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Abstract 

Ion mobility and molecular modeling methods were used to investigate the gas phase conformational 

properties of Polyhedral Oligomeric Silsesquioxane (POSS) fluoride salts, where the fluoride is 

encapsulated within the POSS cage.  Theoretical calculations demonstrate that the binding energy of 

fluoride to the interior of the POSS cage ranges from 70 to 270 kcal/mol as a function of substituent.  

Sodiated positive ions of the form HF@R8T8Na+ (T = SiO3/2, R = styrenyl, phenyl, and vinyl) were 

examined by MALDI; ESI was used to study the negative ions F-@R8T8 (R = styrenyl, phenyl, 

vinyl, trifluoropropyl, and nonafluorohexyl). The ion mobilities of these species were measured and 

used to calculate collision cross sections.  These cross sections were compared to X-ray crystal 

structures and theoretical cross sections obtained from molecular mechanics and dynamics 

calculations.  Experimental cross sections were consistent with all of the known X-ray crystal 

structures (styrenyl, vinyl and phenyl POSS species).  The experimental cross sections also agreed 

with the calculated cross sections for each monomer species.  Due to the compact nature of the 

POSS monomer cages, each sample had only one stable conformation, and only one low-energy 

family of structures was found for each set of sample calculations. 

 

 

KEYWORDS POSS, Polyhedral oligomeric silsesquioxane (POSS), POSS siloxane, ion mobility, 

hybrid inorganic/organic 
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Introduction 

In the field of materials science, much current research focuses on the ability to enhance 

properties of materials for increased performance and environmental robustness.  One approach to 

developing better materials is to create inorganic/organic composite materials in which inorganic 

building blocks are incorporated into organic polymers.  Polyhedral Oligomeric Silsesquioxanes 

(POSS) are one type of hybrid inorganic/organic material of the form (RSiO3/2)n, abbreviated RnTn, 

where organic substituents (Rn) are attached to a silicon-oxygen cage.1  The most common POSS 

cage is the R8T8, a molecule with a cubic array of silicon atoms and bridging oxygen atoms with 

eight R groups at the vertexes of the cube; other cages with well-defined geometries include n = 6, 

10, 12, 14, 16 and 18.2, 3  When these Si-O cage structures are incorporated into organic polymers, 

exciting possibilities for the development of new materials are often realized,4-9 with properties 

superior to the original organic polymer.  For example, the low surface energy properties of 

fluorinated POSS compounds have been used to augment both fluorinated and non-fluorinated 

polymers.10-13 

Many POSS monomers have been successfully characterized using MALDI techniques14-16 

in conjunction with ion mobility mass spectrometry.17-19  The POSS cages have good ionization 

efficiencies due to electronegative atoms or π-electron density in the R-groups and readily bind 

protons or alkali metal cations to give positive ions.  Fragmentation of the cage may occur at high 

laser powers, but this has not been enough of a factor to prevent observation of a strong molecular 

ion peak.   Bulky alkyl R-groups seem to inhibit the formation of positive ions and signals for such 

POSS species are rarely seen.   

Extending the study of POSS systems from monomers to polymers and oligomers relies on 

our ability to generate large ions in the gas phase without fragmentation.  Ion mobility studies 

coupled with molecular dynamics modeling of other types of large polymers,20-23 including DNA24, 

25 and proteins,26 have shown great success.  However, there are only a few papers reporting mass 
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spectra of POSS polymers.27  Larger POSS oligomers may have lower ionization efficiencies than 

the monomers, most likely due to decreased charge density, because POSS cages are efficient in 

delocalizing electron density.  The oligomers may also have an increased tendency to fragment.  Our 

group has been successful in characterizing two oligomer systems, the POSS propylmethacrylates 

and siloxanes, but only up to systems with three POSS cages.28, 29  The intensity of the molecular ion 

peak generally decreases with increasing oligomer size to the point that it becomes impossible to 

obtain ion mobility data.  To facilitate the observation of higher POSS oligomers by mass 

spectrometric methods, it has been necessary to develop new strategies that will enhance the 

ionization efficiency of these compounds. 

Methods for 

increasing the ionization 

efficiency of these POSS 

materials must begin with 

the synthesis of these 

molecules.  Both acid- and 

base-catalyzed methods 

have proved fruitful in 

creating many new molecules with a variety of R-groups, but often in relatively low yield.1   

Bassindale and co-workers30, 31 have succeeded not only in increasing the POSS yield dramatically 

by using tetrabutylammonium fluoride (TBAF) under scarce-water hydrolysis conditions as a 

catalyst, but in synthesizing a new class of POSS materials in which a fluoride ion is trapped in the 

center of a POSS cage, denoted F-@R8T8 (see Figure 1).  They have demonstrated incorporation of 

fluoride into the cage using NMR chemical shifts, and more importantly, have obtained crystal 

structures of POSS monomers where R = vinyl, phenyl, and p-tolyl, where the F- ion is clearly in the 

center of the cage.  The fluoride ion results in only a very slight change in the Si-O distances and 

(CH3)4NF

(CH3)4N+

THF

F-

Ph8T8 F-@Ph8T8

(CH3)4NF

(CH3)4N+

THF

F-

Ph8T8 F-@Ph8T8

Figure 1. Synthesis and structure of F-@Ph8T8. 
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cage bond angles from structures where the central fluoride is absent.   

