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Abstract

This reviewis intended to cover the nore recent
advances in both structure-property relationships of
pol ymers incorporating Polyhedral digoneric
Si | sesqui oxane(s) (POSS) nanostructured chemicals as well
as space-survivability testing of PCSS-polynmers. The
strategy enployed for using POSS as building bl ocks is
di scussed in addition to current nodels and predictions
pertaining to the ideal crystallite/aggregate size of the
nanoconposite within the polymer matrix to provide maxi mum
nmechani cal inprovenments. The oxidation and rapid fornation
of Si O, during atomic oxygen testing |eads to a passivating
| ayer, and conclusive proof of these phenonena is
presented. Also, a brief history of POSS is outlined to
hel p readers understand how they relate to the recent boom

i n nanot echnol ogy and their position in nanomaterials R&D

Background and I ntroduction

The recent nanotechnol ogy surge, both in funding and
interest, has provided for a potential user-wi de
under st andi ng of the neani ng behind this buzzword. The
general public hears of nanotechnology in TV conmerci al s
such as BASF s adverti senent expl ai ni ng how nanot echnol ogy

benefits themor in Hew ett Packard s clai mduring Sunday

Approved for public release; distribution is unlimited




NFL ganes of the alnost |limtless possibilities that

nanot echnol ogy offers [1]. In the scientific conmunity

t here have been heat ed exchanges between rationa
scientists and paranoid futurists [2]. However in nost
cases one can safely assert that we are not yet at a

nanot echnol ogy stage but rather at an earlier research and
devel opnent stage cal | ed nanosci ence.

This is evident within the nanomaterials reinforced
polyners realm where only a handful of small-niche
successful technol ogy transfers have occurred (e.g., clay
nanoconposi tes for packagi ng, PCSS for dental adhesives)
despite the large dollar investnent in nanomaterials
science. Wile nanomaterials are still in a fledging
phase, the dramatic increase in R& fundi ng has already
resulted in a shift away from nononer/feedst ock
devel opnents and a novenent towards structure/property
rel ati onship studies of the nanomaterials incorporated into
pol yner systens. Wen these nanomaterials are well
di spersed in a polyner matrix, they are often described as
nanoconposites, with the nost successful structure-property
studi es having started with the idea of devel opi ng a node
for the nanofiller-polyner interaction [3]. Such nodels
start with an established pol yner system nodel and an

assi gnnent of dinmensionality to the nanofiller. The nost

Approved for public release; distribution is unlimited




prom sing nanofillers and their dinensionality include clay
| ayered silicates (2-D), single & multi-walled nanot ubes
(1-D), carbon nanofibers (1-D), and POSS Nanostructured
Chenmicals (0-D).

Once the nanofiller is successfully conpatibilized
within the polymer matrix to make a nanoconposite, then
nechanical testing (e.g., DMIA, Rheol ogy) conbined with
physi cal property spectroscopy (SEM TEM AFM is needed in
order to correlate nol ecular level structuring with
nmacroscopi ¢ property enhancenents. Models are devel oped
and are then further refined in an iterative fashion both
wi thin polyner classes and across polymer systens, with the
ultimate goal of predicting and controlling property
enhancenents of polyners reinforced with nanofillers.

Pol yhedral digoneric Silsesqui oxanes (POSS) are a
class of nanofillers for polymers where such a program
exi sts. An ongoing concerted nulti-teameffort is focused
on studying the structure-property rel ationshi ps of PCSS-
pol ymers. As a starting point, a recent nanoconposite
revi ew cl assified POSS as having zero-di nmensionality or a
sphere-like structure [3]. Wiile this is a good initia
assignnent, the ability to higher dinensionality through
aggregation or crystallization of POSS macroners within the

pol ymer matrix has been realized and allows one to build 1-
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3 dinmensional scaffolds. This ‘building-block’ capability
is a key benefit of POSS nanostructured chenical s and,
along with the chenmical versatility of over 120 avail abl e
macroners, is what has attracted nunmerous researchers to
study the incorporation of PCSS into polymer matrices.
This review article will focus primarily on the history of
PCSS, studies specifically aimed at structure-property

rel ati onshi ps, research for inproved space-survivabl e
materials, and future areas for exploration and

commerci al i zati on.

A Quick History of Polyhedral digoneric Silsesqui oxane(s)

(PCSS) and POSS- pol yner s

An excellent review by Pittman in 2001 covers a
majority of the technical publications pertaining to PCSS-
pol yners, which incidentally only dates back to 1991 [4].
Articles on the synthesis, structure and properties of
si | sesqui oxane resins have been around since well before
t he 1940s, however two | andmark publications pertaining to
wel | -defined POSS structures were the 1946 Scott paper on
conpl etely condensed PCSS cages, and the inconpletely
condensed PCSS ‘triol’ characterization by Brown and Vogt
in 1965 [5,6]. It was not until twenty years later that

Feher initiated a research program focused on exploiting
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t he uni que georetry and functionality of these silicon-
oxygen frameworks. Feher’s initial prograns were ained at
the nodeling of silica surfaces and devel opnent of
honmobgenous catal ysts [7,8], but his group also played a
significant role later on in the devel opment of POSS-

pol yrers.

