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ABSTRACT: Herein we report the synthesis of a new family of styryl-functionalized polyhedral oligomeric silsesquioxanes (Tn, 

where n = 8, 10 and 12), in which the organic moiety is linked to all n vertices of the Tn cages via the phenyl ring rather than the vinyl 

group. In contrast to earlier studies in which the styryl group is linked to the cage via the vinyl moiety, our approach ensures that the 
vinyl moiety is less sterically hindered and available for post-functionalization. The functional Tn cages have been characterized by 

a range of techniques, including single crystal X-ray diffraction, multinuclear solution NMR (1H, 13C and 29Si), MALDI-MS and 

FTIR. The solid-state structure of the T8 compound exhibited two non-equivalent Si8O12 cage atoms, which has not been previously 
reported in the functionalized T8 system, although all cage atoms in the corresponding T10 and T12 systems were equivalent. In con-

trast, multinuclear solution NMR data indicated that all cages in the T8 system were equivalent in solution, suggesting that the 

non-equivalent cage geometries arise in the solid state to optimize the packing of the functionalized cages. 

1. INTRODUCTION 

Since the early reports of their synthesis in the 1940s and 

1950s 1, 2, the development and characterization of oligomeric 
silsesquioxanes has been an area of significant activity within 

the materials and silicon chemistry communities. Of these, the 

polyhedral oligomeric silsesquioxanes (POSS, (R-SiO1.5)n, 
where n=6, 8, 10, 12, etc.), also known as cage silsesquioxanes, 

have been of particular interest 3, 4, with n=8 being the most 
widely studied. These hybrid molecules, which are composed 

of a well-defined polyhedral core ((SiO1.5)n, Tn) surrounded by 

organic moieties, can be readily incorporated into nanostruc-
tured materials either via hydrolysis-condensation processes in-

volving silanol groups 5 or by polymerization on the organic 

moiety 6-8. Self-organized systems 9-11, templated POSS systems 
leading to mesoporous materials with T8 cages embedded with 

the walls 12, and organic polymer-based nanohybrids 13-18  can 
all be obtained through judicious selection of functional organ-

ics. In addition, porous materials 5, 6, 8 in which the porosity can 

either arise from the voids between the cages or the core of the 
cage (0.3 nm) 6 have been reported. In general, the POSS core 

(e.g. T8) confers symmetry and thermal stability on the resulting 

materials, while the organic moieties provide flexibility and ad-
ditional opportunities for functionalization. In addition, their 

well-defined structure gives them the advantage of a controlled 
proximity between adjacent branches. Since the distance 

between silicon and oxygen is typically around 1.6 Å 19, 20, the 
branches are separated by around 3 Å. This small spacing can 

lead to interesting cooperative effects and the suite of attractive 

POSS properties have been exploited in many fields including 
polymer chemistry 13, 14, 21, bio/nanomedicine 22-27, catalysis 28-

31, optical and sensing applications 14, 32, 33, optoelectronics 34, 
etc. 

A significant majority of the applications described to date 

are based on functionalized T8 cages. Being often commercially 
available or easily synthesized, the latter can be produced in 

quantities of tens of grams for applications testing. In contrast, 

relatively few studies have described applications of larger 
cages 35-39. The T8 cage has now been described with a wide 

range of substituents, including hydrido, methyl, octyl,  phenyl, 
vinyl, chloropropyl, etc 3. Larger cages are less common and are 

often obtained by cage rearrangement of pre-formed T8 species, 

as summarized in Table 1. Post-functionalization of pre-formed 
T8 materials can also produce a mixture of Tn species through 

rearrangement side-reactions (see, for example, entries 14-16 in 

Table 1).  Functionalized Tn molecules bearing organic moie-
ties that can be further modified via conventional, well-estab-

lished reactions without modifying the structure of the Tn core, 
are of particular interest since they pave the way to an even 

wider range of potential applications. For example, organics 

bearing double bonds such as vinyl and styryl can be modified 



 

using reactions such as hydrosilylation, Heck coupling, 
thiol-ene click reactions, hydrophosphination, 

Table 1. Selected T8, T10 and T12 cage silsesquioxane systems. 

Entry Organic Group 
Cages de-

scribed 
Synthesis type Ref 

1 Phenyl T8, T10, T12 

Direct synthesis basic/acidic 
conditions 

Rearrangement 

40, 41 

2 4-iodophenyl T8, T10, T12 
Post functionalization from 

phenyl cages 
42 

3 (4-Trimethylsilyl)benzene T8, T10, T12 Direct synthesis (TBAF) 43 
4 4-Nitrobenzene  T8, T10, T12 Post functionalization 43 

5 Vinyl T8, T10, T12 
Direct synthesis basic condi-

tions 
44, 45 

6 

 