The stability of the fluoridated POSS cage depends on the nature of the organic capping 

groups.  Theory32-35 has shown that when R is a highly delocalized π-system, as opposed to an 

electron donating alkyl R group, the HOMO and LUMO are outside of the cage primarily centered 

on the organic ligands.  This leaves the center of the cage with an effective positive charge, 

stabilizing the fluoride structure.  Conversely, when R is an electron donating alkyl group, the 

HOMO is associated primarily with the cage atoms, resulting in a net negative charge on the cage.  

This would destabilize the fluoride structure.  In fact, attempts to synthesize fluoride salts of alkyl-

substituted POSS have failed.   

Each of the successfully synthesized fluoridated POSS species has been characterized by ion 

mobility mass spectrometry and molecular modeling techniques.  The capping groups that yielded 

stable fluoridated structures include phenyl, vinyl, styenyl, trifluoropropyl, nonafluorohexyl, and a 

mixture of isobutyl and styryl ligands.  Each of these R groups demonstrates electron-withdrawing 

properties, accounting for the stabilization of the interior fluoride ion as predicted.   

Incorporation of the fluoride into these monomers suggests a tool to study higher molecular 

weight oligomers.  If even a single POSS cage within the molecule were able to incorporate fluoride, 

this would increase the ionization efficiency of the oligomer.  If several of the POSS units in the 

oligomer incorporated fluoride ions, it would greatly increase ionization efficiency as well as reduce 

the mass to charge ratio of the ion, resulting in a sample that would be easier to study by mass 

spectrometric methods.  Here we describe in detail our initial studies of F- and HF bound in the 

interior of the POSS cage and demonstrate the effectiveness of IM-MS for studying these systems. 
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Materials and Methods 

General POSS Synthesis Procedures 

 POSS materials used for this study were either purchased from Hybrid Plastics (Methyl8T8, 

Vinyl8T8, Phenyl8T8, isoButyl8T8, CycloHexyl8T8) or else synthesized according to the literature 

procedures36-41 (Ethyl8T8, TrifluoroPropyl8T8, NonafluoroHexyl8T8, TridecafluoroOctyl8T8, 

Styrenyl8T8, isoButyl7(Styryl)T8).  Tetramethylammonium fluoride (TMAF) was purchased from 

Aldrich and used as received.  Tetrahydrofuran (THF) was dried through an activated alumina 

column,42 freeze-pump-thawed three times to remove any oxygen, and stored under an inert nitrogen 

atmosphere in a dry box.  

 

Synthesis of Fluoridated POSS Salts 

 All syntheses were carried out in the same manner.  200 mg of the parent POSS cage along 

with 1 molar equivalent of TMAF was placed into 10 mL of anhydrous THF and stirred for 16 

hours.  A sample synthesis is as follows:  In a 25 mL flask 200 mg (0.194 mmole) of Phenyl8T8 and 

18 mg (0.19 mmole) of TMAF were suspended in THF and stirred for 16 hours.  The cloudy 

suspension became translucent after a few hours.  This was filtered through Celite and the solvent 

was removed under vacuum to give a virtually quantitative yield of encapsulated fluoride salt.  This 

synthesis worked well for POSS cages substituted with electron withdrawing groups: vinyl (Si-

CH=CH2), phenyl (Si-C6H5), styrenyl (Si-CH=CHC6H5), trifluoropropyl (Si-CH2CH2CF3), 

nonafluorohexyl (Si-CH2CH2CF2CF2CF2CF3) and tridecafluorooctyl (Si-

CH2CH2CF2CF2CF2CF2CF2CF3).  It failed to produce any fluoridated product for cages substituted 

with the electron donating groups, methyl, ethyl, isobutyl or cyclohexyl.  In these cases, unreacted 

starting material was recovered.  Complex mixtures of products were obtained from using POSS 

cages with both types of substituents such as isoButyl7(Styryl)T8.  Products were characterized by 

29Si and 19F NMR, before and after reaction with TMAF.  29Si and 19F NMR spectra were referenced 
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to either external tetramethylsilane or CFCl3 at 0 ppm.  The 19Si NMR spectra show changes in the 

environments of the silicon atoms, and the 19F NMR show an additional fluoride present in each 

sample after reaction with TMAF.  The details of this characterization are summarized in the 

supplemental materials. 

 

Ion Mobility/Mass Spectrometry 

High-resolution mass spectra were acquired using a PE Sciex QStar quadrapole/time-of-

flight tandem mass spectrometer with a nano-ESI source.  Two different home-built instruments 

were used for the ion mobility mass spectrometry experiments on these compounds.  The 

components and operation of these instruments have been previously published,28, 29, 43 and the 

details will not be repeated here.  In each case, the instrument can be used to generate a mass 

spectrum, where a range of m/z is detected, or an arrival time distribution (ATD), where a specific 

m/z is detected as a function of time.   

