97061925 A2 A1 DO 000 0O A A

(@

o

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

International Bureau ) I 0 0 SO

(10) International Publication Number

WO 2009/061925 A2

(51) International Patent Classification: (74) Agent: MAYBERRY, Michele, L.; Latimer, Mayberry &
CO7F 7/18 (2006.01) B82B 1/00 (2006.01) Matthews IP Law, LLP, 13873 Park Center Rd., Suite 106,
Herndon, VA 20171 (US).

(43) International Publication Date
14 May 2009 (14.05.2009)

(21) International Application Number: (81) Designated States (unless otherwise indicated, for every

PCT/US2008/082646 kind of national protection available): AE, AG, AL, AM,
) B AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
(22) International Filing Date: CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
6 November 2008 (06.11.2008) EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
B _ IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, L.C, LK,
(25) Filing Language: English LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
o _ MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
(26) Publication Language: English RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(30) Priority Data: 7W.

60/985,731 6 November 2007 (06.11.2007)  US

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
(72) Inventors; and NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,

(75) Inventors/Applicants (for US only): AGASKAR, CL CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
Pradyot, A. [US/US]; 100 Otey Street #308, Blacksburg, Published:
VA 24060 (US). HANSON, Brian, E. [US/US]; 405 — without international search report and to be republished
Georgia Street, Blacksburg, VA 24060 (US). upon receipt of that report

(71) Applicant (for all designated States except US): VIR-
GINIA TECH INTELLECTUAL PROPERTIES, INC.
[US/US]; 2200 Kraft Drive, Suite 1050, Blacksburg, VA
24060 (US).

(54) Title: NANOCOMPOSITE ORGANOLITHIC MACROMOLECULAR MATERIAL WITH LONG-RANGE STRUC-
TURAL ORDER

N 4{7};/\/\

SN

b

S o :/(Ij l;i‘“\%-_?&#
% —\/—%_‘-\x“/ %\Q‘
%&N\/\\ 5~ \’\ §
BT .
K
7f N

ic Repr ion of ite Qrganolithic Macr lccular Materials (OMMs)

FIG. 1

(57) Abstract: The present invention relates to compositions of matter comprising polyhedral structural units of empirical formula
Si203, with silicon atoms at the vertices of the polyhedron and oxygen atoms at the center of each edge, arranged in an ordered
manner with a repeat distance characteristic of such order in the range of 1 to 2 nanometers and organosilicon crosslinking groups
tying these units together to form a polymeric material that exhibits Bragg reflection peaks in the X-ray region of the electromagnetic
spectrum. The present invention further relates to methods of preparing such compositions. The nanocomposite materials according
to the invention may be useful, for example, as electronics packaging materials, as resists for e-beam lithography, as protective coat-
ings, as binders for refractory sands, as the matrix in polymer matrix composites and as reflective materials in soft X-ray telescopes
and microscopes.
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NANOCOMPOSITE ORGANOLITHIC MACROMOLECULAR MATERIAL
WITH LONG-RANGE STRUCTURAL ORDER

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application relies on the disclosure and claims the benefit of the filing date of U.S.
Provisional Application No. 60/985,731, filed November 6, 2007, the disclosure of which is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[002] The field of this invention relates to nanocomposite organolithic macromolecular
materials (OMMs) with long-range structural order having a nanoscale characteristic repeat
distance.

Description of Related Art

[003] Organolithic Macromolecular Materials (OMMs) are composite materials consisting of
an inorganic portion and an organic portion that have a definite chemical linkage between the
two (A. D. Wilson & S. Crisp “Organolithic Macromolecular Materials” Applied Science
Publishers Ltd. London, 1977, 3-4). A nanocomposite OMM is formed from nanoscale portions
of inorganic and organic matter linked together to form a macroscopic polymeric material. The
first such OMM where both portions were structurally well-defined was reported in 1989 (P. A.
Agaskar, J. Am. Chem. Society 1989, 111,6858-6859). Since that time a number of such
materials have been prepared and their structural and macroscopic properties described in detail
(C. Sanchez et al, Chem. Mater. 2001,13,3061-3083). Most recently a nanocomposite OMM
was reported in 2002 (J.G. Matisons, J. Am. Chem. Socicty 1989, 124,13998-13999) that was a
clear elastomeric material.

[004] The structural characteristic of these OMMs that distinguishes them from ordinary
polymers is the medium range order, i.e. on the 1 to 2 nanometer scale the structure is well

defined in terms of the atomic composition and the chemical linkages between the various atoms.
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However, none of these existing OMMSs have any long range order, i.¢. beyond about 2 nm, and
the materials exhibit the characteristic amorphous diffraction pattern observed in all polymeric
materials.

