is known but could
not be isolated as single crystals for X-ray diffraction study. The thiol
group is useful for the chemical modification of the electrode [12],
for the preparation of proton conductive membranes (thiol groups
being easily converted into sulfonic acid groups by a mild oxidation)
[13], for the modification of inorganic nanoparticles [14], for the
synthesis of super-hydrophilic mesoporous silica via a sulfonation
route [15,16] or functional xerogels [17—19].
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2. Experimental section
2.1. Materials

3-Mercaptopropyltrimethoxysilane (99%, dzo-c = 1.05 g/L), and
hydrochloric acid (c = 37%) were purchased from Sigma Aldrich and
used as such. Methanol p.a. was acquired from Chemical Company.

2.2. Measurements

Fourier transform infrared (FT-IR) spectra were recorded using a
Bruker Vertex 70 FT-IR spectrometer. Analyses were performed in
the transmission mode in the 400—4000 cm~! range, at room
temperature, with a resolution of 2 cm~! and accumulation of 32
scans. The samples were incorporated in dry KBr and processed as
pellets in order to be analyzed. The NMR spectra were recorded on a
Bruker Avance DRX 400 MHz Spectrometer equipped with a 5 mm
QNP direct detection probe and z-gradients. Spectra were recorded
in CDCl3 or DMSO-dg, at room temperature. The chemical shifts are
reported as ¢ values (ppm) relative to the solvent residual peak. The
carbon, hydrogen, and nitrogen contents were determined by
standard methods. The thermogravimetric analysis was performed
on STA 449F1 Jupiter NETZSCH (Germany) equipment. The mea-
surements were made in the temperature range 20—700 °C under a
nitrogen flow (50 mL/min) using a heating rate of 10 °C/min. Dif-
ferential scanning calorimetry (DSC) measurements were con-
ducted on a DSC 200 F3 Maia device (Netzsch, Germany). A mass of
15 mg of each sample was heated in pierced and sealed aluminum
crucibles at a heating rate of 10 °C min~. Nitrogen atmosphere at a
flow rate of 50 mL min~! was used. The temperature against heat
flow was recorded. The device was calibrated using indium ac-
cording to standard procedures. Dynamic water vapor sorption
(DVS) capacity of the samples was determined in the relative hu-
midity (RH) range 0—90% by using the fully automated gravimetric
analyzer IGAsorp produced by Hiden Analytical, Warrington (UK).

2.3. Biological activity

The antimicrobial activity was evaluated in vitro according to the
standard methods on laboratory strains: fungi Aspergillus niger
ATCC 53346, Penicillium frequentans ATCC 10110 and Alternaria
alternata (ATCC 8741), Gram-negative bacteria P. aeruginosa ATCC
27813 and Gram-positive Bacillus polymyxa were provided by
American Type Culture Collection (ATCC, USA). Sample solutions of
0.5 wt%, 1 wt% and 2 wt% concentrations were obtained by disso-
lution of appropriate amounts of tested compound in fixed volumes
of acetone. It must be mentioned that for fungi was used a Sabo-
uraud type agar medium supplemented with dextrose (4%, SDA)
and for bacteria a Standard I nutrient agar medium, both from
Merck (Germany). Microorganism's suspensions were prepared
using the method of successive agar dilutions according to standard
MIC and their cultivation according to standard procedures (SR-EN
1275:2006 and NCCLS guidelines). Final charge-stock inoculum was
prepared as 1 x 10~4 pg/ml concentration and inoculated plates
were incubated at 30 °C for 7 days. Caspafugin (small test) was used
as a standard antifungal compound and Kanamycin (small test) was
used for antibacterial activity. Standard compounds derived from
Liofilchem Company. The MIC is read directly from the scale in
terms of pg/mL at the point where the edge of the inhibition ellipse
intersects the strip MIC Test Strip. The first observations were made
after 48 h and finally, after 7 days of incubation, using visual, mi-
croscopy and photography analyses minimum inhibitory concen-
tration (MIC).

