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Abstract 
Previous studies have demonstrated that functionalised T8 polyhedral oligomeric silsesquioxanes with 
fluoride anions encapsulated within the T8 cage (T8-F) have very low reactivity, with no reports of 
successful modification of the organic moieties. Herein, we report the successful modification of a 
styryl functionalised T8-F compound with mercaptopropyltriethoxysilane using a thiol–ene click 
reaction. This strategy enables the vinyl moiety to be modified while maintaining the influence of the 
electron-withdrawing phenylene group, which stabilises the fluoride within the cage. The 
triethoxysilylated T8-F cages were subsequently converted into nanohybrids by sol–gel processing. 
Multinuclear NMR experiments (29Si, 19F, 13C) demonstrated that the POSS cage remained intact during 
both post functionalisation of T8-F and subsequent sol-gel processing. Furthermore, 29Si cross 
polarisation solid state NMR experiments using 19F as a cross polarisation agent demonstrated that the 
fluoride anions remain localised within the cages in the nanohybrids. The functionalisation of the styryl 
bearing T8-F POSS cage is the first example of both the successful modification of the poorly reactive 
T8-F family and the formation of a nanohybrid material incorporating fluoride ions immobilised within 
covalently bound T8 cages. 
 

1. Introduction 
Since their discovery in the 1940s and 1950s,1,2 polyhedral oligomeric silsesquioxanes (POSS) have 
commanded significant interest within the chemistry, biomedical and materials communities. The Tn 
POSS family, also referred as Tn cage silsesquioxanes, are composed of a polyhedral silsesquioxane 
cage, (SiO1.5)n, with functional organic branches covalently bonded to the vertices of the cage. The 
value of n can vary from n = 8, 10, 12, etc., with T8 compounds (featuring a central void of 0.3 to 0.5 
nm3–5) being the most commonly described. The organic moieties direct the functionalisation and 
reactivity of Tn compounds, and enable the cages to be modified by a palette of reaction including 
metathesis,6–8 Heck coupling,9,10 hydrosilylation,11 thiol–ene click12–14 or polymerisation.15–18 A diverse 
range of applications for Tn cage systems have now been investigated, including bio/nanomedicine,19–

25 catalysis,26–29 optoelectronics,30 polymer chemistry,31–33 and optical and sensing applications.33–36 
Postfunctionalised Tn compounds have also been incorporated into self-organised systems,37–41 organic 
polymer-based nanohybrids,31,33,42–45 POSS micelles and templated POSS systems leading to 
mesoporous materials with embedded T8 cages.46–48 In 2003, Bassindale’s group reported a new T8 
cage silsesquioxane, in which a fluoride anion was entrapped within the central T8 void, leading to the 
emergence of the T8-F POSS family.49 It was subsequently demonstrated that such compounds can be 
obtained when the T8 cage is functionalised with electron-withdrawing organic groups, but not with 
electron-donating species.50 For example, in the case of electron-donating sp3-hybridised organic 
groups, T8 cages without encapsulated fluoride were obtained while with electronwithdrawing sp3 or 



sp2 hybridised groups, T8-F compound were formed. In addition, attempts to modify the organic 
substituents linked to the T8-F cage via reactions typically used in organic synthesis were found to be 
unsuccessful.51 To the best of our knowledge only one report of the modification of organic moieties 
linked to T8-F cages, using electrochemical techniques, has appeared.52 However, the integrity of the 
T8-F cages was not demonstrated,52 and no additional examples of successful modification of intact T8-
F cages could be found. A consequence of the difficulties encountered with post-functionalisation of 
the T8-F family has been limited progress in exploring potential applications for such compounds over 
the past two decades. In a previous study, we reported the synthesis of new styryl-based cage 
silsesquioxanes (Tn with n = 8, 10, 1253 or 1854), where the styryl group is bonded to all n vertices of the 
cages via the phenylene moiety. Subsequently, we described the preparation of the corresponding 
styryl-functionalised T8-F compound,55 whose formation was facilitated by the presence of the 
electron-withdrawing group linked to the vertices of the T8 host. Herein, we investigate different 
potential approaches to functionalise the T8-F cage and describe the successful modification of the 
styryl-bearing T8-F molecule via grafting of a triethoxysilyl moiety using a thiol–ene click reaction,56,57 
without loss of fluoride from the T8-F cage. The styryl/thiol–ene platform enables a much wider variety 
of reactive functional groups to be grafted onto the T8-F cage, including electron-donating groups that 
cannot usually be covalently bound to T8-F. We then demonstrate an example of potential 
approaches57 for converting the reactive modified T8-F precursor into a material, using sol–gel 
processing to produce an organic-inorganic hybrid in which the T8-F cages remain intact. To the best 
of our knowledge, this constitutes the first report of a material incorporating intact T8-F cage 
silsesquioxanes. 
 