SUMMARY OF THE INVENTION

[005] One object of the present invention is to prepare a class of materials that includes
nanocomposite OMMs comprising polyhedral structural elements linked together to form an
extended 3-dimensional network polymer. A further object of the present invention is to have
the cross-linking organosilicon moieties themselves forming a 3-connected network in which are
embedded the polyhedral structural elements with definite chemical linkages between the two
portions of the so formed nanocomposite material.

[006] In addition, it has now also been unexpectedly found that by thermally treating a
precursor compound in the presence of a polymerization initiator a nanocomposite OMM can be
prepared that exhibits structural order beyond the medium range order characteristic of hitherto
known nanocomposite OMMs. This long order manifests itself as several Bragg reflection peaks
in the X-ray diffraction powder pattern.

[007] The present invention includes a nanocomposite material of empirical formula
C.HpOSig, whereina=12to 18; b= 18 t0 30; ¢ =3 to 5; and d = 4. Also included within the
scope of the invention is nanocomposite material according to the empirical formula above,
wherein up to half of the silicon atoms and less than all of the oxygen atoms form polyhedrons of
empirical formula Si,Os, wherein the polyhedrons comprise the silicon atoms as polyhedron
vertices and comprise the oxygen atoms as polyhedron edge centers. The invention also
provides nanocomposite material according to the above specifications, wherein the polyhedrons
are evidenced by silicon-29 magic angle spinning solid-state nuclear magnetic resonance
spectrum.

[008] The invention also includes nanocomposite material described above, wherein
polyhedron structural elements of the nanocomposite material are arranged in a 3-dimensional

2
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pattern with long range structural order as evidenced by several strong Bragg reflection peaks in
the X-ray region of the electromagnetic spectrum.

[009] Nanocomposite material according to the invention further includes the above described
nanocomposite material, wherein the long range structural order has a 1 to 2 nanometer repeat
distance characteristic.

[010] The invention includes methods of making a nanocomposite material according to the
specifications described above comprising polymerizing a precursor compound having reactive
functional groups covalently bound to the silicon vertices of the polyhedron. The methods
according to the invention can also comprise heating the precursor compound to a temperature
ranging from about 100 to about 200 °C. Heating according to the methods of the invention can
be carried out in the presence of ultraviolet radiation and/or in the presence of a free radical
initiator, such as atmospheric oxygen.

[011] Methods of making a nanocomposite material according to the above described
specifications can comprise polymerizing a precursor compound having reactive functional
groups covalently bound to the silicon vertices of the polyhedron. Such methods can further
comprise heating the precursor compound to a temperature ranging from about 100 to about 200
°C. Additionally, such methods according to the invention can comprise heating, which is
carried out in the presence of ultraviolet radiation and/or in the presence of a free radical
initiator, such as atmospheric oxygen.

BRIEF DESCRIPTION OF THE DRAWINGS

[012] FIG. 1 provides a schematic representation of an embodiment of the polymeric materials
according to the invention, an exemplary nanocomposite OMM.

[013] FIG. 2A is an FTNMR spectra (Silicon-29) of precursor compound of Example 1.

[014] FIG. 2B is an FTNMR spectra (Carbon-13) of precursor compound of Example 1.

[015] FIG. 3 provides a schematic representation of a molecular packing diagram of precursor
compound as determined by single crystal x-ray diffraction measurements.

3
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[016] FIG. 4A is a CPMAS FTNMR spectra (Silicon-29) of the nanocomposite OMM prepared
according to Example 2.

[017] FIG. 4B is a CPMAS FTNMR spectra (Carbon-13) of the nanocomposite OMM prepared
according to Example 2.

[018] FIG. 5 provides an x-ray powder diffraction trace of the nanocomposite OMM prepared
according to Example 2.

[019] FIG. 6A is a CPMAS FTNMR spectra (Silicon-29) of the porous material prepared
according to Example 3.

[020] FIG. 6B is a CPMAS FTNMR spectra (Carbon-13) of the porous material prepared
according to Example 3.

DETAILED DESCRIPTION OF
VARIOUS EMBODIMENTS OF THE INVENTION

[021] Reference will now be made in detail to various exemplary embodiments of the
invention. The following detailed description is presented for the purpose of describing certain
embodiments in detail. Thus, the following detailed description is not to be considered as
limiting the invention to the embodiments described. Rather, the true scope of the invention is
defined by the claims.

