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' ' Synthesis and Characterization of Novel Spiro Penta. and CMX-200 spectrometer at 5C.29MHz and 39.73 MHz respectively. Both

" Hexacoordinate Anionic Polysiliconate and Polygermylate lonomers CP MAS and Bloch Decay MAS measurements were conducted on all
Derived trom the Condensation of'O:)$,5',6,6'.T_irahydroxy-l,l'- materials. Infra-red spectra were obtained using a Perkin-Elmer 1600
Spiro.Bis(Indane) with trialkoxysilanes, tetraalkoxysilanes, and series FTIR spcctrophotometer. Surface areameasurements were made on

triaikoxygermanes, a Micromeritics ASAP 2000 porosimeter using high purity N2 as
adsorbate at 77K and calculated using the BET equation (0.01 < P/P0,
0.30). a Thermal analysis measurements(DSC and TGA) were recorded

and Kenneth .1.Shea* on a Dupont Thermal Analyst 2000 with 910 DSC and 951 TGA modules
Depar_ent of Chemistry with a 10"C/rain heating rate under N2. All solvents used were purified

University of Californiaat Irvine using standardpurification methods. All reactions were conducted under
Irvine.California92717 anN2 atmosphere.

and Synthe__isof 5.5'.6.6'-Tetrahydroxy-l.l'-Spiro-Bis(Indane) (SCAT):
SCAT was synthesized following published procedures. 9 To a

DouglasA.Loy andGregoryM.Jamison solutionofcatechol(60.02g,545.Immol),reagentgradeacetone(200.I
Organization 1812, Properties of Organic Materials Department mL, 2.73 moi), and reagent grade acetic acid (336.0 mL, 5.44 mol) was

Sandia National Laboratories added 48% HBr (442.0 mL, 5.45 moi) and the solution brought to reflux.Albuquerque, New Mexico 87185 The solution was refluxed at I I0"C for 6 h to afford a dark brownish
solution. The solution was worked-up following standard organic
extraction-aqueous washing purification techniques to give a dark brown
solid,The solidwasrecrystallizedfromI:IHerJEtOAc(2X)toyieldaTherehasbeenatremendousamountofresearchfocusedonthe

synthesisandapplicationofion-containingpolymers.lAlth,,_ghawide tanpowder(20.39g,22%). IHNMR (300MHz, DMSO-d6) 8 8.52(s,
varietyofion-containingpolymershavebeenpreparedtod....relatively 4H,At-OH),6.49(s,21-{,At-H),6.06(s,2H,At-H),2.16(d,2H,J=12.84
fewexamplesofbackbonecontainingionomersexistintheliterature.2 MHz, CH2),1.99(d,2H,J--12.83MHz, CH2),1.25(s,6H,CH3); 13C
Anotherareaenjoyinganexplosionofinterestisthesynthesisofhybrid NMR (75MHz, DMSO--d6)8 144.6(At),142.1(At),140.6(At),110.1
organic-inorg.anicmaterials.3 Manipulationof thebuildingblock (At-H),I08.3(Ar-H),59.6(CH2),55.3(Q),42.4(Q),31.6(CH3),30.5
monomer umts atthemolecularlevelhas been shown tohave a
pronouncedeffecton thebulkpropertiesofthesematerialsRecent (CH3);FTIR(Kilt)x)3429,3236,2906,2924,1616,1508,1450,1300,
resca.,-chconductedinourlabhasbeenfocusedoncombiningthesetwo 864,814cm'l;HRMS (CI,isobut)calcdf̀orC21H2404: 340.1670,found:
importantareasbydevelopinga facilerouteforthesynthesisofhybrid 340.1570.
organic-inorganicbackbonecontainingionomericmaterials.These
materialsmay findapplicationsasbothsolidand solutionpolymer MonomerSyntheses:
electrolytes4,ion-exchangeresins5,oraspreceramicmaterials6. TctraethoxysilaneCrEOS)andphenyltrlethoxysilane(PTES)werepurchasedfromAldrichChemicalCo.and distilledfromCal-12.1,2-

We have previouslyreportedthe firstsynthesisand Bis(trimethoxysilyl)ethane(BMSE)and 1,6.bis(trimethoxysilyl)hexane
characterizationofpenta-and hexacoordinateanionicpolysiliconate(BMSH) werepurchasedfromHulsAmericaandusedasreceived.1,4-
ionomericmaterials.7 Thesynthesisofthesematerialswas achievedby Bis(triethoxysilyl)benzene(BESP)and4,4'-bis(triethoxysilyl)biphcnyl
the condensationof tetrahydroxybcnzene(THB) with phenyl (BESB)weresynthcsizexlusingpreviouslypublishedproceduresobtained
triethoxysilane(PTES),abis(trialkoxysilyl)alkane,ortctraethoxysilaneto
yielda pcntacoordinatcladderionomcr,a pentacoordinatenetwork in our lab.10 1,2-Bis(triethoxygermyl)ethane (BEGE), 1,6-
ionomer,and a hexacoordinatenetworkionomer,respectively.An bis(triethoxygermyl)hcxanc(BEGH),and 1,10-bis(triethoxygermyl)decant(BEGD)weresythesizedbyhydrogermylationoftheappropriate
exampleof thissyntheticstrategyappliedto theformationof a unsaturatedcompound usingtrichlorogermanefollowedby basic
pcntacoordinateladderionomer(PTES-THB-H+Basc)isshowninScheme. ethanolysistoyieldthebis(trialkoxygermyl)alkane.II Monomerpurity
I. was verifiedby solutionIH,13C,and29SiNMR, IR, MS, and gas

SchemeL Synthesisofananionicpentacoordinateladderionomcr, chromatography.