T8, T10, T12 Post functionalization 44 

7 Ethyl T8, T10, T12 Rearrangement 46 
8 Propyl, Butyl, Pentyl, Heptyl, Octyl, Nonyl, Decyl T8, T10 Rearrangement 46 

9 Chloropropyl  T8, T10, T12 Rearrangement 46 

10 Bromopropyl, Iodopropyl T8, T10 Rearrangement 46 
11 Thiocyanopropyl T8, T10 Rearrangement 46 

12 (Pentafluorophenyl)propyl T8, T10 Rearrangement 46 

13 
 

T8, T10, T12 Direct synthesis 47, 48 

14 Azidopropyl T8, T10, T12 
Post functionalization chlo-
ropropyl and rearrangement 

49 

15 

 

T8, T10, T12 
Post functionalization chlo-
ropropyl and rearrangement 

37 

16 

 

T8, T10, T12 
Post functionalization chlo-
ropropyl and rearrangement 

38 

18 VinylnPhenyl12/10-n T8, T10, T12 Rearrangement 50 

19 Amino derivatives  T8, T10 
Direct synthesis in acidic 

conditions 
51 

 

metathesis, polymerization, etc. In this context, the availability 

of Tn precursors bearing styryl moieties grafted onto all “n” ver-
tices would significantly extend the range of versatile POSS 

precursors. Octa-, deca- and dodeca-styrenyl cage silsesquiox-
anes have been synthesized from the corresponding vinyl-func-

tionalized cage silsesquioxanes by cross-metathesis 52-54, as il-

lustrated in Figure 1. However, to the best of our knowledge, 
in all earlier reports, the vinylphenyl moiety is linked to the 

silsesquioxane cage via the vinylic C=C bond, which precludes 
further facile functionalization of the latter. An additional fea-

ture of the styryl-functionalized Tn cages when compared to 

their vinyl analogues is that the phenyl group acts as a spacer, 
thus ensuring that the vinyl group is much less sterically hin-

dered, and hence is more available for post-functionalization on 

all n vertices of the Tn cage. In contrast, there have been several 
reports of mono-styryl-functionalized T8 systems, in which one 

vertex bears a styryl function while the other seven vertices are 
linked to cyclopentyl 15, 16, 55, cyclohexyl 16, phenyl 16 or isobutyl 
16, 56 moieties. A brief mention is made of potential applications 

for octastyryl-functionalized T8 cages in the patent literature 57, 
although no information regarding the synthesis or characteri-

zation of such precursors was disclosed.  

 
Figure 1. Structure of styrenyl (previous work) and styryl 

POSS precursors (current work), illustrating the accessibility of 

the “inner” and “peripheral” vinyl groups (for clarity, only the 
T8 cages are shown). 

 

In this work, we describe the synthesis and preparation of new 
octa-, deca and dodeca-styryl-silsesquioxanes, in which the 

styryl group is linked to the cage via the phenylene group. The 



 

composition, structure and properties of these new precursors 
are also elucidated via single-crystal X-ray diffraction, NMR 

(29Si, 1H and 13C) and IR spectroscopy, and structure/property 
correlations are described. 

2. RESULTS AND DISCUSSION 

Synthesis 

The approach used in our work to produce styryl-function-

alized T8, T10 and T12 cage silsesquioxanes is based on a proto-
col developed by Bassindale’s group 58, as shown in Figure 2. 

This approach, which has not been widely employed, typically 

provides better yields than alternative approaches involving hy-
drolysis of chlorosilane or ethoxysilane precursors, which often 

exhibit relatively low yields 59, 60. It also avoids the production 
of large quantities of corrosive HCl typically produced when 

using chlorosilanes, which can lead to difficulties in controlling 

the rates of hydrolysis and condensation. It has been demon-
strated that the reaction can be used with a variety of organotri-

alkoxysilanes to produce T8 cage silsesquioxanes functional-

ized with the corresponding organic group, including alkyl, cy-
clopentyl, cyclohexyl, i-butyl, phenyl, etc 58, 61. However, the 

water content must be carefully controlled 58, 61 since it plays an 
important role in the catalyzed synthesis. During our prelimi-

nary experiments to optimize the synthesis conditions for pro-

ducing styryl-functionalized cage silsesquioxanes, using both 
base- and fluoride-catalyzed conditions, the use of TBAF 

emerged as the preferred approach. In particular, base-catalyzed 
reactions led mainly to polymers and mixtures of cages which 

could not be identified. 

 

 
Figure 2. Synthesis of styryl-functionalized T8, T10 and T12 cage 

silsesquioxanes. 

 
When using fluoride as a catalyst, the temperature, concen-

tration of fluoride and the quantity of water present have been 
identified as key parameters for controlling the reaction 58. 

However, large amounts of water were reported to lead to the 

formation of partially condensed cage silsesquioxanes or si-
lanols 61. In the work of Bassindale’s group, the water involved 

in the hydrolysis-condensation process was that naturally asso-

ciated with the commercially available hydrophilic TBAF. Alt-
hough our approach was largely inspired by this earlier work 58, 

the reaction described herein involves the use of greater quanti-
ties of water than that initially associated with the TBAF. In-

deed, we observed that in the case of styryl trimethoxysilane as 

precursor, fewer by-products were obtained by adding one 
equivalent of water per silicon. 