2. Experimental 
2.1 Chemicals and purification methods 
Tetrabutylammonium fluoride (TBAF, 1 M solution in THF (containing 5% H2O)), (4-
vinylphenyl)trimethoxysilane and dichloromethane (DCM, Analytical Grade) were obtained from 
Sigma Aldrich, TCI and VWR, respectively, and were used without further purification. 
Azobisisobutyronitrile (AIBN) was purchased from Sigma-Aldrich and was recrystallised. 3-
Thiopropyltriethoxysilane was purchased from Fluorochem and was distilled prior to use. All syntheses 
were undertaken using HPLC-quality water. 
 
2.2 Synthesis of triethoxysilylated functionalised T8-F from styryl-functionalised T8-F 
The synthesis of styryl-functionalised T8-F has been previously described.55 In a flame dried Schlenk 
flask equipped with a Teflon rotaflos tap, styryl-functionalised T8-F (250 mg, 167 mmol, 1 eq.) and AIBN 
(10.5 mg, 64.0 mmol, 0.5 mol%) were dissolved in dry chloroform (2.5 mL) under an inert atmosphere. 
The mixture was heated to 40 °C. 3-Thiopropyltriethoxysilane (320 mL, 1.33 mmol, 8 eq.) was then 
added dropwise and the temperature was increased to 60 °C. The mixture was stirred at 60 °C 
overnight and the solvent was then evaporated. The excess of 3-thiopropyltriethoxysilane was 
removed by washing the oil product with dry pentane. The excess of solvent was finally evaporated to 
yield a yellowish oil in nearly quantitative yield. 1,3,5,7,9,11,13,15-Octakis(4-(2-((3-
(triethoxysilyl)propyl)thio)ethyl)-phenyl)-2,4,6,8,10,12,14,16,17,18,19,20-dodecaoxa-
1,3,5,7,9,11,13,15-octasilapentacyclo[9.5.1.13,9.15,15.17,13]icosane fluoride, tetrabutylammonium 

salt (C152H268O36Si16S8NF, yellowish oil): 1HNMR (400 MHz, CDCl3, , ppm): 7.73–7.71 (, CHar, 16H, J = 

7.8 Hz), 7.10–7.08 (, CHar, 16H, J = 7.8 Hz), 3.83–3.78 (q, Si-O-CH2-CH3, 48H, J = 7.0 Hz), 2.82–2.80 (t, 
Ph-CH2-CH2-S, 16H, J = 4.5 Hz), 2.73–2.69 (t, Ph-CH2-CH2-S, 16H, J = 4.5 Hz), 2.59–2.55 (t, S-CH2-CH2- 
CH2-Si, 16H, J = 7.4 Hz), 2.27 (m, NBu4, 8H), 1.75–1.67 (quint, S-CH2-CH2-CH2-Si, 16H, J = 7.4 Hz), 1.23–
1.19 (q, Si-O-CH2-CH3, 72H, J = 7.0 Hz), 0.83 (m, NBu4, 8H), 0.76–0.72 (t, S-CH2-CH2-CH2- Si, 16H, J = 7.4 

Hz), 0.69 (m, NBu4, 12H). 13C NMR (100 MHz, CDCl3, , ppm): 140.94 (Car), 135.55 (Car), 134.75 (CHar), 
127.29 (CHar), 58.40 (ethoxy, NBu4), 36.55 (Ph-CH2), 35.20 (CH2-S), 33.41 (CH2-S), 23.54 (NBu4), 23.24 

(CH2), 19.46 (NBu4), 18.34 (ethoxy), 13.68 (NBu4), 9.95 (Si-CH2). 19F NMR (380 MHz, CDCl3, , ppm): -



25.16. 29Si NMR (80 MHz, CDCl3, , ppm): -45.79 (Si(OEt)3), -81.39 (cage, , J = 2.4Hz). IR(, cm-1): 2973–
2884 (CH2 and CH3), 1605 (C–C ring), 1072 (Si–O–Si). 

MALDI-MS: m/z: calculated for (M + Na + H): 3188.1; found: 3188.0 (N.B.: during acquisition of 
the MALDI-MS spectrum, a cation exchange process occurs, resulting in substitution of the TBA+ ion by 
a sodium ion. The observed m/z is thus characteristic of (M + Na + H) rather than the expected (M + 
TBA)). 