[022] The invention comprises a composition of matter capable of being achieved in stages.
For example, the first stage can include preparation of the polyhedral structural elements of
empirical formula Si,Os either in solution form or as a crystalline material. The next stage is
achieved when these polyhedral structural elements, which may be discrete molecular entities or
linked to each other to form beads-on-a-chain polymeric entities, are derivatized and reactive
organosilicon functional groups attached by way of covalent bonds to the silicon atoms at the
vertices. A third and typically final stage is reached when the so appended reactive

organosilicon functional groups are induced to form linkages between themselves by the
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application of heat in the presence of an initiator which may be ionizing radiation, UV radiation
or free-radical forming species such as molecular oxygen.

[023] FIG. 1 provides a schematic representation of an embodiment of the polymeric materials
according to the invention, an exemplary nanocomposite OMM. As shown in FIG. 1, the cubes
are silica clusters which constitute the polyhedral structural elements described earlier, the 3-
connected polymeric portion surrounds these polyhedral structural elements and is linked to them
by way of covalent bonds, and the periodicity defined by the silica clusters is about 1 nm center-
to-center.

[024] The present invention includes nanocomposite materials of empirical formula C,H,O.Sig,
whereina=12to 18;b=18t0 30; ¢ =3 to 5; and d = 4. In embodiments, the structure of the
nanocomposite is such that up to half of the silicon atoms and less than all of the oxygen atoms
of the nanocomposite together form polyhedrons of empirical formula Si,0Os3. In further
embodiments, the structure of the polyhedrons is such that the silicon atoms comprise the
vertices of the polyhedrons, thereby defining the edges of the polyhedron, and the oxygen atoms
are at the centers of the polyhedron edges. In yet further embodiments, the polyhedral structural
elements are arranged in a 3-dimensional pattern with long range structural order (as evidenced
by the presence of several strong Bragg reflection peaks in the X-ray region of the
electromagnetic spectrum). The repeat distance characteristic of the long range structural order
can be between 1 and 2 nanometers.

[025] As further explained in examples below, the nanocomposite materials can be formed
from precursor compounds having the same empirical formula as the nanocomposite. The
precursor may be polymerized by heating to a temperature anywhere within the range of from
about 100 °C to about 200 °C. For example, where the organosilicon functional groups comprise
vinyl groups, polymerization can be observed at 180 °C and a solid resin of identical equivalent

weight to the precursor can be obtained, i.e., with no loss of mass upon polymerization. If



WO 2009/061925 PCT/US2008/082646

desired, polymerization can also be carried out in the presence of ultraviolet radiation and/or in
the presence of a free radical initiator, such as atmospheric oxygen.

[026] This nanocomposite OMM can be used in this final form in a variety of applications, for
example, as the matrix material in a carbon fiber composite object or as a binder in silica sand
molds used in casting metal objects. It can also be used as a resist material in the
microelectronic fabrication industry and as an X-ray mirror. Chemical modifications of the
nanocomposite OMM in its final form can lead to nanoporous materials that would display high
ionic conductivities, a property of use in the fabrication of electrochemical devices such as
batteries and ultracapacitors.

[027] Example 1

[028] A solution of tetramethylammonium hydroxide in methanol was mixed with
tetramethylorthosilicate in 1:1 molar ratio to yield a solution wherein substantially all the silicon
atoms are included in discrete molecular ions of empirical formula [SigOa]"". These polyhedral
structural elements were then allowed to react with an organosilicon compound such as
CISi{CHCH,); so as to form a solution of the precursor compound [SisO1, J(OSi(CHCH;)3)s and
tetramethylammonium chloride.

[029] After extraction of the precursor compound into a hydrocarbon solvent phase such as n-
pentane, a crystalline form of the precursor compound was obtained by removing the solvent.
The FTNMR Spectra of the precursor compound prepared according to Example 1 is shown in
FIGS. 2a (Silicon-29) and 2b (Carbon-13). The molecular packing diagram, as determined by
single crystal X-ray diffraction measurements, of the precursor compound prepared according to
Example 1 is shown in FIG. 3.

[030] Example 2

[031] The precursor compound isolated as crystals as described in Example 1 was heated up to
about 475 Kelvin (about 202 °C), whereupon having first melted at about 400 Kelvin (about 127
°C), it was converted into the nanocomposite OMM form and became a clear, hard solid. The
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CPMAS FTNMR spectra of the nanocomposite OMM prepared according to Example 2 are
shown in FIGS. 4A (Silicon-29) and 4B (Carbon-13). The structural changes resulting from the
heat treatment of the precursor are clearly reflected by the differences between these and the
spectra shown in FIGS. 2A and 2B. As shown in FIG. 5, the X-ray powder diffraction trace of
the nanocomposite OMM prepared according to Example 2, which shows the Bragg reflection
peaks at about 8 and 16 2-theta, is indicative of long-range structural order.