The reaction was thus carried out using a commercially 

available styryltrimethoxysilane with TBAF and water in DCM 
for two days (see Experimental). The crude reaction product 

was treated with anhydrous CaCl2 and washed with water to 

remove excess TBAF. Preliminary characterization by 1H and 
29Si solution NMR revealed the presence of a mixture of T8, T10 

and T12 cage silsesquioxanes as the main products (based on a 
comparison with the chemical shifts previously reported for 

other functionalized T8, T10 and T12 species, Table 2), together 

with larger cages and partially condensed products that could 
not be readily identified. Analysis of the integrated intensity of 

signals in the 1H NMR spectrum revealed that the T8, T10 and 

T12 products were present in a 1:3:1 mole ratio, with the func-
tionalized T10 silsesquioxane being the main reaction product. 

After recrystallization and column chromatography, T8, T10 and 
T12 compounds were obtained separately and characterized. 

 

Table 2. Typical 29Si NMR chemical shifts reported for func-

tionalised T8, T10 and T12 cage silsesquioxanes. 

Organic group T8 

shift 

(ppm) 

T10 

shift 

(ppm) 

T12 

shifts 

(ppm) 

Ref. 

Styryl -78.19 -79.59 -79.45, 
-81.29 

This 
work 

Phenyl  -78.3 -79.6 n.a. 51, 62 

4-Methylbenzene -78.0 -79.6 n.a. 44 
4-Nitrobenzene -79.2 -80.9 -80.3, -

82.2 

44 

4-Trimethylsilylbenzene -78.4 -79.5 -79.4, -
81.5 

44 

Azidopropyl -67.0 -68.9 -68.7, -
71.4 

37 

Propylmethacrylate -66.8 -68.6 -68.4, -

71.1 

38 

4-(nitrobenzene) propy-

loxy 

-68.7 -68.6 -68.3, -

71.0 

39 

 

 
Mass Spectrometry 

The MALDI TOF mass spectra of the styryl-functionalized 
T8, T10 and T12 (Figures S1, S2 and S3, respectively) exhibited 

peaks at 1263.1, 1573.2 and 1884.1 m/z, which were attributed 

to T8+Na, T10+Na and T12+Na, respectively (expected m/z = 
1263.2, 1573.2 and 1883.3). These are each separated by 310 

m/z, arising from the addition of [styryl-SiO1.5]2 moieties with 

each increment in n. 
 

Single Crystal X-ray Structures 
Fractional recrystallization in a mixture of toluene and pen-

tane enabled crystals suitable for X-ray diffraction measure-

ments to be obtained. The crystal structures were solved using 
the ab-initio iterative charge flipping method (see Experi-

mental). The space group symmetry of the crystal structures of 

T8, T10 and T12 were P21/n, R-3c and P4/ncc, respectively. Table 

S1 summarizes the structural parameters for the T8, T10 and T12 

cages.  
The structure of the styryl-functionalized T8 system is illus-

trated in Figures 3 and S4, while the minimum, maximum and 

average values of the characteristic bond lengths and angles are 
presented in Table 3. The values measured are similar to those 

of the octaphenyl-functionalized T8 cage 19, 63 and are typical for 
bond distances and angles in the octasilsesquioxane 

Table 3. Characteristic bond distances and angles for styryl-functionalised T8 and T10 cage silsesquioxanes 



 

 Styryl T8  Styryl T10 

 min average max  min average max 

Si-O (Å) 1.603 1.617 1.631  1.598 1.610 1.629 

Si-C (Å) 1.827 1.841 1.852  1.810 1.829 1.850 

Si-O-Si (°) 138.6 149.1 161.5  145.3 152.6 161.1 

O-Si-O (°) 107.5 109.1 110.2  107.0 109.2 111.0 

 

 

 
 
Figure 3. X-ray crystal structure of styryl-functionalized T8 

cage silsesquioxane. 

 
family: Si-O bond length (1.55 to 1.65 Å; average = 1.60 Å); 

Si-O-Si angle (145 to 152 o; average = 148.5 o); O-Si-O angle 
(107 to 112 o; average = 109 o) 58. However, it is evident, as il-

lustrated in Figure S5, that two inequivalent T8 cages are found 

in the lattice. To the best of our knowledge, such a phenomenon 
has not been previously observed in the functionalized T8 sys-

tem, and we conclude that the different geometries are adopted 

to optimize the packing of the molecules in the solid state. In 
addition, three toluene molecules, from the solvent used for the 

crystallization, and one benzene molecule are present in the re-
fined structure. Although the expected methyl group was not 

identified in the difference Fourier maps, the additional solvent 

molecule is undoubtedly toluene, since no benzene was used in 
the synthesis. This apparent anomaly is attributed to rotational 

disorder in the solvent retained within the crystals, which leads 
to the electron density of the carbon being delocalized over 

more than one position. In addition, the asymmetric part of the 

unit cell contains one complete T8 cluster and two half T8 clus-
ters, with the latter two clusters located on inversion centers. 