 
2.3 Synthesis of T8-F gel 
 
In a flame dried Schlenk flask, the solution of triethoxysilylated T8-F cage in chloroform (568.0 mg, 
0.166 mmol, 1 eq.) was evaporated and then dissolved in dry THF (2.0 mL). Water (24 mL, 1.3 mmol, 8 
eq.) and TBAF (27 mL, 27 mmol, 0.16 eq.) were then successively added under stirring. After 3 min, the 
agitation ceased due to the rapid gelation of the mixture. After three days of ageing, the solid was 
crushed and washed three times with water and then acetone. The product was dried overnight under 
vacuum and recovered as a yellowish powder (350 mg). T8-F Gel (yellowish powder): 13C NMR (75 MHz, 

CP-MAS, , ppm): 140.5 (Car), 134.8 (CHar), 127.3 (CHar), 58.6 (residual ethoxy), 35.4, 24.0, 13.0. 19F NMR 

(565 MHz, , ppm): -21.9. 29Si NMR (60 MHz, , ppm): -60.0 (alkylene T2), -66.4 (alkylene T3), -79.3 

(cage). IR (, cm-1): 1606 (C–C ring), 1066 (Si–O–Si). 
 

2.4 Characterisation methods 
 

FTIR spectra were recorded from 650 to 4000 cm-1 using a PerkinElmer Spectrum 100 equipped with a 
Gladia-ATR accessory. MALDI-MS spectra were acquired using a Bruker RapifleX spectrometer with 
dithranol/sodium trifluoroacetate as desorption matrix. Liquid 1H, 13C, 19F and 29Si NMR spectra were 
recorded on a Bruker Avance 400 MHz spectrometer in CDCl3 at room temperature and at 
concentrations of around 10 mg mL-1. 29Si[1H] and 13C[1H] solid-state NMR spectra were obtained on a 
VARIAN VNMRS 300 MHz spectrometer. 29Si[1H] CP-MAS (cross polarisation magic angle spinning) 
spectra were recorded with a 5 ms contact time, a 5 s recycle delay and a 6 kHz spinning rate. For 
13C[1H] CP-MAS spectra, a contact time of 0.5 ms, a recycle delay of 3 s and spinning rate of 12 kHz 
were used. 19F and 29Si[19F] solid-state NMR spectra were measured on a VARIAN VNMRS 600 MHz 
spectrometer. 19F spectra were acquired using SP-MAS (single pulse magic angle spinning) techniques 

with a 3 s /2 pulse, a 60 s recycle delay and a 25 kHz spinning rate. For 29Si[19F] CP-MAS spectra, a 
contact time of 15 ms, a recycle delay of 10 s and spinning rate of 8 kHz were used. On both 
spectrometers, spectra were acquired using a 3.2 mm VARIAN T3 MAS probe with ZrO2 rotors and were 
calibrated using secondary references: Q8M8H (octa(dimethylsiloxy)- octasilsesquioxane) for 29Si (left 
line at -2.25 ppm); adamantane for 13C (left line at 38.5 ppm); and PTFE (polytetrafluoroethylene) for 
19F (line at -122.3 ppm). 

Thermogravimetric analyses (TGA) were carried out between 25 and 900 °C, using a heating 
rate of 10 °C min-1. The gel samples were analysed using a TA Instruments Q50 apparatus with an air 
flow of 60 mL min-1 (T8 and T8-F gels), while the styryl-functionalised T8-F POSS was analysed using a 
Netzsch STA 409 Luxx® instrument in static air. A Micromeritics ASAP 2020 instrument was used for 
the determination of nitrogen physisorption isotherms at -196 °C. The samples were activated at 100 
°C for 3 days under secondary vacuum prior to analysis. Transmission electron microscopy (TEM) 
images were recorded on a JEOL 1400 + microscope operating at 120 kV with a LaB6 source. Samples 
were prepared by deposition on Formvar/ Carbon 300 MeshTEM grids (FCF300-Cu-50). 
 

