
 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, 
including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis 
Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 

26-03-2009 
2. REPORT TYPE 

Technical Paper 
3. DATES COVERED (From - To) 

  
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

 
Thermodynamic Stability and Kinetic Lability of Fully-Condensed Fluorinated 

Polyhedral Oligomeric Silsesquioxane (POSS) Cages   

5b. GRANT NUMBER 

 

 5c. PROGRAM ELEMENT NUMBER 

 

6. AUTHOR(S) 

Timothy Haddad (ERC); Jerry Boatz (AFRL/RZSP); Sarah Weber & Joseph Mabry  
5d. PROJECT NUMBER 

 

(AFRL/RZSM) 5e. TASK NUMBER 

 

 5f. WORK UNIT NUMBER 

23030521 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

 
AND ADDRESS(ES) 

8. PERFORMING ORGANIZATION 
REPORT  NUMBER 

Air Force Research Laboratory (AFMC) 

AFRL/RZSM 

9 Antares Road 

Edwards AFB CA 93524-7401 

 

  

AFRL-RZ-ED-TP-2009-117 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S 
ACRONYM(S) 

   

Air Force Research Laboratory (AFMC)   

AFRL/RZS  11. SPONSOR/MONITOR’S  

5 Pollux Drive 

 

       NUMBER(S) 

Edwards AFB CA 93524-70448  AFRL-RZ-ED-TP-2009-117 

12. DISTRIBUTION / AVAILABILITY STATEMENT 

 

Approved for public release; distribution unlimited (PA #09158). 
 

 
 
13. SUPPLEMENTARY NOTES 

For presentation at the American Chemical Society National Meeting, Washington D.C., 16-20 August 2009. 

14. ABSTRACT 

 

Polyhedral Oligomeric Silsesquioxane (POSS) cages [RSiO1.5]n are a class of nano-particles that are being exploited as property modifiers to 

virtually every type of polymer imaginable.  The most common of these materials are the R8Si8O12 derivatives (also known as the T8's), as the 

octomeric cage is preferentially formed in almost all synthetic pathways reported. However, well-defined oligomeric cages with n = 6, 10, 12 or 

14 are also known and their polyhedral structures proven with single crystal X-ray crystallography.   

15. SUBJECT TERMS 

 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE 
PERSON 

Dr. Joseph Mabry 
a. REPORT 

 

Unclassified 

b. ABSTRACT 
 

Unclassified 

c. THIS PAGE 
 

Unclassified 

 

SAR 
 

3 

19b. TELEPHONE NUMBER 
(include area code) 

N/A 
  Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. 239.18 



PREPRINT 

THERMODYNAMIC STABILITY AND KINETIC LABILI IY  OF factor thai c a n  play a rolc is a d~Fcrtncc In solubility of various polyhedra If 
FULLY-CONDENSED FLUORINATED POLYHEDRAL during aynlhu~s onc cagc has a limited solub~lity in thc reaction mcdium, ~t 

OLlGoMERIC SILSESQUIOXANE (WSS) CAGES may prcfercntially pmipzutc m d  lead to high yield of a singlc iwmcr. Thus 
b t h  t hcdynamic  a d  klnctic factors can bc important. 

Ttrno~hy 5 ~oddarp'. Jeny EM$, Suruh webeg andJoseph M ~ a b v '  

IERC Inc., ' A I ~  Forcc Rcscarch Laboratory 
Building 845 1. 10 East Saturn Boulcvanl 
E d w a ~ k  Air Forcc Basc, CA 93524-7680 

tntroduction 
Polyhcdnl Oligomcric Silscsquioxanc (POSS) cagcs [RSiOl ,I. arc a 

class of nano-particles that arc bcinn caploitod as property modificrv to 
virtually wcry typc of polymer ~msginablc.' The most common of thw 
matcrials arc thc RBS~ROII dcriva~~vm (also known as [he Ta's), as thc 
octomcric cagc ir prcfercntially formed in almst ail synthetic pathways 
rcportcd. Howevcr. wclldcfincd ~ligomeric cagcs w ~ t h  n = 6. 10, 12 or 14 an: 
also known2 and thcir polyhdml sbucturcs provcn with singlc crystal X-ray 
crys~allography? Rcprcscnmtions o f  thc unknown TI dong with the most 
common POSS motih an: shown in Figurc 1; for case of vicwhng. a 
polyhedron madc From just thc s111con atom i s  shown bclow each oli~omcr. 

R =CF3 0 4.8 -11.2 -11 8 -12.3 
F)gure 2. k lat ive encrgy pcr silicon atom (kcaVrnol) lor the (CH,kT. and 
(CFjX;T. serics. Thc dam in Ihc top rnw is takm fmm rcfmncc 5b. 