The packing of the aromatic rings (Figure S4) highlights the 

interactions between the styryl functions on adjacent cages, alt-
hough there is no evidence of  

 

 
 
Figure 4. X-ray crystal structure of styryl-functionalized T10 

cage silsesquioxane. 

 
extended π-π interactions. Nevertheless, these interactions, cou-

pled with the rigidity provided by the phenyl rings, are suffi-

cient to ensure that the compound is a solid at room tempera-
ture. As observed in earlier studies, at ambient temperature, 

functionalized T8 molecules that can interact through π-π inter-
actions or formation of liquid-crystalline domains 61 are typi-

cally solids, whereas those that cannot pack uniformly (such as 

isooctyl 61, n-propylacrylate 37, etc) are often liquids or oils. 
The X-ray crystal structure of the styryl-functionalized T10 

cage is presented in Figures 4 and S6 and the values of the char-

acteristic bond lengths and angles are gathered in Table 3. Only 
a small number of single crystal structures of functionalized T10 

systems have previously been reported 64-66, compared to the T8 
system for which a large number of compounds have been com-

prehensively characterized. In contrast to the corresponding T8 

system, only one unique cage geometry was identified for 
styryl-functionalized T10, consistent with previous reports of the 

structures of functionalized T10 moieties. Most vinyl groups on 
the T10 surface were poorly resolved in the electron density map 

and hence the fragments were modelled with soft distance re-

straints on the double and single bonds. The distances used for 
this modelling were taken from the Cambridge Structural Data-

base 67 and the latter were thermally restrained. Large solvent-

accessible voids appeared in the structure in which no fragments 
could be recognized. 

Given the relatively small number of T10 systems previously 
characterized, it is of interest to compare the structure of the 



 

styryl-functionalized T10 with that of other systems, and repre-
sentative structural data is presented in Table S2. The Si-O 

bond lengths vary from 1.600 to 1.618 Å (average 1.607 Å) in 
the two five-silicon rings and from 1.598 to 1.629 Å (average 

1.611 Å) in the five four-silicon rings and hence the cage devi-

ates from ideal D5h symmetry. Similar deviations from sym-
metry have also been reported for the H-T10 system 65 (Table 

S2), although they are much smaller in the latter case. The var-

iations in Si-O-Si bond angles in both the five-silicon and four-
silicon rings are also significantly greater in the styryl-function-

alized system, although the average values are comparable. 
 

 
Figure 5. X-ray crystal structure of styryl-functionalized T12 
cage silsesquioxane. 

 
The single-crystal X-ray structure of the styryl-functional-

ized T12 compound is illustrated in Figures 5 and S7, while the 

minimum, maximum and average values of the characteristic 
bond lengths and angles are compared to those of other reported 

T12 compounds in Table 4. Two possible isomers have been 

proposed for T12 cage silsesquioxanes, one of which is highly 
symmetrical (D6h point-group symmetry) while the other is less-

symmetrical (D2d symmetry), as illustrated in Figure 6. In the 
current work, and consistent with earlier reports 37, 38, 43, 47, 49, it 

is evident that the less-symmetrical isomer is obtained in our 

work, in which silicon atoms are part of either (a) one five-sili-
con-atom-ring and two four-silicon-atom-rings (5142, following 

the notation used by Agaskar et al. 59, 68; four vertices marked 
with red spheres in Figure 6); or (b) two five-silicon-atom rings 

and one four-silicon-atom ring (5241; eight vertices marked with 

blue spheres in Figure 6). The average Si-O bond lengths and 
O-Si-O bond angles are comparable to those observed for other 

T12 compounds (Table 4). However, the average Si-O-Si bond 

angle is somewhat larger in the case of the styryl-functionalized 
T12 cage than is observed for the corresponding hydrido- or 

Ph-functionalized compounds, due mainly to the presence of 
two unusually large angles of 178 o. Similar features are also 

observed in the case of the p-iodophenyl-functionalized T12 

cage 42, although not for the phenyl-functionalized 

compound 20. This suggests that the cage structure might distort 
to accommodate the bulky para substituents in the solid state. 

 

 
Figure 6. Possible isomers observed in the T12 cage silsesqui-

oxane system. Left, D6h isomer; right, D2d isomer (R = styryl). 
 

 

Table 4. Characteristic bond lengths and bond angles in 

functionalized T12 cage silsesquioxanes. 