._j Polymer Syntheses:A typical preparation for the synthesis of an anionic polysiliconatc
Si(OEt)3 or polygcrmylatc material is given below for the synthesis of a phenylene-

H_OH Base _._0,,,_ _ bridged pentacoordinate anionic polysiliconate (BESP-SCAT-Et3NH+,II .I Si-o Scheme II). To a refluxing solution of BESP (0.895 g, 2.22 retool) and
+ HO""v'OHJ[_d.. _ "_O_O_ h H+Bas¢ SCAT (1.50 g, 4.41 mmol) in THF (9.0 mL) was added Et3N (2.00 mL,

14.4 mmol). After 16 h a white solid formed. The solution was refluxed
for an additional 4 h and then cooled slowly to room temperature. The

TI-IB PTES-THB.H"Basc solids were f'tltered, washed with THF (3 X 25 mL) and dried under
dynamicvacuum(< ImTorr,6 h)at room temperaturetoafforda tan

We wish to report here the synthesis and characterization of a new powder (1.84 g, 83%). IH NMR (300 MHz, DMSO-dt) 8 8.7-8.5 (br d,
family of air stable anionic penta- and hexacoordinatc polysiliconate NH+), 7.7-7.1 (brm, Ph-H), 6.6-6.2 (br s, SCAT), 6.0-5.7 (br s, SCAT),
materialsderived from the condensationof (:l:)-5,5',6,6'-tetrahydroxy-l,l'- 3.8-3.7 (br s, OCH2CH3), 3.7-3.5 (br s, THF), 3.0-2.8 (br s,
spiro-bis(indanc) (spirocatechol=SCAT) with tri- and tewaalkoxysilanes. N(CH2CH3)3), 2.3-1.8 (br m, CH2), 1.8-1.65 (br s, THF), 1.5-1.1 (br m,
These materials were synthesized using various Bronsted-Lowry bases CH3), 1.1-0.7 (brm, N(CH2CH3); 13CSolid State NMR (50.29 MHz, CP
(Et3N, Me4NOH,NaOMe) which resulted in the formationof ionomeric
materials containing distinctly different counterions. In addition, we MAS) 8 149.0 (SCAT), 141.9 (SCAT), 133.5 (Ph), 104.9 (SCAT), 68.0
would like to report the first synthesis of a pentacoordinate anionic (THF), 60.4 (CH2), 57.8 (OCH2CH3),47.2 (NCH2CH3), 43.6 (Q), 31.6
polygermylatenetworkmaterialmade with the SCATcondensing reagent. (CH3), 25.8 CrHF), 18.5 (OCH2CH3),8.8 (NCH2CH3); 29Si Solid State

NMR (39.73 MHz, CP MAS) 8 -57.6, -87.1; 29Si Solid State NMR(39.73

H_,,._t _t MHz, Bloch Decay) 8 -87.0; FTIR (KBr) x) 3446, 3037, 2951, 2860,
1637, 1485, 1360, 1279, 1220, 1141, 878, 695, 600 era-l; Elemental

H OH analysis calcd, for Ct0H76N2OsSi2: C 71.39, H 7.59, Si 5.56, found: C

OH 69.77, H 7.49, Si 5.62.

(Spirocatechol=SCAT) ]{esults and Discussion
The presence of the hypervalent siliconate functionality within the

][,/dl¢£i/l_lll_ polysiliconatcmaterialswasverifiedb),29SisolidstateNMR. 29SiNMR
has been utilized as the primary analyucal method in the evaluation of the

General.' valence at silicon. 12 Figure I shows the 29Si CP MAS specla-aof the
t3C and 29Si solid state NMRjwere obtained on a Chemagnetics phenyl substituted ladderpolysiliconate with Et3NH+ as the counterion
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e Scheme II. Synthsis of Pentacoordinate Bridging Polysiliconates and 2. Holliclay, L. Ionic Polymers. Applied Science Publishers, LTD.:
Poiy_ermylates. London, 1975, Chap. 1-2.

3. Rodrigues, D.E.; Brerman, A.B.; Bettrabet, C.; Wang, B.; Wilkes,
_'q G.L. Chem. Mater. 1992, 4, 1437, and references cited therein.