2.4. X-ray crystallography

Crystallographic measurements for compound 1 were carried
out with an Oxford-Diffraction XCALIBUR E CCD diffractometer
equipped with graphite-monochromated Mo-Ko radiation. The
crystal was placed at 40 mm from the CCD detector and 411 frames
were measured each for 70 s over 1° scan width. The unit cell
determination and data integration were carried out using the
CrysAlis package of Oxford Diffraction [20]. The structure was
solved by direct methods using Olex2 [21] software with the
SHELXS [22] structure solution program and refined by full-matrix
least-squares on F2 with SHELXL-97 [22]. Atomic displacements for
non-hydrogen, non-disordered atoms were refined using an
anisotropic model. The hydrogen atoms of SH groups were found in
difference-Fourier maps and refined accounting for the hybrid-
isation of the supporting atoms and the hydrogen bonds parame-
ters. All other hydrogen atoms were placed in geometrically
calculated positions and included in the refinement process using
riding model. The molecular plots were obtained using the Olex2
program [21]. The main crystallographic data together with
refinement details are summarized in Table 1, while the selected
bond lengths and angles can be found in Table 2.

CCDC-959470 (1) contains the supplementary crystallographic
data for this contribution. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.ca.ac.uk).

2.5. Procedure

Preparation of octakis(3-mercaptopropyl)octasilsesquioxane, 1:
746 g (0.038 mol) 3-mercaptopropyltrimethoxysilane, 250 mL
methanol and 15 mL hydrochloric acid 37% were introduced in a
well dried round bottom flask, in nitrogen atmosphere. The mixture
was stirred 1 h and then left to rest at room temperature. Colorless

Table 1
Crystallographic data, details of data collection and structure refinement pa-
rameters for the compound 1.

1

Empirical formula C24H56012S8Sig

Formula weight 1017.89
Temperature/K 200
Crystal system triclinic
Space group P-1

a/A 9.6395(5)
b/A 9.7036(6)
c/A 13.7908(6)
af° 74.371(5)
6l° 79.506(4)
y[° 79.428(5)
VIA3 1209.13(11)
z 1
Deaie/mg/mm?> 1.398
w/mm™! 0.615

Crystal size/mm? 0.02 x 0.10 x 0.15

fmin, § max(°) 4,72 to 52
Reflections collected 10796

Independent reflections 4738 [Rin = 0.0307]
Data/restraints/parameters 4738/0/235

Ri°(I > 20(]) 0.0565

WR,"(all data) 0.1521

GOF© 1.057

Apmax and Apmin/e/A3 0.59/—0.45

* Ry = Z||Fo| — |Fell/Z|Fol-

® WRy = { SW(F,? — F2)%)/ SwF?)*]} 2.

© GOF = { S W(F,2 — F2)*]/(n — p)}'/2, where n is the number of reflections
and p is the total number of parameters refined.


http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://deposit@ccdc.ca.ac.uk

A.-C. Dumitriu et al. / Journal of Organometallic Chemistry 799-800 (2015) 195—200 197

Table 2
Selected bond lengths (A)° and angles (°) for 1. See
Fig. 1 for atom numbering.

Si1—01 1.614(2)
Si1—04 1.617(2)
Si1—-05 1.618(2)
Si2—01 1.624(3)
Si2—02 1.617(2)
Si2—06 1.624(3)!
Si3—02 1.618(2)
Si3—03 1.617(2)
Si3—05 1.620(2)!
Si4—03 1.616(2)
Si4—04 1.616(2)
Si4—06 1.620(2)
015i104 109.3(1)
015i105 109.0(1)
045i105 109.2(1)
015i202 109.0(1)
015i206 109.5(1)"
02Si206 108.7(1)!
025i303 108.6(1)
025i305 108.7(1)"
03Si305 109.2(1)!
0351406 108.9(1)
045i403 109.2(1)
0451406 109.0(1)
Si101Si2 150.0(2)
Si202Si3 153.1(2)
Si303Si4 150.8(2)
Si104Si4 152.3(2)
Si105Si3 144.9(2)"
Si406Si2 144.5(2)"

Symmetry code used to generate equivalent
atoms: '1—x, —y, —z.