 (Styr)12T12 

(This work) 

H12T12  

(Ref. 69) 

Ph12T12     

(Ref. 20) 

(p-I-Ph)12T12 

(Ref. 42) 

Si-O (Å) 1.56-1.66 

(av=1.60) 

1.58-1.62 

(av=1.60) 

1.60-1.62 

(av=1.61) 

1.59-1.62 

(av=1.61) 

Si-C (Å) 1.78-1.87 

(av=1.82) 
 1.84-1.85 

(av=1.842) 

1.83-1.85 

(av=1.840) 

Si-O-Si (o) 149-178 

(av=160) 

143-164 

(av=155) 

145-158 

(av=151) 

146-173 

(av=157) 

O-Si-O (o) 107-112 

(av=109) 

108-111 

(av=110) 

107-111 

(av=109) 

107-111 

(av=109) 

 
NMR Characterization 
1H, 13C and 29Si solution NMR spectroscopy were used to 

further characterize the structure of the styryl-functionalized T8, 
T10 and T12 cages in solution, and to compare the solution spe-

ciation with that observed in the solid state via X-ray diffrac-
tion. The styryl-T8 

1H NMR spectrum (Figure 7) shows char-

acteristic signals at 7.71 (doublet) and 7.40 ppm (doublet) aris-

ing from the aromatic ring, together with clusters at 6.70 (dou-
blet of doublets), 5.80 (doublet) and 5.28 ppm (doublet) associ-

ated with the vinylic moiety, with the expected 2:2:1:1:1 inten-
sity ratios. The corresponding signals in the case of the styryl-

T10 silsesquioxane move upfield to 7.56 and 7.29 ppm for the 

aromatic protons, although the positions of the signals arising 
from the vinylic protons (6.66 ppm, 5.76 ppm and 5.27 ppm) 

vary to a lesser extent than those of the aromatic signals (Table 

5). A similar phenomenon has also been observed in the case of 
the phenyl-functionalized T8 and T10, with reported resonances 

at 7.75, 7.42 and 7.36 ppm for the T8 system 70 and 7.57, 7.33 
and 7.20 ppm for the corresponding T10 system for the aromatic 

protons 42. This phenomenon is attributed to the increased rota-

tional freedom of the styryl group, which is sterically less hin-
dered on the five-silicon-atom rings of the T10. 

The 1H-NMR spectrum of the styryl-functionalized T12 system 

(Figure 7) reflects the presence of two different silicon sites in 



 

the T12 cage (Figure 6). As expected, the four styryl groups 
linked to 5142 and the eight styryl groups linked to 5241 sites 

each give rise to distinct clusters of NMR signals, with the ex-
pected 1:2 integrated intensity ratio being observed (Figure 7). 

The observed chemical shifts are compared to those observed 

for 43 and 5142 silicons in the corresponding T8 and T10 com-
pounds, respectively, in Table 5. These data clearly highlight 

the impact of Tn ring strain on the observed chemical shifts of 

the phenyl-ring protons, with increasing ring strain leading to a 
corresponding downfield movement in the position of the 1H 

resonances. In contrast, those of the vinyl moiety are less im-
pacted, although a small downfield movement is still observed. 

 

 
Figure 7. 1H NMR spectra of styryl-functionalized T8, T10 and 

T12 cage silsesquioxanes (CDCl3). 
 

 
13C NMR (Figure 8) reveals similar spectra for the three 

structures, with the assignments of signals associated with each 

carbon atom given in Table 6. Each of the two populations of 

non-equivalent silicon sites in the T12 cage gives rise to a sepa-
rate set of signals, as expected.  As few details are available in 

the literature concerning the influence of the type of cage on the 
observed 13C NMR signals, further interpretation and compari-

son of the spectra is difficult, with no systematic trends being 

evident. 
In 29Si NMR, as indicated above, the compounds exhibit dif-

ferent chemical shifts. The T8 and T10 silsesquioxane cages both 
feature geometries in which all silicon atoms are equivalent, and 

hence a single sharp signal would be expected for each of these 

cage silsesquioxanes. The silicon atoms belonging to the three 
4-silicon-atom rings (43) of the T8 cage exhibit a single signal 

at -78.19 ppm (Figure 9 and Table 2). In contrast, silicon atoms 

of the T10 structure belonging to one 5-silicon-atom ring and 
two 4-silicon-atom rings (5142) are observed at a significantly 

different chemical shift compared to the signal from the corre-
sponding T8 structure. In particular, the T10 spectrum yields a 

single signal at -79.59 ppm (Figure 9 and Table 2). Changing 

from a 4-silicon ring to a 5-silicon ring results in a decrease of 
the ring strain 3, 46, 51, and to a corresponding upfield shift in the 

position of the 29Si signal. This effect has now been confirmed 

in multiple cases for such cage silsesquioxanes (Table 2) 37, 38, 

41, 47, 49, 51, including the phenyl-functionalized T8 and T10 sys-

tems for which the 29Si signal is observed at -78.30 70 and -79.60 
ppm 51, respectively. 

 

 
Figure 8. 13C NMR spectra of styryl-functionalized T8, T10 and 
T12 cage silsesquioxanes (CDCl3). 

 
 

 

 
Figure 9. 29Si NMR spectra of styryl-functionalized T8, T10 and 

T12 cage silsesquioxanes (CDCl3). 
 