 

MALDI 

To examine positive ions, a MALDI-TOF equipped with an ion mobility drift cell was 

used.28, 29  The matrix was 2,5-dihydroxybenzoic acid (DHB) with THF as the solvent.  

Approximately 60 µL DHB (100 mg/mL), 40 µL POSS (1 mg/mL), and 8 µL NaI (saturated 

solution) were mixed and applied to the sample target.  A nitrogen laser (λ = 337 nm, 12 mW 

power) was used to ionize the sample in the ion source.  The ions were guided out of the source with 

9 kV of extraction voltage, and sent through a 1-m flight tube.  The ions were then reflected and 

redirected to a detector, resulting in a high-resolution mass spectrum of the ions generated at the 

source.  To perform ion mobility measurements, the reflecting lenses were switched off, and the ions 

continued out of the flight tube to a mass gate.  There, mass-selected ions were injected into a 20-cm 
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glass drift cell filled with ~1.5 Torr of helium gas.  The ions drifted through the cell under the 

influence of a weak electric field, passed through a quadrupole mass filter, and were detected. 

 

ESI 

 The instrument used to analyze the negative POSS samples was a nano-ESI, also equipped 

with an ion mobility cell.43  Approximately 7 µL of POSS solution (~0.1 mg/mL in THF) was 

loaded into a metalized glass needle.  A voltage was applied between the needle and the instrument, 

spraying the solution out of the needle, through a capillary and into an ion funnel.  The ions were 

then injected into a 4.5 cm drift cell filled with ~5 Torr of helium gas.  Again, the ions were pulled 

through with a weak electric field.  After exiting the cell, the ions were mass analyzed by a 

quadrupole mass filter and detected.   

 

Data Analysis 

 For each of these instruments, a timing sequence is initiated when the pulse of ions is 

generated for injection into the drift cell.  The time it takes for these ions to reach the detector, tA, is 

the sum of the time spend in the drift cell, td, and the time spent out of the drift cell, to.  The amount 

of time that is required for an ion to drift through a cell filled with helium depends on how many 

collisions the ion has with the buffer gas, which in turn depends on the effective mobility of the ion.    

These collisions, along with the electric field across the cell, result in a constant drift velocity νd   

 760
273.16d o

TKE K E
p

ν = =  (1) 

where K is the mobility of the ion at temperature T and pressure p, and Ko is the reduced mobility.  

Equation 1 can be rewritten in terms of the arrival time 
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where l is the cell length, and V is the voltage across the cell.  A plot of tA vs. p/V yields a straight 

line with a slope proportional to 1/Ko and an intercept of to.  Once Ko is known, it is straightforward 

to find the cross section σ  from Equation 3 

 

1
23 2

16 o b

q
NK k T

πσ
µ

⎛ ⎞
= ⎜

⎝ ⎠
⎟  (3) 

where q is the charge on the ion, N is the number density of the gas in the cell, µ is the ion-He 

reduced mass, and kb is Boltzmann’s constant.44 

Theoretical Modeling  
 

We carried out molecular mechanics/molecular dynamics (MM/MD) calculations using the 

AMBER 7 and 8 suites of programs45-47 to obtain low-energy structures, and an annealing protocol 

that utilizes repeated cycles of high temperature heating, cooling and energy minimization.  The 

annealing protocol typically heats structures to 1400 K for 10 ps and then cools exponentially for 30 

ps to 50 K before energy minimization.  Cations were restrained using a built-in AMBER distance 

restraint so that they did not “dissociate” at high temperature.  At least 100 candidate structures were 

used to generate a diagnostic graph of calculated cross-sections vs. relative energy.  In order to 

model POSS materials, we developed AMBER parameters for Si from the ab initio calculations of 

Sun and Rigby48, 49  that were originally designed to provide force field parameters for polysiloxanes. 

Our parameter database was updated using recent crystal structure data30, 50 which give more 

accurate Si-O and Si-C distances and which reproduce experimental cross-sections.  We used 

HyperChem35 to build starting structures for AMBER and to visually inspect the calculated 

minimum energy structures.  Charges were calculated by the standard RESP protocol. 

 A modified projection model51, 52 was used to calculate accurate cross-sections for systems 
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with masses below about 1500 amu.  For systems above about 1500 amu this method underestimates 

the true cross-section, due to the occurrence of multiple ion-He encounters during collisions.  

Between 1500 and 5000 amu a trajectory model is utilized that incorporates a Lennard-Jones 

interaction portenial.53  It is our experience that this model can, at times, overestimate the cross-

section, but usually gives more reliable values than the projection model in this size range. For larger 

systems the Lennard-Jones potential is replaced by a hard sphere potential that generally gives 

reliable results.54   

 

Electronic Structure Calculations 

Density functional theory (DFT) calculations55 utilizing the B3LYP hybrid functional56-58 

and the 6-31G* basis set59-64, denoted as B3LYP/6-31G*,  were carried out using the Gaussian 0365 

and GAMESS66, 67 quantum chemistry software packages  The latter program was the primary 

computational tool because of its ability to run efficiently in parallel using hundreds of processors.  