Ouring thc high-yicld synthesis or various flwmPOSS denvatrva. 
[RSiO] 5). R = CH2CH~(CF>)mCF3, a van~ ion  in POSS cagcs was obwrvd. 
Whcn m = 3. 5 .  7 or 9, thcn immcdialcly aRcr synthcsis, cagc ~ ~ % N C S  wcrc 
sornctimcs obscrvcd. but afkr a work-up procedure removcd all traccs of 
strong basc (hydroxide), thc isolated p m d w  was purc Tp with. at most, traccs 
o f  Tlo contaminant. Thc lonc exception was Ihc trifluoropmpyl dcrivaiivc (m 
= 0)  which always yicldcd u cagc mixturn of TR, TIO and TI:. 

When the purc Tg wmpoun& arc dissolved in C,Fh and a fractional 
amount of a soft base such BS NE1) is addcd, thcn the solution slow!? changes 
ovcr a p'riod of days to a Ihmndynamic rnixturc of Tg, Tla, and TI! along 
wilh imcs of unidcntirlcd compounds thar arc presumably thc highcr 
oligomcrs. Intcrcstingly, thc of Ihc cagcs i s  thc same-for 
fluoropropyl, fiuomhcryl and fluorooctylPOSS (m = 0.3 or 5). 

Figure 1. Representations orvarious [RSiOl 5). csgm including thc unknown 
TI along with ihc four mwt common oligomtu, T,, T,, T,o and TI]. 

I t  was rcportcd that undcr aggwssivc rcfluxing cond~r~ons with largc 
rclativc qunntitics o f  sodium salu or base that somc alkyl-subs~iruwd TB'S can 
bc convcncd to mixturcs o f  mostly TI, TIo and T,?.* Thcoarcal cakulations 
havc a l s o  shown a highcr cnl)lalplc srability for thc h r g ~  cages.' Fm this 
padicular work, thmrctical calculations on thc rclarivc cnthalpies for ; h w  
dcrivaiivcs as a function of " R  p u p  (mcthyl vcrscs bitluoromcthyl) wcrc 
camcd out along wtth laboratory cxpcrimcnts designed to mcasurc thc 
proportions of  csch cagc under mild conditions conducrvc to isomcrization 

Experimental 
Materials. All POSS compounds wcrc obtain4 from Hybrid Plastics or 

clsc synthcsi7cd according to thc I~tcratum pmcdur~s .~  NE1, w w  dricd by 
rcf lu~ing over CaH2 and distilled undcr dry nitrogcn. CDCI, was fin1 dricd 
ovcr CaH;, h c n  ovcr rnolccular slcvcs. and vacuum ~ransfcrd to a flask anand 
slorcd undcr dry nitrogcn. CZ, AK225G (CCIFH-CFICFIC1) and F m n  113 
(CCI:F-C'F2CI) ~ c r c  dcgassed prior to usc. 

Theoretlcsl Cdculatian~. The POSS cagc gwmemcs wcn: o p i i m i d  
ujlng density functional lhcory (DFT) mcthmk.' The B3LYP hybrid 
iuflctionalR, which includcd the S V W N ~ ~  wrrelallon hnci~aoal, was uscd in 
conjunction with the 6-31 ~G(d.p)l' basis sct. All structurrrs wcrc vcriticd as 
1-1 minima via diagonaliration o f  thc mtrix of energy second dcnvarives 
with rcspct to nuclcar Cartesian coordlnatcs (is., thc hcssran matrix.) 
Rclatilc ncrglcs wcrc rcfincd by calculating singlc-point MP2" cncrglcs a1 
thc Dm p~umctrics. All calculations wcrc pcrforrncd using thc GAMESS" 
ab initio clc~uonic structure d c .  

Resulu and Discussion 
Calculations to dctcrminc Lhc rclativc stabililics o i  a scries o f  POSS 

cagcs. [RSiOl 5]n with R = mthy l  or ttifluommcthyl and n = 4.6, 8, 10, 12. 
wn: undcrtakcn to hclp understand thc why some cagc sizcs appcar to bc 
prcfcwntially formcd. Thc data is shown in figure 2, along with comlatlng 
data from rcfcrcncc 5. Baxd on thcsc numb= alonc. onc would expFct !hat 
for cnthalpir reasons (AH). larger cagcs would lcad to a lowcr froc c n w  of 
Formation lhan smrllcr cages. Howcvcr, rhc cll'cct of  cntropy is not accountd 
for and cntropy WIN always hvor smaller cagcs (marc prt ic la) .  Anothcr 

Figure 3. -Si NMR spccwa of fluompmpylrT8 in  C6F6. On lhc Icft is a 
spatrum takcn aficr 24 hours in solution without any addcd b s c .  Shown on 
thc tighl 1s Ihc resulting mixture aAcr >days with NEt3. 

lhc cagcs arc complctcly stablc in  C d ,  soluliw without thc addition o f  
any basc. Oncc eiethylarnlnc 1s added, i t  takcs 2 - 3 daya at morn tcmpcraturc 
to achicvc what a p p r s  lo bc a thermodynamic cquhlhbriurn or which thc 
molar proportions of Ts. Tlo and TIT are about 4050: 10. Figwe 3 shows this 
&tn along with thc .PSI ~ ~ i p m ~ n t ~ :  thc TI has 8 equivalent s i l iwni  
rcronating at -67.1 ppm; Tlo has 10 quivalcnt siliwns rcsonattng at -69.6 
ppm; TI: has t w ~  inquivalcni silicon cnvimnmnts Kssonattng at 49.1 ppm 
and at -72.0 ppm in a ratio of 1 :2. 