 

It is also of interest to recall that single-crystal X-ray dif-
fraction studies revealed the presence of two non-equivalent 

Si8O12 cages in the styryl-functionalized T8 system (Figure S5), 

although only one cage type was identified in the corresponding 
T10 system. In contrast, the NMR data suggest that only a single 

cage structure is present in solution for both systems. This sug-
gests that the packing constraints that imposed the T8 defor-

mation in the solid state are relaxed in solution leading to a sin-

gle silicon environment, and hence, to a single signal in the cor-
responding 29Si solution NMR spectrum. 

The 29Si NMR spectrum of the styryl-functionalized T12 

POSS is compared to those of the corresponding T8 and T10 
compounds in Figure 9. Whereas the T8 and T10 compounds 

exhibit only single signals, the T12 cage exhibits two signals at 
-79.45 and -81.29 ppm. As indicated above, earlier work relat-

ing the effect of ring strain in 4- and 5-silicon-atom rings to the 

position of the 29Si NMR resonance concluded that the former 
is more strained than the latter 3, 51, leading to a corresponding 

downfield shift in the position of the resonance. On this basis, 
the 29Si signal at -79.45 ppm is assigned to 5142 silicon atoms, 

while that observed at -81.29 ppm is assigned to 5241 silicon at-

oms. 
 

Table 5. 1H NMR chemical shifts in the solution NMR spectra of styryl-functionalised T8, T10 and T12 cage silsesquioxanes (d, 

doublet; dd, doublet of doublets; m, multiplet). 



 

Chemical shift (ppm) Assignment 

T8 T10 T12  

7.70 – 7.72 (d) 7.55 – 7.57 (d) 
7.55 – 7.53 (d) 

7.43 – 7.41 (d) 
 

7.39 – 7.41 (d) 7.28 – 7.30 (d) 
7.29 – 7.28 (d) 
7.19 – 7.17 (d) 

 

6.67 – 6.74 (dd) 6.63 – 6.70 (dd) 6.67 – 6.60 (m) 
 

5.77 – 5.82 (dd) 5.74 – 5.78 (dd) 5.75 – 5.70 (m) 
 

5.27 – 5.30 (dd) 5.25 – 5.28 (dd) 5.25 – 5.23 (m) 
 

 

 
 

Table 6. 13C NMR chemical shifts in the solution NMR spectra of styryl-functionalised T8, T10 and T12 cage silsesquioxanes. 

Chemical shift (ppm) 

Assignment 

T8 T10 T12 

139.9 139.7 139.6-139.4 
 

136.8 136.8 136.9-136.8 
 

134.6 134.6 134.6-134.5 
 

129.6 130.1 130.5-130.3 
 

125.8 125.7 125.6-125.5 
 

115.2 115.0 115.0-114.9 
 

 

 
IR Characterization 

The FTIR spectra of the styryl-functionalized T8, T10 and 
T12 compounds are included in Figure S8, while the corre-

sponding band positions and assignments are summarized in 

Table S3. All peak positions and full-widths at half-maximum 
(FWHM) were obtained by fitting the spectral profiles with a 

cubic spline baseline function together with Gaussian functions 

for the individual peaks. The spectra exhibit the typical features 
expected for cage silsesquioxanes and styryl moieties and peaks 

may be broadly assigned on the basis of the vibrational modes 
expected for these respective chemical groups. Only minor dif-

ferences are evident in the positions and FWHM of peaks aris-

ing from the styryl species in the T8, T10 and T12 systems, sug-
gesting that the local environments of the styryl species and rel-

ative orientations of the phenyl ring and vinyl group are similar 
in all three systems. 

It is evident from Figure S8 that the spectral profile of the 

T8 cage (with exclusively 43 silicon sites) is somewhat broader 
than that of the T10 system (with only 5142 silicon sites). This 

might arise either from the presence of two non-equivalent 

cages in the solid state (to optimize the packing of the mole-
cules, as identified by single crystal XRD), and/or the higher Si-

O bond strain in the T8 system (see above), leading to broader 

peak profiles. Similarly, the T12 cage profile is also significantly 

broader than that of the T10 system, since the former contains 
two non-equivalent silicon sites (5142 and 5241), resulting in a 

more complex profile with overlapping peaks. 

 

3. CONCLUSIONS 

In summary, we report the synthesis and characterization of 
three new styryl-functionalized Tn cage silsesquioxanes (T8, T10 

and T12) in which styryl groups are linked to all n vertices of the 

Tn compounds via the phenyl groups. A key feature of the 
styryl-functionalized Tn cages when compared to their vi-

nyl-functionalized analogues is that the phenyl group acts as a 
spacer, thus ensuring that the vinyl group of the styryl is much 

less sterically hindered, and hence is more available for 

post-functionalization on all n vertices of the Tn cage.  
The T8 compound exhibits non-equivalent Si8O12 cages in 

the solid state, with the different geometries being adopted to 
optimize the packing of the molecules in the solid state. In con-

trast, only single populations of SinO3n/2 cages are evident in the 

corresponding T10 and T12 solid-state systems. In all three cases, 
multinuclear solution NMR studies (1H, 13C and 29Si) indicated 



 

that single populations of symmetrical, well-defined cages 
(with ideal Oh, D5h and D2d symmetries for T8, T10 and T12 cages, 

respectively) were present. 
As a consequence of the lower steric hindrance of the vinyl sites 

on these new cage silsesquioxanes compared to those of previ-

ously reported vinyl-functionalized analogues, we envisage that 
these new precursors will serve as building blocks for produc-

ing nano-structured materials with potential application in di-

verse fields. The synthesis of such materials will be explored in 
future studies. 