The geometry of each species was fully optimized and verified as a local minimum on the ground 

state potential energy surface via diagonalization of the matrix of energy second derivatives with 

respect to nuclear coordinates; i.e., the hessian matrix.  Selected species were reoptimized using the 

more flexible 6-311++G(d,p) basis set63, 68-70 (B3LYP/6-311++G(d,p)).  Finally, relative energies 

were refined via DFT and second order perturbation theory (MP2, also known as MBPT(2)71-74) 

single-point energy calculations using the 6-311++G(2df) basis set68-70 at the B3LYP/6-31G* 

geometries, denoted as B3LYP/6-311++G(2df)//B3LYP/6-31G* and MP2/6-

311++G(2df)//B3LYP/6-31G*, respectively.
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Results and Discussion 

 The reaction of TMAF with R8T8 POSS cages containing eight electron withdrawing groups 

leads to a quantitative conversion to a salt where the fluoride ion is trapped within the POSS cage 

(Figure 1).  29Si and 19F NMR spectra of the products are consistent with a single pure compound 

being formed, and the chemical shifts are comparable to those reported by Bassindale et al for 

tetrabutylammonium POSS fluoride salts.  The reaction is successful for R = phenyl, vinyl, styrenyl, 

trifluoropropyl, nonafluorohexyl and tridecafluorooctyl POSS derivatives.  All attempts to 

incorporate fluoride into the electron-donating alkyl POSS monomer cages of (ethyl)8T8  

(cyclohexyl)8T8 and (i-Butyl)8T8 failed, with only unreacted starting material recovered; no 

observable signal was found in the 19F NMR spectra.  Mass spectra and ion mobility for most of the 

POSS fluoride salts were obtained and will be discussed in turn.  The calculated and experimental 

cross sections for each negative ion of the form F-@R8T8 are given in Table 1, and the equivalent 

measurements of the sodiated species, HF@R8T8Na+, are given in Table 2. 

 

TMAF reactions in the presence of water 

 If the POSS cages are reacted with TMAF in the presence of water, the cage structure is 

hydrolyzed and a complex mixture of products is formed in situ.  These compounds were 

characterized by ESI MS.  The resulting mass 
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Figure 3. Ph7T7O-, Ph9T9O- and Ph11T11O- structures derived 
from Ph8T8 and Ph12T12.  Silicon atoms are green, O is red, C 
atoms are blue, and H atoms are omitted. Figure 2. ESI mass spectrum of oxo species derived from 

Ph8T8 and Ph12T12. 
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spectrum is shown for the phenyl species (both Ph8T8 and Ph12T12 cages) in Figure 2, and equivalent 

results were seen for the vinyl POSS species.  In each case, formation of the oxidized (oxo) species 

involved complex cage rearrangement.  Structures of a few of the resulting species can be seen in 

Figure 3.  The mechanism for formation of these species is unknown, but must involve a preliminary 

step of either F- or OH- atacking an edge of the POSS cage to open it up, followed by insertion of a 

R-SiO2
- fragment and ring closure to reform a larger cage.  In order to incorporate fluoride into a 

POSS cage that remains intact, it is crucial that the reaction take place in an anhydrous environment. 

    

 F-@Phenyl8T8

The synthesis of F-@Phenyl8T8 

from Phenyl8T8 and TMAF yields a well-

characterized product.  However, the 

related synthesis of F-

@Phenyl7(ethylnorbornene)T8
 gives a less 

well defined product in which there are 

chemical shifts indicative of three fluoride 

environments plus another  chemical shift 

which exactly matches pure F-@Phenyl8T8.  

This implies that the fluoride ion causes 

cage rearrangement to the more stable 

symmetrically substituted parent. The NMR 

spectrum for F-@Phenyl8T8
 gives a single F 

chemical shift consistent with trapped 

fluoride. A PhenylnTn mixture reacted with 

TMAF gives exclusively the F-@Phenyl8T8 
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theoretically expected distribution. 
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product as shown both by NMR and mass spectroscopy. 
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 The high resolution ESI mass spectrum for the F-@Phenyl8T8
 negative ion is given in Figure 

4.  The multiple peaks commencing at m/z 1051 reveal an isotope distribution which corresponds 

exactly with the calculated 13C theoretical distribution. A single peak ATD is observed with a width 

consistent with a single species with an experimental cross-section of 268 Å2.  Molecular modeling 

predicts a single family of structures with a calculated cross-section of 260 Å2.  The positive ion, 

HF@Phenyl8T8Na+, was examined by MALDI and also shows a single ATD feature (Fig. 5) with an 

experimental cross section of 254 

Å2.  This compares with a 

theoretical cross-section of 257 Å2 

for this sodiated species. 