4. Gray, F.M. Solid Polymer Electrolytes. VCH Pub., Inc.: New

5. Small, H. Ion Chromatography. Plenum Press: New York, 1989,

_OR_ HO-_,,-_" _ O p.4I.
['7 _J_._.,__ 2a ,_ o,, _ l.,O 6. Schartz, M.M. HandbookofStructuralCeramics. McGrawHill, lnc:

• No _ ...¢_OH _ o" M-I I-M B' NewYork, 1992.
LJ

I OH __-O _'O.(_.. 7. a). Shea, KJ.; Loy, D.A.; Small, J.H. Chem. Mater. 1992, 4,
U_OR}, O"_ _./... ___.._ 255.; b). Shea, K.J.; Loy, D.A.; Small, J.H. Better Ceramics Through2_v : Chemistry V, edited by W. G. Klemperer, C. J. Brinker, and M.rr_

Hampden-Smith, (Mater. Res. Proc. 271), Pittsburgh, Pa., 1992, p.o
o_._, 711.

u.s, --_..___-- _ _ 8. Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area, andPorosity, 2nd Ed.. Academic Press: London, 1982, p. 25.
(BESP) (BESB) 9. Goto, H. Chem. Abstr. 1992, 114, 163609s.

l B;• EI3N Ido,NOH. NgOMeI 10. Shea, K.J.; LOy, D. A.; Webster, O. W. J. Am. Chem. Soc. 1992,B°,, Et,NH °,MO,N" Na' I _ _ 114, 6700, and references cited therein.
(BMSE) (BMSH) 11. Jamison, G. M.; LOy, D. A.; Shea, K. J. Chem. Mater. 1993, 5,

1193.M=Go r-'-.a--_"_-- _ _ 12. Holmes, R.R. Chem. Rev. 1990, 90, 17.
(BEGE) (BEGH) 13. Chuit, C.; Corriu, R.J.P.; Reye, C.; Young, J.C. Chem. Rev. 1993,

93, 1371, and references cited therein.
(PTES-SCAT-Et3NH +, similar to Scheme l). The resonance centered at

14. Loy, D.A.; Small, J.H.; Shea, KJ. Organometallics. 1993, 12,
-87 ppm is indicative of a pentacoordinate siliconate and corresponds with 1484.
literature values. 13 Lack of an absorbance at -57 ppm implies the absence

of residual monomeric units (tetracoordinate silicon) indicating complete Figure I, 29Si Solid State NMR Spectra of PTES-SCAT-Et3NH +.
condensation during polymerization. The 29Si CP MAS spectra for a
hexacoormnaI_ polysiliconate with MeaN* as the counterion (TEOS-

"_'-C_T-lVle4N +) is shown in Figure II. Two resonances were observed at
-98 and -139 ppm which correspond to the tetra- and hexacoordinate
siliconate functionality. The resonance at -98 ppm can be explained by
incomplete condensation during the polymerization leaving a
tetracoordinate silicon functionality in the ionomeric framework.

IH NMR was used to verify the p_senc¢ of the pentacoordinate
germylate functionality within the polygermylate ionomer (BEGE-SCAT-
Et3NH +, Scheme I1). We have previously seen an upfield chemical shift _ "_
for the aromatic protons in the model compounds (catecholates) when the
hypervalent siliconate functionality is present.14 This charcteristic up field o0,

• ,,, ,,,, ,,,, ,,, ,, ,, ,,, , ,, ,,,,i-r-r-
shift is seen in theIH NMR of thepolygermylate materials verifying the '_,l_ _o s._ _0 '_' 'Jo' '-_ _00' 2'_o-e00
presence of the penatcoordinate germylate functionality.

Due to the network formation of the bridging polysiliconates it was
thought that the materials may possess significant surface areas. However, Figure ILL 29Si Solid State NMR Spectra of TEOS-SCAT-Me4N +.
N2 adsorption porosimetry indicated that these materials were non-porous
with sufface_ areas between 0.2-8.5 m2g "l. Thermal analysis (DSC and
TGA) indic,'ites that there is an onset of decomposition ranging from 265-
338"C (DSC) corresponding to a 62-76% weight loss by 900"C (TGA).
The TGA of SCAT reveals an onset of decomposition at 325"C and
complete weight loss by 600"C. A correlation between the onset of
decomposition for SCAT and the materials is likely. This would imply
that the hypervalent siliconate functionality in the materials is thermally
stable to temperatures greater than 350"C. An example of the TGA of a __
bridging polysiliconate is shown in Figure Ill for the phenylene-bridged

material (BESP-SCAT-Et3NH +, Scheme I1).
,_,"7*_._;"2,;,"'. ;_)''-''_"Conclusion ''_" 'd_" 'dd....' ' -zoo

The synthesis of hybrid organic-inorganic materials with ionic
functionality within the polymer backbone has been achieved. A new
family of hypervalent spiro anionic polysiliconates and polygermylates Figure !111.Therrnc ,_ .(_ .-.n'k .,,,,_lysis _:_/),.. BESP-SCAT-Et3NH +.

has been prepared. These materials were shown to be thermally stable to [
moderate temperatures and are completely air and moisture stable. ,oo ._ !Analysis of the materials by solution and solid state NMR verified the --_
presence of the hypervalent functionality. We are currendy examining the "N
effect that alteration of the condensing reagent and/or the countenon may _. \
have on the bulkproperties of the ionomeric material, a
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
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