 

4. EXPERIMENTAL SECTION 

4.1 Chemicals and purification methods. Tetrabu-
tylammonium fluoride (TBAF, 1 M solution in THF (contain-

ing 5% H2O), (4-vinylphenyl)trimethoxysilane and dichloro-

methane (DCM, Analytical Grade) were obtained from Sigma 
Aldrich, TCI and VWR, respectively, and were used without 

further purification. All syntheses were undertaken using 

HPLC-quality water.  
The products obtained were purified by recrystallization in 

toluene/pentane (VWR, normapur and pure 95%, respectively) 
and by flash chromatography in a Buchi Reveleris X2 flash 

chromatography system, equipped with evaporative light-scat-

tering detection (ELSD) and 254-nm light source, using a mix-
ture of DCM/cyclohexane (VWR, technical grade). 

4.2 Silsesquioxane cage synthesis. In a round bottom flask, 
a solution of trimethoxy(4-vinylphenyl)silane (3.7 mL, 17.5 

mmol) in DCM (400 mL) was prepared. Water (160 µL, 

8.75 mmol) was added to the previous solution, followed by the 
dropwise addition of the TBAF solution in THF (10 mL, 10 

mmol). The reaction mixture was held at 30 °C for 48 h. Anhy-

drous CaCl2 (1.2 g, 11 mmol) was added to the solution and 
suspended for 16 h. The resulting crude product was filtered, 

washed three times with water (300 mL aliquots), and dried 
over Na2SO4. The solvent was then evaporated under reduced 

pressure. The crude reaction product contained T8, T10 and T12 

cage silsesquioxanes (as revealed by 1H NMR) which were frac-
tionally recrystallized in a mixture of toluene/pentane to obtain 

T8, T10 and T12 crystals. The supernatant was then evaporated 

and the resulting solid purified by flash column chromatog-
raphy with DCM/cyclohexane 20/80 (by volume) to obtain the 

remaining styryl-functionalized T8, T10 and T12 products.  
Octastyryl silsesquioxane (white powder): Yield:  11.8%. 1H 

NMR (400 MHz, CDCl3, δ, ppm): 7.71 (d, CHar, 16H, J =  8.1 

Hz), 7.40 (d, CHar, 16H, J = 8.1 Hz), 6.70 (dd, CHvi, 8H, J1 = 
17.6 Hz, J2 =  11.4 Hz), 5.80 (d, CHvi, 8H, J1 = 17.6 Hz, J2 =  0.8 

Hz), 5.28 (d, CHvi, 8H, J1 = 11.4 Hz, J2 =  0.8 Hz). 13C NMR 

(100 MHz, CDCl3, δ, ppm): 139.92 (Car), 136.76 (CviH), 134.59 
(CarH), 129.56 (Car), 125.81 (CarH), 115.19 (Cvi H2). 

29Si NMR 

(80 MHz, CDCl3, δ, ppm): -78.19. MALDI-MS: m/z: calculated 
for C64H56O12Si8 (M+Na): 1263.18; found: 1263.14. 

Decastyryl silsesquioxane (white powder): Yield:  9.8%. 1H 

NMR (400 MHz, CDCl3, δ, ppm): 7.56 (d, CHar, 20H, J = 8.3 
Hz), 7.29 (d, CHar, 20H, J = 8.3 Hz), 6.66 (dd, CHvi, 10H, J1 = 

17.6 Hz, J2 =  10.8 Hz), 5.76 (d, CHvi, 10H, J1 = 17.6 Hz, J2 =  
0.9 Hz), 5.27 (d, CHvi, 10H, J1 = 10.8 Hz, J2 =  0.9 Hz). 13C 

NMR (100 MHz, CDCl3, δ, ppm): 139.70 (Car), 136.83 (CviH), 

134.55 (CarH), 130.05 (Car), 125.70 (CarH), 115.04 (Cvi H2). 
29Si 

NMR (80 MHz, CDCl3, δ, ppm): -79.59. MALDI-MS: m/z: cal-

culated for C80H70O15Si10 (M+Na): 1573.23; found: 1573.24. 