  

 

F-@Vinyl8T8

The ESI mass spectrum for 

the F-@VinylnTn
 negative ions 

where n = 8, 10, 12, and 14 is given 

in Figure 6.  The experimental 

cross-sections of the fluoride 

species up to n = 12 (the n = 14 

ATD intensity was too small to 

make arrival time measurements) 

are given in Table 1 and are in very 

close agreement with the theoretical 

values.   
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Calculations at the B3LYP/6-311++G(2df)//B3LYP/6-31G* and MP2/6-

311++G(2df)//B3LYP/6-31G* levels predict the binding energy of the fluoride ion in the V8T8 cage 

to be -63 and -77 kcal/mol, respectively, which is quite large and accounts for the thermodynamic 

stability of such species.  If the fluoride ion were bound on a face of the T8 cage the binding energy 

of -37 kcal/mol is still considerable but smaller, explaining the preference for encapsulation.  

MALDI ionization produces species in the TOF spectrum consistent with the formula 

HF@Vi8T8M+.  The matrix adds a proton to the fluoride in F-@Vi8T8
 giving a neutral HF molecule 

and binding a M+ cation.  The formation of either the Li+ or Na+ cationized species gives binding 

energies of -47 and -30 kcal/mol, respectively, at the MP2/6-311++G(2df)//B3LYP/6-31G* level.  

These results are summarized in Table 3 and pictorially in Figure 7.   

To test the effect of possible matrix anions forming ion clusters to give the neutral species 

HF@Vi8T8MnCln, the binding energies of these clusters are listed in Table 4.  MnCln  clusters where 

n = 1, 2, 4 are about  30-50 kcal/mol less stable than the cationized species, but should still be 

formed.  This would reduce the total ion current because of the POSS cages that would exist as 

neutral species in the gas phase instead of as ions.  The effect of cage size (except for T6) and cation 

(except for K+) is minimal on these cluster binding energies, and is not a factor for the R8T8 species 

studied because the positive ions used were 

consistently Li+ or Na+.  
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The MALDI mass spectrum of the 

Styrenyl8T8 fluoride salt is shown in Figure 

8.  The mass spectrum corresponds to a 

sodiated ion in which the fluoride is 

protonated to give HF, trapped in the POSS 

cage.  The single peak in the ATD gives an 
Figure 8. MALDI mass spectrum and ATD (inset) of 
fluoride species derived from sodiated HF@Styrenyl8T8.  
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experimental cross-section of 321 Å2, which corresponds closely to the theoretical value of 325 Å2.  

The equivalent negative ion examined by ESI gives experimental and theoretical cross sections of 

346 and 343 Å2, respectively.  The positive ion cross sections are consistent with one or two styrenyl 

groups having isomerized (Fig. 9) from trans to cis to give a structure smaller than the all trans 

structure (σcalc= 343 Å2).  This explanation is consistent with previous mass spectrometry and ion 

mobility studies on the sodiated Styrenyl8T8 species that yielded a complex ATD corresponding to 

families of paired styrenyl groups and minor features corresponding to “cis impurities.”14, 16  The cis 

structure cannot be an artifact of the synthesis, as 

the change would have been detectable by the 

NMR characterization, but it may be a result of 

activation of the double bond in the trans styrenyl 

group during the MALDI process.  The fact that 

the all-trans species was not observed suggests the 

single cis isomer is more stable. 

trans
cis

trans
cis

15

321 Å2 and σcalc = 325 Å2 
Figure 9.  Structure of sodiated HF@Styrenyl8T8 i
σexp = 

on.   

 F-@(i-Butyl)7(Styryl)T8

The ESI mass spectrum for the 

F-@(i-Butyl)7(Styryl)T8 negative ion 

and other species related to the parent 

ion is given in Figure 10.  The only 

reasonable explanation for these 

additional products is that in the 

presence of TMAF, the parent 

structure undergoes complex cage 

opening and rearrangement which 
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Figure 10. ESI mass spectrum of fluoride species derived from 
(i-Bu)7(C6H5CH=CH2)8T8.  R-group scrambling has occurred. 

 



scrambles the i-butyl and styryl groups.  This is consistent with the 19F NMR spectrum which shows 

at least six environments for the fluoride ion with chemical shifts between -24.5 and -26.3 ppm. Four 

of these are clearly identifiable in Figure 10.  ATDs were measured for the most intense peaks and 

the cross-sections from experiment and theory are in close agreement and are listed in Table 1.  

 

F-@Trifluoropropyl8T8

The ESI mass spectrum for the F-@Trifluoropropyl8T8
 species has a single peak at 1211 mass 

units corresponding to the parent ion.  The experimental cross section from the ESI ATD is 251 Å2, 

in good agreement with the calculated cross-section of 256 Å2.  Using coordinates from a recent X-

ray crystal structure37a gives a calculated cross-section of 261 Å2, slightly larger than what is seen in 

the gas phase.  This difference can be attributed to the way that the trifluoropropyl groups are 

constrained via non-bonded interactions or packing in the crystal.   

A trifluoropropyl group differs from the previous phenyl, vinyl and styrenyl structures 

described above in that no extended π system is present. However, the CF3 component of this R-

group is strongly electron-withdrawing, which makes the cage more positively charged and thus 

b) LUMO a) HOMO 

Figure 11. (a) HOMO of [(CF3(CH2)2]8T8 comprised of  cage oxygen lone pairs. (b) LUMO of [(CF3(CH2)2]8T8 
comprised of  cage oxygen antibonding  σ* orbitals. Frontier orbitals are primarily centered on the R group. 
 