crystals, suitable for XRD were formed after one month from so-
lution (crystals yield: 0.77 g, 16 wt%). Elemental analysis, wt¥%:
found: C, 29.40; H, 5.97; calculated for the molecular formulas
C24Hs56012SsSis (M = 1017.89 g/mol), %: C, 28.30; H, 5.50. IR (KBr
pellet, cm_l): 399w, 422vw, 474m, 536 w, 553w, 659vw, 669w,
690m, 810w, 1007m, 1109s, 1186m, 1244w, 1263m, 1306vw, 1346w,
1375w, 1408w, 1427w, 1441w, 1452w, 1630m, 1688w, 1711m,
1719m, 2855w, 2892w, 2928m, 2955w, 3408vs (Fig. 1S). TH-NMR
(400.13 MHz, CDCl3): 0.75 (t, ] = 8 Hz, Si—CH,), 1.37 (t, ] = 8 Hz,
CH,—CH,—CH,—SH), 1.70 (pen, | = 7.6 Hz, Si—-CH,—CH,- ), 2.54 (q,
] = 74 Hz, Si—CH,—CH,—CH,—SH), intensities ratio: 1:0.5:1:1
(Fig. 2S). 3C NMR (100.6 MHz, CDCl3): 10.82 (Si—CH,-), 27.28
(Si—CHy—CH,—CH,—SH), 2754  (Si—CH,—CH,-).  2Si-NMR
(79.49 MHz, CDCl3): —67.11 (Fig. 3S).

3. Results and discussion

3-Mercaptopropyltrimethoxysilane was hydrolyzed in presence
of hydrochloric acid, at room temperature (Scheme 1) according to
procedure described by Feher [23] this being one of the most used
synthetic route to oligosilsesquioxanes and their homo derivatives
[3]. Over time, in static regime, cubic silsesquioxane separated in
crystalline form. The elemental analysis values for the obtained
compound corresponds to the closed cubes, with mercapto func-
tional groups, as was emphasized by the other methods.

Vibrational spectroscopy has been used extensively for the
characterization of Tg compounds, particularly for checking the
characteristic Si—O—Si band that is usually strong and occurs at ca.
1100 cm™, but it is also broad, this explaining various values re-
ported by different authors [6]. In FTIR spectrum of the compound 1
(Fig. 1S), a low-intensity absorption band at 2554 cm~! is assigned
to v(SH) proving the existence of thiol groups in structure [24]. The

8(CH;0)3-Si-CH,-CH,-CH, SH

Fig. 1. X-ray molecular structure of [HS(CH;)3]sSigO12 (1). Non-relevant hydrogen
atoms are not shown for clarity. Thermal ellipsoids are drawn at 50% probability level.

bands around 3436 and 1624 cm~! indicate the presence of the
water molecules in compound. CH stretching of the propyl group
appears as intense one at 2929 cm™ . The most prominent bands
are at 1107 and 474 cm™ ', these being assigned to asymmetric and
symmetric stretching of Si—O—Si bond. The peaks at 690 and
1263 cm ! belong to C—Si bond. The peaks at around 1427 cm™!
come from asymmetric deformations of C—H in propyl group. 'H
NMR spectrum of the compound shows peaks corresponding and
in intensity ratios as proposed structure (Fig. 2S), while the peak in
295 NMR (67.22 ppm) is characteristic for cubic architecture
(Fig. 3S).

3.1. Crystal structure analysis

The X-ray molecular structure of compound 1 is depicted in
Fig. 1. The [HS(CH;)3]gSigO12 (1) molecule is generated by the
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crystallographic center of symmetry, which is located in the
center of octasilsesquioxane cage. The single crystal structure
showed the molecule 1 adopts a “squashed” configuration for the
eight 3-mercaptopropyl substituents and the SigOi; cube is
elongated. This is evidenced by the comparison of Si101Si2
150.0(2)°, Si303Si4 150.8(2)° with Si105Si3! 144.9(2)°, Si406Si2!
144.5(2)° angles (see Table 2) and of Si1 ... Si2 3.128(1) A, Si3 ...
Si4 3.129(1) A with Si1 ... Si3' 3.087(1) A, Si4 ... Si2' 3.090(1) A
distances. At the same time, the Si—O, Si—C and C—S bond
lengths fall in the narrow range 1.614(2) =+ 1.624(2) A,
1.835(3) + 1.838(3) A and 1.786(3) + 1.810(3) A, respectively and
do not exceed those observed for other silsesquioxanes. It should
be also noted, that although Si—O—Si angles vary in the relative
wide range, the O—Si—0 angles are very close to that of ideal
tetrahedral geometry (Table 2). The X-ray molecular structure of
1 demonstrate the SigO1; cage do not corresponds to the ideal
cubic arrangement as observed for similar substituted SigO12Rg
compounds [25—28]. Adjacent [HS(CH,)3]gSigO1> molecules are
associated into one-dimensional supramolecular chains (Fig. 2)
due to the intermolecular S—H ... S hydrogen bonds (see Table 3).
The crystal structure is built from the parallel packing of 1D
supramolecular architecture running along c axis, as shown in
Fig. 3.