3. Results and discussion 
 
3.1 Functionalisation of octastyryl T8-F 
 



As indicated above, there has been only one prior report addressing the post-functionalisation of the 
T8-F system via electrochemical techniques, although the integrity of the T8-F cage was not 
demonstrated in that earlier work.52 Indeed, in allreports to date, reactions that have been successfully 
used to modify organic ligands on organo-functionalised Tn POSS compounds have led to the 
degradation of the POSS cage in the case of T8-F compounds. For example, Taylor et al. Investigated 
the use of bromination, hydrosilylation, cycloaddition and cross metathesis reactions of the vinyl group 
on a vinyl-functionalised T8-F compound.51 The former two reactions resulted in the degradation of the 
cage, while the fluoride was found to deactivate the alkene dienophile of the addition reaction. In the 
case of the metathesis reaction, it was assumed that the TBA+ cation led to deactivation of the Grubbs 
catalyst, thus preventing the reaction from proceeding.51 In our work, preliminary scoping experiments 
using hydrosilylation and Heck coupling reactions led to a mixture of impure compounds, and hence 
these approaches were not pursued further (ESI,† Fig. S1–S3). Similarly, although the metathesis 
reaction yielded a modified product, characterisation studies indicated that the structure of the T8-F 
cage had been modified (ESI,† Fig. S4 and S5), and hence this strategy was also abandoned. In contrast, 
preliminary experiments involving the use of a thiol–ene click reaction suggested that this strategy 
could be used to modify the vinyl group without degrading the T8-F cage. Indeed, the fluoride anion 
remains entrapped within the cage due to the presence of the electron-withdrawing phenylenemoiety. 
Accordingly, we investigated the functionalisation of the styryl-functionalised T8-F cage with 3-
thiopropyltriethoxysilane using a thiol–ene click reaction, as shown in Fig. 1, to produce a 
triethoxysilylated derivative. 
 

 
 
Fig. 1 Synthesis of triethoxysilylated T8-F cage via thiol–ene click reaction and production of hybrid silica gel. For clarity, the 
functional group is shown on only one vertex of the cages. 

 
Our initial approach followed a procedure described by Bivona et al.,28 using toluene as a solvent. 
However, due to the low solubility of styryl-functionalised T8-F in toluene, the reaction was carried out 
in dry chloroform, with AIBN as the radical initiator. The MALDI mass spectrum of the product 
obtained, Fig. S6 (ESI†), exhibits a peak at 3188.0 m/z, which is attributed to an adduct formed between 
the target molecule (3164.1 m/z), Na and H (M + Na + H, expected m/z = 3188.1). The 1H solution NMR 
spectrum of the product obtained (Fig. 2), illustrates the loss of the signal arising from the vinylic 
protons at around 6.7 ppm (Fig. S7, ESI,† 55), together with the appearance of new signals at 2.81 and 
2.72 ppm arising from the –S–CH2–CH2– moiety, indicating completion of the thiol–ene click reaction 
and functionalisation of all eight styryl groups. The signals arising from the aromatic protons are also 
shifted from 7.73 and 7.31 ppm for the styryl-functionalised T8-F cage to 7.72 and 7.09 ppm, 



respectively, for the triethoxysilylated product. Signals arising from the propyl moiety are observed at 
2.57, 1.71 and 0.74 ppm together with those of the ethoxy groups at 3.80 and 1.22 ppm. It should be 
noted that a singlet observed at around 1.71 ppm, which overlaps the signals associated with the 
propyl group, arises from AIBN. In addition, the signals associated with the TBA+ counter ion are still 
seen at 2.26, 0.80 and 0.68 ppm. The integration of the various signals is consistent with the proposed 
product (Fig. 2). 
 

 
Fig. 2 Solution 1H NMR spectrum of the triethoxysilylated functionalised T8-F cage. For clarity, the functional group is shown 
on only one vertex of the cages. 
 

19F solution NMR spectroscopy confirms the retention of the fluoride in the cage (Fig. 3 and 
Fig. S8, ESI†), with the signal observed at -25.16 ppm being characteristic of the T8-F cage.49,51,55,58 In 
particular, styryl-functionalised T8-F exhibits a signal at-25.17 ppm55 prior to thiol–ene grafting. 
Additional signals are also evident on the base of the main peak, with the strongest of these being 
observed at -25.43 ppm. The complete conversion of the vinyl groups initially present on the styryl-
functionalised T8-F confirms that the latter signal does not arise from a partially functionalised cage 
(i.e. all eight styryl groups have been functionalised). Although these weak signals cannot be 
unambiguously attributed on the basis of the available data, their chemical shifts confirm that they still 
correspond to an encapsulated fluoride anion, and they are tentatively assigned to oligomeric species 
arising from styryl oligomerisation catalysed by AIBN (see Section 1.5 in the ESI†). 
 

 
Fig. 3 Solution 19F NMR spectrum of the triethoxysilylated functionalised T8-F cage. For clarity, the functional group is shown 
on only one vertex of the cages. 



The 29Si solution NMR spectrum (Fig. 4 and Fig. S9, ESI†) is also consistent with the formation 
of the expected product. A signal arising from the triethoxysilylated moiety is observed at -45.79 ppm, 
while that associated with the silsesquioxane cage is seen as a doublet at -81.39 ppm (JSi–F = 2.4 Hz). 
The latter chemical shift and coupling constant are similar to those observed for the styryl-
functionalised T8-F (-81.49 ppm; JSi–F = 2.5 Hz, Fig. S9, ESI,† 55). Weak signals associated with small 
quantities of by-products and impurities are also observed at the base of the signals arising from the 
T8-F cage, which probably arise fromoligomeric species associated with the 19F NMR signal observed at 
-25.43 ppm. 
 