16

 



facilitates incorporation of a fluoride ion. DFT calculations were used to study the electronic 

structure of [CF3(CH2)2]8T8 and (CF3)8T8 as well as the fluoridated species.  The latter show a large 

F- binding energy of -171 kcal/mol.  The electron densities of the HOMO (molecular orbital 300) 

and LUMO (molecular orbital 301) are shown in Figure 11.  Examination of the frontier orbitals in 

the vicinity of the HOMO and LUMO has indicated that the orbitals are primarily centered on the 

CF3(CH2)2 groups rather than on the POSS cage.  This is similar to the electronic structures of the 

previous ligands with extended π systems, where the cage has a net positive charge.  It is not 

surprising that POSS cages with similar electronic structures incorporate fluoride in a similar 

manner to give stable products.  In contrast, calculations on a POSS cage capped with methyl 

groups, Methyl8T8, show that the electron density is increased on the cage and F-@Methyl8T8 is not 

observed because incorporation of a fluoride ion is unfavorable.  This is not a thermodynamic effect, 

as the binding energy of the fluoride is only slightly less for the methyl compared to the vinyl POSS 

species (-70 vs -77 kcal/mol, respectively, at the MP2/6-311++G(2df)//B3LYP/6-31G* level).  The 

fact that the fluoridated methyl species cannot be synthesized suggests that a facile kinetics pathway 

for F- insertion is not accessible, perhaps due to the negative charge on the POSS cage. 
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              R=CH3      R=CF3     R=CHCH2 
a) b) c) 

d) e) f) 

Figure 12.  Two-dimensional contour plots of the B3LYP/6-311++G(d,p) molecular electrostatic potentials of 
R8T8 POSS cages; R=CH3, CF3, CHCH2.  The plotting plane in panels a-c contains the center of the POSS cage 
and 4 oxygen atoms, while panels d-f show a diagonal plane through the center of the cage and 4 silicon atoms.  
The increment between adjacent contours is 2.5 kcal/mol-electron with positive and negative values shown in 
blue and red, respectively.  In panels a-c and d-f, the contours vary from -100.5 to +100.5 and from -80.5 to 
+80.5 kcal/mol-electron, respectively.  The distance along each axis in plots a-c (d-f) is 12 (16) angstroms. 

In order to examine the substituent effects on the electronic structure of the T8 cage, the 

geometries of T8R8, with R=CH3, CH2=CH, and CF3 were reoptimized at a higher level of theory 

(B3LYP/6-311++G(d,p)), with the resulting molecular electrostatic potential (MEP) plots shown in 

Figure 12.  Positive contours, representing susceptibility to nucleophilic attack, are shown in blue.  

Negative contours, showing susceptibility to electrophilic attack, are shown in red.  The positive 

contour of the R=CF3 plot shows that this system is particularly susceptible to nucleophilic attack by 

F- and is consistent with the large binding energy calculated for both F-@(CF3)8T8 and                  

F-@(CF3CH2CH2)8T8.  The difference between the R=CH3 and R=CHCH2 is more subtle and argues 

for a “kinetic” effect since the binding energies are so similar.  The negative contours of R=CH3 
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account for the fact that this molecule does not incorporate F-.  The R=CHCH2 plot shows much 

more diffuse negative contours, probably making attack by F- more likely in comparison.  This 

interpretation is consistent with the fact that the vinyl species does indeed incorporate fluoride.  The 

vinyl group is apparently efficient in delocalizing electron density away from the cage; the opposite 

is true for the methyl group.  Recent calculations by Kudo and Gordon75 on the kinetic pathways for 

POSS cage synthesis highlight the importance of substituents on the silicon atoms for all reaction 

mechanisms.     

 

F-@Nonafluorohexyl8T8

The ESI mass spectrum for 

the F-@Nonafluorohexyl8T8 

negative ion has a single peak at 

2410 mass units corresponding to 

the parent ion (Fig. 13).  The 

experimental cross section from 

the ESI ATD is 374 Å2 compared 

to the calculated cross-section of 

368 Å2.  These results contrast with a recent x-ray crystal structure37b that gives a calculated cross-

section of 350 Å2.   The solid state structure, however, shows a highly ordered parallel arrangement 

of the fluorohexyl side chains such that each unit resembles a cylinder.  This is presumably a solid 

state packing effect and contrasts with the globular structures predicted by our modeling of the 

isolated cage system.  The ordering in solids has been modeled successfully in long chain 

perfluoroalkanes and polytetrafluoroethylene, but only by using higher order terms in the molecular 

dynamics force fields in order to reproduce the observed helical chain structure.76-78  The POSS cage 

with capping groups of a similar fluoroalkane, tridecafluorooctyl, did not yield a mass spectrum with 
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Figure 13. ESI mass spectrum of fluoride species derived from 
[(CF
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enough signal to obtain ion mobility measurements. 