Overall dimensions expressed as O—O distance within the cage
(inner diameter) and R—R distance (outer diameter) in cubic
polyhedral structure, estimated on the basis of the crystallographic
data (Fig. 4S), were 0.54, 1.63 nm. The nanometric size of these
hybrid organic-inorganic frameworks makes them ideal building
blocks for nanocomposites permitting the reinforcement of the
polymeric matrix at molecular level. Besides the rigidity and
improved thermal and mechanical properties conferred by the
silica core, the functional groups attached to the silicon atoms can
induce specific properties (compatibility, polarizability, hydropho-
bicity or hydrophilicity, etc.).

Fig. 2. The view of 1D supramolecular chain in the crystal structure 1. Symmetry code
used to generate equivalent atoms: )1 — x, -y, 1 — z.

Table 3
H-bonds parameters for compound [HS(CH5)3]sSigO12 (1).

D-H...A Distance, A Angle D-H ... A, deg Symmetry code
D-H H..A D..A

S1I-H...S3 120 292 4.035(2) 153.7 1-%x-y,1-z

S2-H...S3 1.19 293 4.068(2) 159.6 1-%x-y,1-z

S3—H...S4 120 294 4.008(2) 147.8 1-x-y1-2z

S4—H---S2 121 2091 4,054(3) 1582 1-%x-y,1-2z

3.2. The thermal behavior

The thermal stability of POSS can be as high as 500 °C, but varies
considerably in dependence on the stability of the organic group.
The most detrimental substituents are nucleophilic groups, such as
amines, which aid in the breaking of siloxane bonds, particularly at
higher temperatures [1]. In our case, the compound contains
nucleofilic —SH group. However, the mercapto functionalized
compound begins to decompose in nitrogen atmosphere at 307 °C
and the process occurs in two stages with a total weight loss of
64 wt% (Fig. 4, Table 4).

Two endothermic transitions were observed. First, a major
melting point (Ty1) was determined at 162 °C with an enthalpy
value (AHpm1) of 0.7 ] g~! and a minor enthalpy transition
(AHmy = 0.5 J g~ 1) at Ty = 105 °C. The two endothermic processes
determined the apparition of a major (Tqy = 133 °C;
AHeq = -06 J g7!) and a minor crystallization transition
(T = 101 °C; AHp, = -0.2] gfl). As X-ray diffraction showed,
structure of crystal 1 consists in one-dimensional supramolecular
chains formed as a result of molecules association through inter-
molecular S—H---S hydrogen bonds giving a behavior somewhat
similar with that for polymers and thus not very well defined
transitions. The minor enthalpy transitions on both heating and
cooling segments were attributed to a minor structural reordering

Fig. 3. Crystal structure of 1, viewed along c axis.



A.-C. Dumitriu et al. / Journal of Organometallic Chemistry 799-800 (2015) 195—200

—=—Mass/%
—e—DTG/(%/min)| | &

90 4

Mass/%
=3
2
(wwy%)o1a

70

a

60 T T T T T T
100 200 300 400 500 600 700

Temperature/°C

199
T T T
exo f
-0,26 second heating
cooling | Tc1=133°C B
_ -1
= gzl T AH, =069 R
£ -1
= AH_,=-02Jg
o2 L
% T,,1=162°C
= m1~
S 0,301 y
2 MH=07dg"
40O,
Tp2=105°C
0,32 _ -1 i
b AH =059
50 100 150
Temperature/°C

Fig. 4. TG-DTG (left) and DSC (a-second heating; b-cooling) (right) curves for the compound 1 recorded in nitrogen atmosphere.

Table 4
Thermal decomposition characteristics.
Sample Step T (°C) Wi (%) Wrez (%)
Ti Tmax Tf
1 I 307 368 386 22 64
I 433 503 548 14

T; — initial thermal degradation temperature; Tr.x — temperature that corresponds
to the maximum rate of decomposition for each stage evaluated from the peaks of
the DTG curves; Tr — final thermal degradation temperature; Wy, — mass loss rate
corresponding to the Tp,ax values; Wy, — percentage of residue remained at the end
of thermal degradation (700 °C).

or rotation of the propylic entities untethered to the POSS cage [29].
The terminal groups of the alkyl entities may undergo out of plane
twisting or kinking moves leading to a minor structural disorder.
Similar observations were reported in the literature for POSS cages
with small branched or linear alkyl chains as arm substituents
[30—33].