 

 
 

Fig. 4 Solution 29Si NMR spectrum of the triethoxysilylated functionalised T8-F cage. For clarity, the functional group is 
shown on only one vertex of the cages. 
 

The FTIR spectrum of the product (Fig. S10, ESI†) is also consistent with the proposed structure. 
In particular, a sharp Si–O–Si stretching band at 1072 cm-1, characteristic of a well-defined cage 
silsesquioxane is observed, which is similar to that previously reported for the styryl-functionalised T8-
F compound.55 The loss of the CQC stretching mode at 1628 cm-1 associated with the vinyl group 
initially present on the styryl moiety is consistent with the hydrothiolation of the double bond. In 
addition, a weak peak is observed at 692 cm-1 (see inset to Fig. S10, ESI†) which is tentatively assigned 
to the C–S stretching mode.59,60 The weak peak observed at around 3680 cm-1 is attributed to small 
quantities of isolated silanol species, which were presumably formed by hydrolysis of the ethoxy 
groups during acquisition of the spectra and associated exposure to atmospheric moisture. The flat 
spectral response observed from 3100 to 3600 cm-1 indicates that there are no H-bonded water, 
alcohol, or H-bonded silanol species in the precursor. In addition, a weak signal arising from the minor 
hydrolysis product can be observed in the 29Si NMR spectrum of the precursor, upfield to the main T0 
peak at -45.69 ppm, when the sample is exposed to atmospheric water vapour. The intensity of the 
weak signal (not seen in Fig. 4) increases with increasing exposure to atmospheric moisture, confirming 
that it is not an intrinsic feature of the precursor compound and is an artefact arising from hydrolysis. 
Finally, a possible attribution of the minor signals observed in the 29Si and 19F NMR spectra (at -81.58 
and -25.43 ppm, respectively) to the small quantity of hydrolysed species observed by FTIR may be 
discounted, in view of the fact that these hydroxyls are located more than 10 atoms distant from the 
silsesquioxane cage. 
 

3.2 Formation of gels incorporating intact T8-F silsesquioxane cages 
 
As indicated above, there now exists a rapidly growing body of work on the incorporation of 
functionalised Tn cages into a variety of materials, with many such systems and corresponding 



applications summarised in a recent review.33 However, materials incorporating intact T8-F cages have 
not been unambiguously demonstrated previously. Hence a key goal of this work was to highlight an 
example of the successful conversion of the reactive precursor produced via the styryl/thiol–ene 
reaction platform into a nanohybrid material with retention of the T8-F moieties. Accordingly, we next 
investigated the fluoride-catalysed conversion of the precursor into a gel via sol–gel processing, as 
illustrated in Fig. 1. 

The TEM micrograph of the material obtained, Fig. S11 (ESI†), is consistent with a dense, 
relatively uniform structure, with no porosity being evident. This was confirmed by N2 physisorption, 
with the low quantities of gas adsorbed precluding any meaningful analysis of porosity or surface area. 

Retention of the fluoride species within the T8 cages embedded in the hybrid network was 
confirmed by 19F SP-MAS NMR spectroscopy, which revealed a single broad signal centred at -21.9 ppm 
(Fig. 5, top). This is shifted downfield compared to the chemical shift of the styryl-functionalised T8-F 
(-25.17 ppm55) and the triethoxysilylated precursor (-25.16 ppm, Fig. 3) in the corresponding solution 
NMR spectra. The width of the signal compared to the solid state NMR signal of the styryl T8-F,55 
together with the asymmetry on the downfield side, also suggests that the T8-F cages experience a 
range of different environments within the gel matrix, consistent with a disordered gel structure. A 
broad signal is also evident at -132.0 ppm (Fig. S12, ESI†), which is attributed to residual TBAF not 
removed during washing of the gel, following earlier reports of a similar feature at -129 ppm in the 19F 
NMR spectrum of a POSS system incorporating TBAF.61 

 
 

 
 
 
Fig. 5 19F SP-MAS (top) and 13C CP-MAS (bottom) solid state NMR spectra of the T8-F gel. 
 