 

Conclusions 

 In summary, we have succeeded in observing a series of fluoridated POSS monomers with 

assorted capping R-groups.  When synthesizing these species, it is essential to restrict the amount of 

water present to avoid hydrolysis of the cage and the resulting variety of products.  The intact 

cages yield mass spectra in the negative ion ESI and/or the positive ion MALDI experiments.  In 

negative ion ESI studies, the POSS monomer contains a fluoride ion in the center of the cage.  DFT 

calculations show this to be energetically favorable, and the theoretical cross sections of the 

resulting species agree well with the cross sections of species seen in experiment.  In the positive ion 

MALDI studies, the incorporated fluoride ion is protonated, yielding an HF molecule in the center, 

and a sodium ion is bound to the outside of the cage.  This has also been shown to be energetically 

favorable, and again matches the experimental results.  While binding of a lithium ion is more 

energetically favorable than binding of a sodium ion, the abundance of adventitious sodium ions 

present under the experimental conditions utilized results in a propensity to form the sodiated 

species.  

The effectiveness of the synthesis of a fluoridated POSS molecule depends on the electronic 

properties of the capping groups.  Each of the encapsulated F- species seen in this study has electron-

withdrawing capping groups that leave the center of the cage with a positive charge.  This charge 

stabilizes the encapsulated fluoride structure and also leads to an effective mechanism for F- 

insertion.  If the capping groups are instead electron-donating, such as alkyl groups, the cage has a 

net negative charge and the fluoridated structure is destabilized.  Attempts to encapsulate a fluoride 

in these cages failed, and reactions with TMAF resulted in no change to the starting structures.  

Following the success of fluoridating POSS monomers, attempts are being made to react 

TMAF with a variety of POSS oligomers containing electron-withdrawing R-groups under strictly 
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anhydrous synthetic conditions in the hope that one or more cages will incorporate fluoride.  Such 

species should show a strong negative ion ESI spectrum and analogous positive ion MALDI spectra.  

Incorporation of fluoride into these oligomers should increase the ionization efficiency of these 

molecules, resulting in stronger molecular ion peaks.  It is our hope that this new technique will 

allow us to study a number of oligomers which have not been accessible in the past.  
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FIGURE CAPTIONS 

 
1.  Synthesis and structure of F-@Ph8T8. 
 
2.  ESI mass spectrum of oxo species derived from Ph8T8 and Ph12T12. 

3.  Ph7T7O
-, Ph9T9O

- and Ph11T11O
- structures derived from Ph8T8 and Ph12T12. 

4.  ESI mass spectrum of F-@Phenyl8T8. The 13C isotope distribution commencing with m/z = 1051 

corresponds to the theoretically expected distribution.  

5.  MALDI mass spectrum and ATD of HF@Phenyl8T8Na+.  

6.  ESI mass spectrum of fluoride species derived from Vi8T8, Vi10T10 and Vi12T12 mixture. 

7.  MP2 Stabilization Energies for V8T8 Fluoride Monomer Species. 
 
8.  MALDI mass spectrum and ATD of fluoride species derived from sodiated HF@Styrenyl8T8.   

9. Structure of sodiated HF@Styrenyl8T8 ion.  σexpt = 321 Å2 and σcalc= 325 Å2

10. ESI mass spectrum of fluoride species derived from (i-Bu)7(C6H5CH=CH2)8T8.  Silicon 

scrambling has occurred. 

11. (a) HOMO of [(CF3(CH2)2]8T8 comprised of  cage oxygen lone pairs.(b) LUMO of 

[(CF3(CH2)2]8T8  comprised of  cage oxygen antibonding σ∗ orbitals. Frontier orbitals are 

primarily centered on R group. 

12. Two-dimensional contour plots of the B3LYP/6-311++G(d,p) molecular electrostatic potentials 

of R8T8 POSS cages; R=CH3, CF3, CHCH2.  The plotting plane in panels a-c contains the center 

of the POSS cage and 4 oxygen atoms, while panels d-f show a diagonal plane through the center 

of the cage and 4 silicon atoms.  The increment between adjacent contours is 2.5 kcal/mol-

electron with positive and negative values shown in blue and red, respectively.  In panels a-c and 
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d-f, the contours vary from -100.5 to +100.5 and from -80.5 to +80.5 kcal/mol-electron, 

respectively.  The distance along each axis in plots a-c (d-f) is 12 (16) angstroms. 

 

13. ESI mass spectrum of fluoride species derived from [(CF3(CF2)3(CH2)2]8T8.
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 Table 1. Collision Cross-Sections (Å2) of the negative POSS Fluoride Monomer Ions. 

 

Species Mass X-rayb 

Cross-
section 

ESI 
Cross-
section  

Theory 

F-@Ph8T8 1051 260 268 260 

F-@Vi8T8 651 168 165 167 

F-@Vi10T10 809  189 190 

F-@Vi12T12 967  210 212,214c

F-@Sty8T8 1259 343 346 343 

F-@i-Bu6Sty2T8 985  258 258d

F-@i-Bu5Sty3T8 1032  272 271d

F-@i-Bu4Sty4T8 1076  283 284d

F-@Fpr8T8 1211 261a 251 256 

F-@Fhex8T8 2411 350a 376 368 

Vi = vinyl; Ph = phenyl; Sty = styrenyl; i-Bu = i-butyl; Fhex = (CF3)(CF2)3(CH2)2;  

Fpr = CF3CH2CH2; 

T8 = Si8O12

a. Ref. 37 

b. Calculated value for the neutral species.   

c. Values correspond to two possible isomers. 

d. Values identical for all possible isomers within experimental error. 
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Table 2. Collision Cross-Sections (Å2) of the Sodiated POSS Fluoride Monomers. 

