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THERMODYNAMIC STABILITY AND KINETIC LABILITY OF
FULLY-CONDENSED FLUORINATED POLYHEDRAL
OLIGOMERIC SILSESQUIOXANE (POSS) CAGES

Timothy §. Haddad', Jerry Boatz', Saruh Weber® and Joseph M. Mabry”

'ERC Inc., ‘A Foree Research Labomatary
Building 8451, 10 East Satum Boulevard
Edwards Air Force Base, CA 93524-7680

{ntroduction

Polyhedral Oligomeric Silscsquivxane (POSS) cages [RSi0) 4, arc 2
class of nano-particles that arc being exploited as property modifiers to
virtually cvery type of polymer ymaginable.' The most common of these
matcrials are the RpSigQ; derivatives (also known as the Ty's), as the
octomeric cage is preferentially formed in almest all synthetic pathways
reported. However, well-defined oligomeric cages with n = 6, 10, 12 or 14 are
alsa known® and their polybedral structures proven with single crystal X-ray
crystallography.”  Representations of the unknown T, slong with the most
common POSS motifs are shown in Figure 1; for case of viewing, a
polyhedron made from just the silicon atoms is shown below each oligomer.
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Figure 1. Representations of vatious [RSi10, 1)a cages including thc unknown
T, along witb 1he four most common oligomere, Ty, Ty, Tio and T;;.

It was rcported that under aggressive refluxing conditions with large
relative quantitics of sodium salts or base that some alkyl-substinited Ty's can
be convened to mixtures of mosily Te, T)g and T2.* Theorctical calculations
have also shown a higher cnthalpic swbility for the lsrger cages.’ For this
particular work, theorctical calculations on the relative enthalpics for shese
denvalives as a function af “R” group {methyl verses miffuoromethyl) were
carticd out aleng with laboratory cxperiments designed to measure the
proportions of cach cage under mild conditions cenducive to isomerization.

Experimental

Materials. All POSS compounds were obtained from Hybrid Plastics or
clse synthesized according to the literature procedures. NE1, was dried by
refluxing over CaH; and distilicd under dry nitrogen. CDCl; was first dried
over CaH:, then over molecular sieves, and vacuum transferyed to a flask and
stored under dry nitrogen. CeF,, AK225G {CCIFH-CF,-CF.Cl)} and Freon 113
{CCILF-CF,L1) were degassed prior to usc.

Theoretical Calculations. The POSS cage geometrics were optimized
using density functionat theary (DFT) methods” The BILYP hybrid
functional®, which included the SYWNS5® correlation functional, was used in
conjunction with the 6-311G(d.p)'® basis sct. All structures were verificd as
local minima via diagenalization of the matrix of energy second derivatives
with tespect to nuclear Cartesian coordinates (ig., the hessian mateix,)
Relative encrgies were refined by calculating single-point MP2'' energics al
the DFT geowmetries. All calculations were performed using the GAMESS™
ab initie clecmonic structure code.

Results and Discussion

Calculations to determinc the rclative stabililics of a series of POSS
cages, [RSi0; 5] with R = methyl or triflucromethy) and n = 4, 6, 8, 10, 12,
were undertaken to help understand the why some cage sizes appear 10 be
preferentially formed. The data is shown in figure 2, along with comelating
data from reference 5. Based on thesc numbers alone, onc would eapert that
for enthalpic reasons (AH), larger cages would lead to a lower free energy of
formation than smaller cages. However, the cffcct of entropy is not accounted
for and cotropy wilt always favor smaller cages {more particles). Another

factor that can play a role is a difference in solubility of various polyhedra. 1
during synthesis, one cage has a limited solubility in the reaction medium, it
may preferentially precipitate and lead to high yield of a singlc isomer. Thus
bath thermodynamic and kinctic factors can be important.
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Figure 2. Relative encergy per silicon atom (kcal/mo)) for the {CH,), T, and
{CF )T, serics, The date in the tap row is taken from reference 5b.