3.3. Moisture behavior

The moisture stability of the isolated POSS was evaluated by
water vapor sorption analysis in dynamic regime.

30 J | | L 1 "
28 - -
25 | —0— Sorption at 25°C
23 A
& 20
18 -
> 15 -
13 -
10 4 =
8 - L
5 -
3 A L
0 = =S S

|
0 20 40 60
Relative Humidity, %

—a— Desorption at 25°C

—{— Sorption at 35°C -
—a— Desorption at 35°C

% d.

Weight

80 100

Fig. 5. Water vapor sorption isotherms registered in dynamic regime at 25 and 35 °C.

Sorption—desorption isotherms were registered at three tempera-
tures: 25 °C and 35 °C (Fig. 5).

The compound shows a moisture sorption capacity of 20 wt% at
a relative humidity (RH) of 90 %, at room temperature. As the
temperature increases at 35 °C, the maximum sorption capacity
reaches 25.7% at 90% RH. After desorption, the sample returns to
the initial mass without significant changes. The high value of the
water vapor sorption is in contradiction with zero value for the
solvent accessibility estimated on the basis of crystallography data.
Otherwise, the crystallographic analysis did not reveal the presence
of solvate water or other solvent molecules in crystal structure 1.
Perhaps this sorption is based in fact on the destruction of inter-
molecular hydrogen bonds and replacing them with others, which
are formed with more polar water molecules (the electronegativity
difference in O—H group is 1.4 as compared with 0.4 in S—H group).
This could explain the increased vapor sorption value as the tem-
perature increases.

3.4. Biological activity

Some of the compounds containing thiol groups (thiodiazoles,
substituted 1,3,4-thiadiazolium-5-thiolates, mercaptotriazole,
1,3,4-oxadiazoles) proved often effective as antibacterian and
antifungal therapeutics by forming mixed disulphide with thiol-
bearing enzymes and thus inhibiting enzymatic pathways regu-
lated by these proteins [34]. Their lipophilicity enhances this ef-
fect [35]. Our compound possessing a high content of sulfhydryl
groups (eight groups per molecule) was evaluated from point of
view of antibacterial and fungicidal activity by performing in vitro
tests against pure culture of three fungi species (Aspergillus niger,
P. frequentans, A. alternata) and against both Gram-negative (P.
aeruginosa) and Gram-positive (B. polymyxa) bacteria. The mini-
mum inhibitory concentration (MIC) values of the compound are
summarized in Table 5. According to these data, the compound 1
has been shown to be potentially biologically active, MIC values
for fungal species is 13 pg/ml and 12 pg/ml for species of bacteria.
However, this activity is lower as compared with reference
compounds, Caspafungin (MIC values for fungal species is 3.6 pg/
ml) and Kanamycin (MIC is 5.5 pg/ml species of bacteria) but is
higher as compared with values reported in literature for
example, in the case of thiodiazole aromatics against Staphylo-
coccus aureus, in the range 31—62 pg/ml [34] or Candida albicans
and Saccharomyces cerevisiae, with minimum fungicidal concen-
tration (MFC) values in the range 12.5—61 pg/ml [36]. It can be
observed a higher antibacterial as compared with antifungal ac-
tivity of this compound.
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Table 5
The results of the antifungal and antimicrobial activity tests for the compound 1.
Sample MIC (pg/ml)
Fungi Bacteria
Aspergillus niger ATCC Penicillium frequentans ATCC Alternaria alternate ATCC Bacillus sp. ATCC Pseudomonas aeroginosa ATCC
53346 10110 8741 15970 27813
Sample concentration, wt%
2 2 2 2 2
1 13 13 12,5 12 12
Caspofungin® 3.60 3.60 3.7 —
Kanamycin® — — — 5,5 55

2 Standard compound.

4. Conclusion

The acid hydrolysis product of 3-mercaptopropyltrimethoxysilane
(1) was isolated and its structure was determined by spectral analysis
and X-ray single crystal diffraction. The SH group was preserved as
such in the harsh conditions of the hydrolysis. An elongation was
observed in inner cage of the structure. The packing model of the
compound 1 consists in one-dimensional supramolecular chains. The
silsesquioxane containing mercapto group was found to have a good
thermal stability, showed biological activity but adsorbs a high
amount of humidity.
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