Species Mass X-raya

 
MALDI (Na+) 
Cross-section 

Theory (Na+) 

HF@ Sty8T8Na+ 1284  321 325 

HF@Ph8T8Na+ 1075 263 254 257 

HF@Vi8T8Na+ 674 168 165 167 

HF@Fpr8T8Na+ 1235  218 216  

Vi = vinyl; Ph = phenyl; Sty = styrenyl; i_Bu = i-butyl; Fpr = fluoropropyl; T8 = Si8O12 

a. calculated value for the neutral species. 
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Table 3. MP2 and DFT Stabilization Energies for POSS Fluoride Monomers.a

Speciesb ∆Ec 

B3LYP/ 
6-31G*

∆Ed

B3LYP/ 
6-311++G(2df) 

∆Ee

MP2/6-
311++G(2df) 

F-@(CF3)8T8 
f -170 -120 -270 

fa-(CF3)8T8F- f  -154 -102 -297 

F-@(CH3)8T8 f -112 -57 -70 

F-@Vi8T8
 f -119 -63 -77 

fa-Vi8T8F- f -80 -26 -37 

HF@Vi8T8 f +12 +29 +19 

fa-Vi8T8HF+ f -22 -11 -11 

HF@Vi8T8Na+ g -40 -15 -30h

HF@Vi8T8Li+ g -59 -32 -47h

[HF@Vi8T8]NaCl i -8 15 40 

[HF@Vi8T8]LiCl i -12 12 -4 

F-@[CF3CH2)2]8T8 
f -171   

Vi = vinyl; T8 = Si8O12

a. All structures computed at the B3LYP/6-31G* level.  All binding energies include B3LYP/6-
31G* zero point vibrational energy corrections (scaled by 0.9806; see Scott, A.P., Radom, L. J. 
Phys. Chem. 1996, 100, 16502.) 

b. All optimized structures have F- or HF body-centered unless specifically designated fa = “face”. 
c. B3LYP/6-31G*//B3LYP/6-31G* level of theory. 
d.   B3LYP/6-311++G(2df)//B3LYP/6-31G* level of theory. 
e.  MP2/6-311++G(2df)//B3LYP/6-31G* level of theory.  Core orbitals were frozen in the MP2 

calculation unless otherwise noted. 
f.    Binding energy ∆E = E(HF/F--POSS) - E(POSS) - E(HF/F-). 
g.   Binding energy ∆E = E(HF-POSS-Li+/Na+) - E(POSS) - E(HF) – E(Li+/Na+). 
h.   Core orbitals were included in MP2 calculation. 
i.    Binding energy ∆E = E(HF-POSS-NaCl/LiCl) - E(POSS) - E(HF) – E(NaCl/LiCl). 
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Table 4. Neutral POSS Cluster Binding Energies (kcal/mol) as a Function of Cage Size. 

Speciesa,b LiCl Li2Cl2 Li4Cl4 NaCl Na2Cl2 Na4Cl4 KCl 

T6H6 -42.7   -14.7   +35 

T8H8 -13.5 -11.2 -10.0 -10.1 -7.9 -7.2 1.3 

T10H10 -15.2   -9.7   +11.1 

H = hydrogen; T8 = Si8O12

a. Binding energy, ∆E = E(neutral parent) + E(XnCln) – E(XnCln cluster), where n = 1, 2 ,4 

b. 6-311G* basis set with B3LYP functional; full energy minimization. 
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SUPPORTING INFORMATION AVAILABLE: 

 

Table S1.  29Si and 19F NMR characterization of POSS syntheses. 

 

Capping Ligand 29Si (before)a,c 29Si (after)b,c 19F (before)a,d 19F (after)b,d

vinyl -80.0 -83.0 na -25.5 

phenyl -78.1 -80.7 na -26.5 

styrenyl -78.2 -81.0 na -24.5 

trifluoropropyl 
 

-66.7 

 

-70.4 

 

-69.7 

-28.7  

-69.2 

nonafluorohexyl -66.4 -70.1 

 

-82.4, -117.1,  

-125.2, -127.0 

-28.7 

-82.3, -117.1,  

-125.3, -127.0 

tridecafluorooctyl -66.6 -70.7 

 

-82.1, -117.0,  

-122.7, -123.7,  

-124.3, -127.1 

-28.8 

-82.3, -117.2,  

-122.9, -123.8,  

-124.4, -127.3 

 

a. NMR chemical shifts of POSS monomers before reaction with TMAF 

b. NMR chemical shifts of POSS monomers after reaction with TMAF   

c. Referenced to external tetramethylsilane at 0 ppm 

d. Referenced to external CFCl3 at 0 ppm 
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