The 13C CP-MAS NMR spectrum of the gel (Fig. 5, bottom) exhibits the expected signals arising 
from the phenylene moiety linked to the T8-F cage at 140.5, 134.8 and 127.3 ppm.55 Aliphatic CH2 
groups from the ethyl and propyl branches (the latter arising from the thiopropyl moiety), together 
with the TBA+ cation, are also observed as a cluster of signals between 35.4 and 13.0 ppm. In addition, 
the spectrum indicates that hydrolysis is not complete, as demonstrated by the presence of signals 
arising from residual ethoxy groups at 58.6 ppm and in the aliphatic signal cluster between 35.4 and 
13.0 ppm. 

Silicon species associated with both the gel matrix and the intact T8-F cage are clearly evident 
in the 29Si MAS spectra of the gel (Fig. 6). In particular, the spectrum obtained by cross polarisation 
using the 1H nucleus (Fig. 6, middle) exhibits signals associated with T2 (R–Si(OX)O, X = H, Et) and T3 (R–
SiO1.5) species at -60.0 and -66.4 ppm, which arise from hydrolysis and condensation of the 
thiopropyltriethoxysilylated moiety. An additional signal associated with this network is also observed 
as a weak shoulder downfield to the T2 signal, which is attributed to the corresponding T1 species. The 
observation of T2 and T1 species is consistent with the 13C NMR spectrum, which indicated that 
hydrolysis was not complete. The additional narrow signal observed at -79.3 ppm is unambiguously 
attributed to the T3 Si species, functionalised with aromatic moieties, that comprise the fully intact T8-
F silsesquioxane cages. It is interesting that the chemical shift observed for these latter species is 
shifted downfield compared to the values obtained for styryl-functionalised T8-F (-80.72 and -81.2355), 
as previously observed for the corresponding T8 and T10 gel systems.57 This deshielding is also similar 
to that observed in the associated 19F solid-state NMR spectrum. The 1H cross polarised 29Si NMR 
spectrum of the corresponding T8 gel57 is also shown for comparison in Fig. 6 (top). It should be noted 
that the T8 gel was prepared under acid-catalysed conditions, whereas the T8-F product was prepared 
using nucleophilic catalysis. As expected, the relative abundance of aliphatic T3 species in the case of 
the T8-F gel is higher than that in the T8 gel (where T2 and T1 species predominate), due to the higher 
extent of condensation expected for nucleophilic catalysis compared to acid-catalysed conditions.62 
The T8 cage resonance for the T8 gel (-76.3 ppm) is also downfield with respect to that of the T8-F cage 
(-79.3 ppm), as is typically observed for these systems in liquid NMR spectroscopy.55 
 

 
 

Fig. 6 29Si CP [1H] of the T8 gel (top57); compared with 29Si CP [1H] (middle) and 29Si CP [19F] (bottom) MAS solid state NMR 
spectra of the T8-F gel. 
 

In order to unambiguously confirm the retention of the fluoride ion within the T8 cage of the 
T8-F gel, an additional solid state 29Si cross polarisation NMR experiment was performed using the 
fluoride signal observed at -21.9 ppm in the 19F NMR spectrum for polarisation transfer (Fig. 6, bottom). 
In this latter 29Si CP-MAS NMR experiment, a single signal at -79.3 ppm can be seen. This signal 



corresponds to the T3 silicon species of the T8-F cage and appears at the same chemical shift as in the 
corresponding 29Si CP-MAS NMR spectrum with 1H polarisation transfer (Fig. 6, middle). In addition, as 
expected, the T2 and T3 signals associated with the hydrolysed triethoxysilyl group are no longer 
observed when using 19F as the polarisation transfer nucleus, since the corresponding silicon atoms do 
not interact with the fluoride anion. These observations further confirm the retention of the fluoride 
in the T8-F cages and show that the cage was not degraded during the synthesis of the gel. 

In our earlier study,55 we demonstrated the enhanced stability of the styryl-functionalised T8-F 
POSS under conditions that had been previously shown to release the fluoride anion from the POSS 
cage in other T8-F compounds. This stability might also contribute to the retention of the fluoride ion 
within the intact POSS structure during the thiol–ene click reaction and subsequent sol–gel processing. 

Thermal decomposition of POSS compounds has been the subject of several studies.63–66 For 
example, octaphenylfunctionalised T8 POSS was found to retain 95% of its initial mass up to 471 °C 
under an air atmosphere, with substantial decomposition subsequently observed from 500 to 700 ° C 
by Blanco et al.63 A similar result was reported by Fan and Yang,64 who indicated that the onset of 
thermal decomposition was 465 °C in the octaphenyl T8 POSS system. T8 silsesquioxane cages 
functionalised with aliphatic groups such as aminopropyl chains also exhibit relatively high 
decomposition temperatures, with the onset of decomposition of the POSS cage being observed at 
around 425 °C.65 In this latter case, a mass loss at lower temperatures (<200 °C) was attributed to the 
desorption of water bound to the hydrophilic aminopropyl groups. A model to predict the onset of 
thermal decomposition in organo-functionalised T8 POSS compounds has also been reported.66 

However, as far as we are aware, there have been no reports of the thermal-decomposition 
characteristics of T8-F POSS compounds. 