1 
-44 .M .H .CI a -*1 -19 -71 6 - - 7 - * 7 1 W 

Flgure 4. NMR spcctra of  fluomPOSS p l u  NEtl in C6F6 aAer scvcml 
wccks; fluorgropyl IS on the right (131 days) and fluomhexyl is on thc left 
(42 days). 

Comparing figurcs four and thrcc demonstrates thal the ihcrmodynamic 
ratio o f  cages is very sim~lar for fluoropropyl and fluorohcrylPOSS. In 

Distribulion A. Appmved for public mlcasc, distribution unllmitcd. 



addition. thc highcr oligomm can bc s a n  "growing in" whcn thc reaction ts 

allowcd to pmcccd Tor cxtendcd perids of  lim. 

5 - " - -4. 7 , .r -u -4 -M -I? -Y  -.. -11 7 ,  w 

Flgurr 5. "Si NMR spcctra of  fluoropropyl l:Tll in ChFa bcforc NEtJ addition 
(on Iclt) and 4 days later aficr addition o f  basc (on right). 

Thc data in figure 5 shows thc definillvc cspcrimcnt proving that for 
fluoropmpylPDSS. thc thermodynamically i a v o d  products in C6F6 arc T,, 
Tlo and TI? in a ratio of  about 40:5010. In lhls case, h c  starting POSS 
compound was purc TI, and after a few days equilibrating with NEtl catalyst 
in C,F,, most of Ihc TI? was q laccd  with predominately Tp and TIP 

Thc cholcc of solvcnt can also affect the equilibration. 11 rs much slowcr 
in THF, and barely takes placc In AK225G. CClFH(CF:)CFEI. I1 i s  possible 
thal ~ h c  actdic proton in thc AK225G solvent tics up the NEi, camlyst to slow 
thc rcacrion. In mixcd CbFh 1 Fmonll3 solvent. m thc fluompr~pylT~ 
cquilibraics, thc smaH arnounrs of Tj? p d u d  arc bm ly  dctcctable by " ~ i  
nmr spcclroscupy bocaux it ncarly quantitatively prcctpltatcs from solution. 
rn~lklng thc T I *  isomr from thc others. 

Figure 6. %i NMR spcpcclra of 5tyCCn~lsT~ in CDCll bcforc base addition (on 
Icn) and I1 R days aficr addlng NEtl (on right). 

Undcr similar conditions to that h c d  with the fluoroalkylPOSS. no 
cquiIibralion occurrcd to cyclohcxylJ, CYC~O~CXYI~;TI, v~nylmT~ or 
styrcnyl,TF. dcrnan$trating that thcrc l a  somching in thc narurc or thc 
fluoroalkyl groups that induccs kinct~c lability 10 thcsc cagcs in thc prescncc 
o f  soft basc Both clmtrondonating alkyl and clcclmn-withdrawing alkcnyl 
groups srcm to bc immunc to this quilibration with lncrhylaminc. Howcvcr, 
strtlngcr bascs should prornotc thc rcaction.' 

Conclusions 
!I 1s apparcnt that allhough thc Tx structure is thc most common rypc of 

POSS, 11 is Iikcly not thc most thermodynamically slablc motif; both lhcory 
and cxpcrimcnt show this to bc thc tax. Undcf conditions whcrc a wlublc 
POSS cagc i s  cxpascd to a mild "soR" b a x  such as NEt,, T8 cagcs wllh vcry 
clcctmn-wirhdmwing tluoraalkyl groups (ClllCHL[CF2).CF,), slowly convcn 
to mixtures favonng largcr cages. This rcaction docs not affccr W S S  cages 
with clcctron donatrng alkyl gmup or those with rlcEtron-wlthdtawing 
alkcnyl groups. It i s  presumcd that thc fluormIky1 group lncrcascs the lability 
of thc polarizable Si-0 bond ~pcning a kinctic pathway lhai allows the 
Isumrizatton to takc placc. Clcarly, whcn POSS with cSccrron-w~thhwing 
groups IS ~ncorporatcd inlo plymcrs conlaining basic sitcs. onc must bc amarc 
1h31 undcr ccrtain conditions, i t might bc poss~blc lor thc cagcs to rcanangc 
Into an altcmatc structurc. For tcthcrcd POSS copolymzrs this pathway could 
lcad to polymcr chain cmssiinking. 
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