During the high-yield synthesis of various flucroPOSS denivatives,
[RSiQy 5} R = CHCHy(CF3),,CFy, a vanetion in FOSS cages was observed.
When m = 3, 5, T or 9, then immediately afier synthcsis, cage mixtures were
somelitmes observed, but after a work-up procedure remaved all twraces of
strong base (hydroxide), the isolated product was pure Ty with, at most, traces
of Tio contaminant. The lone ¢xception was the triflucropropyl derivative (m
=0) which always yiclded » cage mixture of Ty, Tioand Tz

When the pure Ty compounds are dissolved in CoF. and & fractional
amount of a soft base such as NE, is added, then the solution slowly changes
over 4 period of days to 8 thermodyramic mixture of Ts, Ty, and Ty; along
wilh traces of unidentified compounds that are presumably the higher
oligomers. Interestingly, the preportion of the cages is the samc for
fluoropropyl, NMuorohexyl and fluorooctylPOSS (m =0, 3 or 5).
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Figure 3. ™Si NMR speetra of flucropropylsTy in CsFs. On the lcft is a
spectrum taken after 24 hours in solution without any added basc. Shown on
the right 15 the resulting mixture afier 3days with NEt;.

The cages arc completely stable in C.F; solution without the addition of
any base. Once triethylaming is added, it takes 2 - 3 days at reom temperature
ta achicvc what appears 10 be 8 thermodynamic equilibrium of which the
molar proportions of Ty, Tip and T2 are about 40:50:10. Figure 3 shows this
data zlong with the “Si assignments: the Ty has 8 equivalent silicons
rcsonating at -67.1 ppm; Tyg has 10 cquivalent silicons resonating a1 -69.6
ppm; T); has two incquivalent silicon environments resonating at -6%.1 ppm
and at -72.0 ppm in a ratio of 1:2.
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Figure 4. "5 NMR spectra of ﬂuoroPOSS plus NEt; in C.F, after scveral
weeks; fluoropropyl is on the right (131 days) and fluorohexyl is on the left
(42 days).

Comparing figures four and three demonstrates that the thermadynamic
ratio of cages is very similar for fluaropropy) and fluorohexylMOSS. [n
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addition, the higher oligomers can be scen “growing in™ when the reaction is
atlowed o proceed for extended periods of time.
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Figure 5. “Si NMR spectra of fluosopropyl s Ty, in CgF, before NE1; addition
fon lcitY and 4 days later aficr addition of base {on right).

The data in figure 5 shows the definitive experiment proving that for
fluoropropy|POSS. the thermodynamically favored products in CoFy arc T,
Tia and Tz in a ratio of about 40:50:10. In this case, the starting POSS
compound was purc Ty; and after a few days cquilibrating with NEt; catalyst
in C,F;, most of the T;z was teplaced with predominately Ty and Tie.

The chaice of solvent can also affect the equilibration. 11 is much slower
in THF, and barely takes place in AK225G, CCIFH(CF)CFCL. It is possible
that the acidic proton in the AK225G solvent tics up the NE1, catalyst to slow
the reaction.  [n mixed CgF,. / Freonli3 solvent, as the fluoropropyiT,y
cquilibrates, the small amounts of Ty, produced are barely detectzble by g
nmr speclroscopy because it nearly quantitatively precipitates from solution,
rttking the Ty isomer fram the others,
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Figure 6. “Si NMR speeira af styrenyls Ty in CDCI, before base addition {on
left) and 118 days after adding NEt (on right).
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Under similar conditions to thet tricd with the fluoroalkylPOSS, no
cquilibration  gecurred  to cyclohexy) T,  cyclohexylgTe, vinylaTy ar
styrenyly Fe. demanstrating that there is something in the nature of the
fluoroalky} groups that induces kinctic lability 10 these cages in the presence
of soft hasc. Both clectron-donating alkyl and cleciron-withdrawing alkenyl
groups seem to be immune to this oquilibration with 1nethylamine. However,
stronger bases should promete the reaction.*

Conclusions

It is apparent that although the T, structure is the most common 1ype of
POSS, it is hkely not the most thermedynamically stable nwstif; both theery
and cxperiment show this to be the case. Under eonditions where a soluble
POSS cage 15 cxposed to a mild “soft™ basc such as NEt;, Ty cages with very
clectron-withdrawing fuoroalky] gtougs (-CHCH,(CF;).CFy), slowly conven
10 mixtures favonng larger capes. This rcaction does not affcct POSS cages
with clectron donating a¥kyl groups or those with rlectran-withdrawing
alkenyl groups. [t is presumcd that the fluorcatky] group increases the lability
of the polarizable Si-O bond opening a kinctic pathway that allows the
isomcrization to take place. Clearly, when POSS with clectron-withdrawitg
groups 1s incorporated inlo polymers comaining basic sites, one must be aware
that under certain conditions, it might be possible far the cages to rearrange
into an altemaic structure. For fethercd POSS copolymers this pathway could
lead ta polymer chain crossiinking.
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