The thermogravimetric analyses of T8-F POSS, together with the T8-F and T8 gels, are compared 
in Fig. 7. As above, we note that the two gel samples were prepared using different sol–gel catalysts, 
although key differences in their respective TGA traces can be largely attributed to the presence of the 
encapsulated fluoride and TBA+ counter-ion in the case of the T8-F gel. 

 
 

 
 

Fig. 7 TGA (top) and dTGA (bottom) of T8 (blue) and T8-F gels (orange); and T8-F POSS precursor (black). 



The ~3% mass loss below 200 °C in the case of the T8 gel is attributed to the loss of ‘‘structural’’ water,57 
with a much smaller evolution being observed in the case of the T8-F gel (<1%). No such mass loss is 
evident for T8-F POSS below 200 °C, consistent with the lack of water associated with the compound. 
The feature at 275 °C in the case of the T8-F gel (~6% mass loss) and T8-F POSS (~11%) is not observed 
in the T8 gel system and is attributed to the partial decomposition of the TBA+ counter-ions, which 
account for 7 and 16% of the mass of the gel and T8-F POSS, respectively. Similar TGA profiles have 
been previously reported for a range of TBA+ compounds.67–69 The feature at ~350 °C in the dTGA traces 
of the gels is much less prominent in the case of the T8-F POSS, suggesting that it arises mainly from 
the loss of hydroxyl species in the gels, together with a minor contribution from decomposition of 
organics. This attribution is also consistent with the relative intensities of the corresponding T1 and T2 
NMR signals for the T8 and T8-F gels (Fig. 6), with the larger hydroxyl content in the former sample 
giving rise to an increased mass loss in this region (Fig. 7). 

The significant mass losses beginning at around 550 °C, and the associated maxima in the dTGA 
traces at ~600–630 °C for both gels and T8-F POSS, contain contributions resulting mainly from the 
decomposition of organic species and the T8 cages, both of which occur in multiple steps. The latter 
feature is similar to that typically observed for simple organo-functionalised T8 POSS compounds.63,64 
The weak shoulder observed at around 600 °C in the dTGA plot of the T8-F gel (which is not observed 
in the case of the T8 gel) is tentatively attributed to loss of fluoride species following decomposition of 
the T8 cages. Finally, the residual masses of the two gel samples at 800 °C (~40.4%) are comparable, 
while that of the T8-F precursor (34.7%) is close to the value of 32.0% expected following 
decomposition and associated formation of SiO2. 

FTIR spectra of the triethoxysilyl T8-F precursor and gel,together with the corresponding T8 

gel,57 are compared in Fig. 8. The spectra were normalised against the intensity of the phenyl ring 
stretching band at 1604 cm-1, since the phenyl ring is retained within the structure and not transformed 
during sol–gel processing. The broadening of the Si–O–Si stretching band at 1064 cm-1 in the gel is 
consistent with the formation of a disordered Si–O–Si network from the hydrolysiscondensation of the 
triethoxysilyl moiety, with the gel network being less organised than the Si–O–Si species within the 
cages. The decrease in the intensity of the CH3 stretching mode at 2972 cm-1 is also consistent with the 
hydrolysis of the ethoxy groups. It should be noted that a component of the 2972 cm-1 peak is also 
associated with the TBA+ counter-ions retained within the structure, which contributes to the 
spectroscopic profile in the C–H stretching region. In addition, the peak at 3680 cm-1 attributed to 
isolated silanol species in the T8-F precursor is not evident in the spectrum of the corresponding gel, 
indicating that the majority of silanol species in the gel were condensed or are H-bonded. 
 

 
 
Fig. 8 FTIR spectra of the triethoxysilylated T8-F precursor (top) and of the material obtained via sol–gel processing of the 
latter (middle), compared to that of the corresponding T8 gel (bottom). All spectra were normalised to the intensity of the 

(C=C) mode. 