Dodecastyryl silsesquioxane (white powder): Yield:  2.5%. 1H 
NMR (400 MHz, CDCl3, δ, ppm): 7.54 (d, CHar, 8H, J= 8.0 Hz), 

7.42 (d, CHar, 16H, J= 8.1 Hz) , 7.29 (d, CHar, 8H, J= 8.0 Hz), 
7.18 (d, CHar, 16H, J= 8.1 Hz),  6.69 (m, CHvi, 12H), 5.78 (m, 

CHvi, 12H), 5.24 (m, CHvi, 12H). 13C NMR (100 MHz, CDCl3, 
δ, ppm): 139.59 (Car), 139.39 (Car), 136.86 (CviH), 136.82 

(CviH), 134.59 (CarH), 134.48 (CarH), 130.48 (Car), 130.28 

(Car), 125.64 (CarH), 125.52 (CarH), 115.00 (CviH2), 114.87 
(CviH2). 

29Si NMR (80 MHz, CDCl3, δ, ppm): -79.45, -81.29. 

MALDI-MS: m/z: calculated for C96H84O18Si12 (M+Na): 

1884.3; found: 1884.1. 
4.3 Characterization methods. FTIR spectra were rec-

orded from 650 to 4000 cm-1 using a PerkinElmer Spectrum 100 
equipped with a Gladia-ATR accessory. The spectral profiles 

were fitted with Gaussian functions using the Fityk software 

package (Version 1.3.1, freeware downloaded from 
http://fityk.nieto.pl). 

MALDI-MS spectra were acquired using a Bruker RapifleX 

spectrometer with dithranol/sodium trifluoroacetate as desorp-
tion matrix.  

Liquid 1H, 13C and 29Si NMR spectra were recorded on a 
Bruker Avance 400 MHz spectrometer in CDCl3 at room tem-

perature and at concentrations of around 10 mg/mL. All 29Si and 
13C spectra were proton decoupled and chemical shifts (δ) were 
calibrated against the signal of tetramethylsilane as internal 

standard.  

Single crystal X-ray diffraction data for the styryl-function-
alized T8 and T10 compounds were obtained on a Rigaku Oxford 

Diffraction Gemini-S diffractometer with sealed-tube Mo-Kα 
radiation using the CrysAlis Pro program (Rigaku Oxford Dif-

fraction, 2017). The data collections were carried out at 175 K.  

The integration of the data frames was done with the same pro-
gram using default parameters. Lorentz and polarization effects 

were also corrected, and the empirical absorption correction 
was done using spherical harmonics employing symmetry-

equivalent and redundant data. The crystal evaluation and data 

collection for the styryl-functionalized T12 was carried out at the 
XRD1 beamline of the Elettra synchrotron (Lausi et al 71) on a 

serial Huber kappa goniometer at a wavelength  of λ = 0.7000 

Å. Frame integration and scale and absorption corrections were 
done with XDS (Kabsch 72) and space group assignment was 

provided by Pointless from the CCP4 software suite (Winn et al 
73). Because of the very weak scattering, a data collection for 

five different crystals was done, and the best data set was se-

lected for structure solution and refinement. The maximum data 
resolution was not better than 1.1 Å, but the structure could im-

mediately be solved by dual space methods. 

The crystal structures were solved using the ab-initio itera-
tive charge flipping method with parameters described by Van 

der Lee 74 and using the Superflip program 75, 76. The structural 
models were refined against |F| using full-matrix non-linear 

least-squares procedures as implemented in CRYSTALS 76 on 

all independent reflections with I>2σ(I). Complete data were 
collected up to 1 Å resolution, because data beyond that resolu-

tion were mostly below the 2σ(I) threshold. 
When the vinyl groups on the cluster surface of the structure 

(T8) were poorly identified in the electron density map, the frag-

ments were modeled with soft distance restraints on the double 
and single bond. The distances used for this modeling were 

taken from the mean values found for 15 vinylbenzyl entries in 

the Cambridge Structural Database 67 (data collection tempera-
ture between 160 and 190 K, R-factor below 0.07, and heaviest 

element Cl). Thermal similarity restraints were also applied to 
the carbon atoms in the vinyl groups for modeling. 

http://fityk.nieto.pl/


 

The Squeeze procedure 77 was used to model the contribu-
tions of the solvent electron density to the total scattering. The 

atoms of the remaining solvent molecules were refined with iso-
tropic atomic displacement parameters. Many of the H atoms 

were located in a difference map but repositioned geometri-

cally. The H atoms were initially refined with soft restraints on 
the bond lengths and angles to regularize their geometry (C–H 

in the range 0.93-0.98 Å) and Uiso(H) (in the range 1.2-1.5 times 

Ueq of the parent atom). Then, the positions were refined with 
riding constraints 78 and other hydrogen atoms were positioned 

geometrically. 
The root-mean-square deviation of atomic position values 

of the clusters were calculated using Mercury 79. Voids were 

also calculated using contact surface maps with a probe of 1.2 
Å radius and a grid spacing of 1 Å. These voids give an estimate 

of the volume that could be filled by solvent or guest molecules 
80. 

CCDC 1983366-1983368 contain supplementary crystallo-

graphic data for this paper. These data may be obtained free of 
charge from The Cambridge Crystallographic Data Centre via 

http://www.ccdc.cam.ac.uk/data_request/cif.  
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