[032] Example 3

[033] The nanocomposite OMM form of the material, prepared as described in Example 2, was
treated with an aqueous solution of hydrofluoric acid over a period of two hours. After filtration
the residue was washed with water and dried. The dry solid obtained weighed about 20% less
than the amount of starting material, which is indicative of the loss of the polyhedral structural
elements resulting in the formation of a porous material. The CPMAS FTNMR spectra of the
porous material prepared according to Example 3 are shown in FIGS. 6A (Silicon-29) and 6B
(Carbon-13). As shown in FIG. 6A, the peak due to the polyhedral structural units at -109 ppm
is seen to be clearly diminished when compared to FIG. 4A. The surface area of the material
prepared as described here was measured to be about 17 square meters per gram and the pore
size distribution is in the range of about 1.4 to 2.9 nm.

[034] The present invention has been described with reference to particular embodiments
having various features. Upon consideration of the specification and appended claims, it will be
apparent to one skilled in the art that these objects along with others not explicitly listed above
are provided by the invention disclosed herein. In particular, it will be apparent to those skilled
in the art that various modifications and variations can be made in the practice of the present
invention without departing from the scope or spirit of the invention. One skilled in the art will
recognize that these features may be used singularly or in any combination based on the
requirements and specifications of a given application or design. Other embodiments of the
invention will be apparent to those skilled in the art from consideration of the specification and

7
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practice of the invention. The description of the invention provided is merely exemplary in
nature and, thus, variations that do not depart from the essence of the invention are intended to

be within the scope of the invention.
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CLAIMS
1. A nanocomposite material of empirical formula C,Hy,OcSig,

whereina=12to 18; b=18t030;¢c=3to 5; and d =4.

2. The nanocomposite material according to claim 1, wherein up to half of said
silicon atoms and less than all of said oxygen atoms form polyhedrons of empirical formula
Si,03, wherein said polyhedrons comprise said silicon atoms as polyhedron vertices and

comprise said oxygen atoms as polyhedron edge centers.

3. The nanocomposite material according to claim 2, wherein said polyhedrons are

evidenced by silicon-29 magic angle spinning solid-state nuclear magnetic resonance spectrum.

4. The nanocomposite material according to claim 1, wherein polyhedron structural
elements of said nanocomposite material are arranged in a 3-dimensional pattern with long range
structural order as evidenced by several strong Bragg reflection peaks in the X-ray region of the

electromagnetic spectrum.

5. The nanocomposite material according to claim 2, wherein polyhedron structural
elements of said nanocomposite material are arranged in a 3-dimensional pattern with long range
structural order as evidenced by several strong Bragg reflection peaks in the X-ray region of the

electromagnetic spectrum.

6. The nanocomposite material according to claim 3, wherein polyhedron structural
elements of said nanocomposite material are arranged in a 3-dimensional pattern with long range
structural order as evidenced by several strong Bragg reflection peaks in the X-ray region of the

electromagnetic spectrum.
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7. The nanocomposite material according to claim 4, wherein said long range

structural order has a 1 to 2 nanometer repeat distance characteristic.

8. The nanocomposite material according to claim 5, wherein said long range

structural order has a 1 to 2 nanometer repeat distance characteristic.

9. The nanocomposite material according to claim 6, wherein said long range

structural order has a 1 to 2 nanometer repeat distance characteristic.

10. A method of making a nanocomposite material according to claim 1 comprising

polymerizing a precursor compound having reactive functional groups covalently bound to said

silicon vertices of said polyhedron.

11.  The method according to claim 10, comprising heating said precursor compound

to a temperature ranging from about 100 to about 200 °C.

12.  The method according to claim 11, wherein said heating is carried out in the

presence of ultraviolet radiation.

13.  The method according to claim 11, wherein said heating is carried out in the

presence of a free radical initiator.

14, The method according to claim 13, wherein said free radical initiator is

atmospheric oxygen.

10



WO 2009/061925 PCT/US2008/082646

15. A method of making a nanocomposite material according to claim 2 comprising
polymerizing a precursor compound having reactive functional groups covalently bound to said

silicon vertices of said polyhedron.

16. The method according to claim 15, comprising heating said precursor compound

to a temperature ranging from about 100 to about 200 °C.

17.  The method according to claim 16, wherein said heating is carried out in the

presence of ultraviolet radiation.

18.  The method according to claim 16, wherein said heating is carried out in the

presence of a free radical initiator.

19. The method according to claim 18, wherein said free radical initiator is

atmospheric oxygen.

11
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Molecular Packing Diagram of Precursor Compound
as Determined by Single Crystal X-Ray Diffraction Measurements

FIG. 3
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CPMAS FTNMR Silicon-29 Spectra of the Nanocomposite OMM of Example 2
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