Selected regions of the FTIR spectra of the T8-F and T8 gels are compared in greater detail in 
Fig. 9. The spectrum of the T8 gel exhibits a band at 1704 cm-1 (Fig. 9, bottom), which was previously 
attributed by us to ‘‘structural’’ water strongly interacting with the silsesquioxane gel network.57 
Briefly, earlier studies of the vibrational spectrum of water in a variety of systems demonstrated that 
increasing H bond strength in water led to an increase in the wavenumber of the bending mode within 
the range <1600 to >1700 cm-1.70 Similar conclusions were reported in subsequent computational and 
experimental studies,71 while a peak in the spectrum of zeolite NaA observed at 1678 cm-1 was 
attributed to ‘‘connective’’, ice like water within the zeolite cage.72 It was noted that the properties of 
this ‘‘connective’’ water were significantly different to those of bulk water.72 A similar peak is also 
observed in the spectrum of the T8-F gel (Fig. 9, top) although it is significantly weaker, consistent with 
the presence of less water in the latter sample. Similar conclusions can be drawn from the 

corresponding broad (OH) profiles at 3400 cm-1, where the profile intensity for the T8-F gel is 
significantly weaker than that of the T8 material. These results are consistent with the TGA data that 
indicate only small quantities of water are present in the T8-F gel. 
 

 
 

Fig. 9 Expanded view of the FTIR spectra shown in Fig. 8, highlighting the 1500 to 1900 (left) and 2500 to 4000 cm-1 regions 
(right). 
 

The low water content of the T8-F gel, despite the presence of the hydrophilic TBA+ counter 
ion in the material, is intriguing. The structure of the styryl-functionalised T8-F was reported in our 
earlier paper,55 which revealed that the TBA+ cation is surrounded by phenyl groups in the compound. 
Given the Si–F interaction observed in this system,55 the negative charge is presumably partially 
delocalised across the eight phenyl rings, with each ring bearing a partial negative charge which is 
balanced by the proximate counter ion. A similar short-range structure would also be anticipated in 
the gel. This suggests that the low water uptake of the gel might be influenced by shielding of the 
hydrophilic TBA+ cation and by the nearby hydrophobic phenyl groups. 

Finally, to enhance the range of potential applications for such materials, the possibility of 
intentionally degrading the T8-F cage to generate size-controlled porosity within the gel matrix was 
also considered. Cage silsesquioxanes are known to be cleaved under basic conditions, and hence 
preliminary experiments involving exposure of the gel to pyridine at ambient temperature were 
undertaken. However, 19F SP NMR studies demonstrated that the attempt to cleave the cage was 
unsuccessful, with a signal still observed at -21.3 ppm and no new signals appearing. Additional 
experiments were undertaken with refluxing triethylamine, but no cleavage was observed under these 
more robust conditions either. These results suggest that the T8-F cage is at least partially stabilised in 
the hybrid material, due to (a) the intrinsic stability of the styryl-functionalised T8-F system; and/or (b) 
its incorporation within the dense gel matrix, which limits penetration of the base into the network. 
 



4. Conclusions 
 

In summary, despite the typically low reactivity of T8-F compounds toward traditional organic 
synthesis reactions, the styryl-functionalised T8-F has been successfully modified via a thiol–ene click 
reaction with mercaptopropyltriethoxysilane. In particular, we demonstrate for the first time the 
successful post-functionalisation of a T8-F compound without degradation of the POSS cage and with 
retention of the fluoride anion within the cage. A particular feature of this approach is that the 
styryl/thiol–ene platform enables a much wider variety of reactive functional groups to be grafted onto 
the T8-F cage, including electron-donating groups that cannot usually be covalently bound to T8-F. We 
note that the previous lack of such reactive T8-F compounds has limited progress in exploring potential 
applications for this intriguing family of compounds over the past few decades. 

To provide an example of potential approaches for incorporating the reactive T8-F moieties 
within materials, we next explored the transformation of the triethoxysilylated T8-F compound into a 
gel via sol–gel processing. Solid-state multinuclear NMR studies (29Si, 19F, 13C) demonstrated that the 
POSS cage structure remains intact, with fluoride retained within the cage, after sol–gel processing and 
formation of the nanohybrid material. This latter feature was shown by cross polarisation 29Si NMR 
sequences using 19F as polarisation transfer agent, which demonstrated unambiguously that the 
fluoride remains encapsulated within the POSS cage after formation of the sol–gel silsesquioxane 
network. The resulting material thus contains nanometre-sized charged domains, uniformly 
incorporated within a nanohybrid network. 

This is the first unambiguous example of reactive T8-F precursors that can be used to covalently 
incorporate T8-F POSS species within a functional material. Interestingly, TGA and IR analysis 
demonstrated that the material contained only small quantities of water, despite the presence of the 
hydrophilic TBA+ cation within the matrix. This suggests a possible application for such materials as 
hydrophobic coatings, which remains to be explored. The availability of precursors for producing 
materials incorporating intact T8-F moieties also opens the way to the preparation of new materials 
with properties such as electrical conductivity, optical response, etc., that can be modulated by the 
presence of encapsulated fluoride anions within their structure. 
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