In 1991, Lichtenhan and the Air Force Research
Laboratory received funding fromthe Air Force Ofice of
Scientific Research (AFCSR) for his proposed devel opnent of
PCSS nmacroners contai ning a pol yneri zabl e functional group
and the subsequent synthesis of a POSS copol yner [9, *10].
The Uni versity-CGovernnent coll aboration between Lichtenhan
and Feher rapidly expanded to include nore academ c
col | aborators including Laine [11], Mather [12] and others
who were all intrigued by the physical and nechanica
property inproverments inparted by incorporation of these
nanostructured materials into polynmer systens. 1In the late
ni neties not only was governnent and academ c interest
growi ng, but also that of the industrial sector which
desired |l owers costs and | arger quantities of the material.

The fall of 1998 nmarked the start-up of Hybrid
Plastics in Fountain Valley, CA which transitioned the
governnent scale-up facilities to the comercial sector

t hrough a cooperative research and devel opnent agreenent.
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In addition, the award of a three-year multi-mllion dollar
NI ST Advanced Technol ogy Programgrant in 1998 to Hybrid

Pl astics was critical in both reducing the prices of the
PCSS feedstocks and macroners ($5, 000--$10, 000 down to $50-
-$2000 per pound) and increasing production (<20 Ib/yr to
>2000 I b/yr) to satisfy the nore than 100 conpani es now

i nvestigating how the incorporation of POSS inproves
material properties for their applications. In the sunmrer
of 2003, Hybrid Plastics |aunched critical agreenments wth
Sout hern M ssissippi State University and the Cty of

Hatti esburg for their devel opment of a 26,000 sq ft
production facility and a 1,500 sq ft R&D center.

The nearly exponential increase in the nunber of
acadeni c researchers, academ c publications (Fig. 1),
governnent prograns, and industrial research efforts on
PCSS nanostructured chenicals has made it one of the top
nanomaterials in the nanosci ence/ nanot echnol ogy field.

I ndeed, the versatility of the POSS nol ecule, the nore than
one hundred denmpnstrated conpati bl e polyner systens and the
i nnunerabl e applications nakes it difficult to understand
and discern the current and future direction. However, it
is clear to the author that at |east one concerted effort
with a single-mnded goal of predicting and controlling

structure-property relationships is needed, and is being

Approved for public release; distribution is unlimited




pursued by a nunber of research groups working with PCSS

nanostructured chem cal s.

Fig 1

Structure-Property Rel ationshi ps of POSS-Pol yners

As previously nentioned, the nunber of research groups
wor ki ng on PCSS-pol yners has increased sharply over the
| ast few years. To include all their work into a coherent
story not only goes beyond the intent of this review, but
al so would require such an effort as to demand an entire
publ i shed volune. Rather, this section of the review wll
focus on six research groups whose common thene is an
attenpt to understand the structure-property rel ationships
of a variety of thernoplastics containing PCSS. Table 1
lists these research groups along with their nore recent

research focus with respect to PCSS-pol yners.

Table 1

Model i ng and sinmul ation has played an increasing role in
descri bing or expl ai ni ng nanosci ence phenonena. In
material s science this can be rationalized based on the

di sparity between spectroscopy at the nano | evel and
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property testing at the nmacro level. Very few instrunents
are capabl e of performng both functions in real ting,
making it difficult to draw correl ati ons between nol ecul ar
| evel structure and bul k physical properties. Al t hough
the MT Defense University Initiative on Nanotechnol ogy for
pol ynmer nanoconposites only started studyi ng POSS-pol yners
a year ago, the excellent work that will be published in
2004 is worth mentioni ng now.

Capal di, Boyce and Rutl edge have perforned lattice
dynami cs simul ations of various crystal forms of PCSS, as
well as ol ecul ar dynam cs sinul ations of POSS particles
di spersed in an organic matrix at tenperatures from 300 to
500 K [13]. Their sinulations reveal the detailed packing
structure of the organic phase as a function of distance
fromthe center of the POSS T8 particle, for different
pendant groups attached to the silicon vertices of the POSS
particle. Through their sinmulations, they
explore the dynanmics of the PCSS particle as it interacts
with the matrix material. They observe interesting
aggregation properties at |ower tenperatures (300 K) in
their sinulations, in accord with experinental
observations. They al so study the deformation of the PCSS-

pol ymer conposite, and conclude that a fully dispersed PCSS
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nanoconposite is surprisingly soft, conpared to
expect ati ons based on conventional conposite nodels.

The effort perfectly conpl enents Kopesky, Cohen and
McKi nl ey’ s soon-t o-be-published work i n Macronol ecul es
whi ch conpares and contrast bl ends and copol yners of
pol y(net hyl nethacryl ates) containing POSS. Wth the
bl ended POSS an initial plasticization effect was observed,
whil e at hi gher |oadings aggregates/crystallites were
formed which increased the viscosity. The copol ynmer showed
i ncreased viscosities at all |oadings, indicating that
aggregates/crystallites may be forned early on [14].

Bowers and Anderson have conbi ned nodeling with nmass
spectronetry aimed at understandi ng how PCSS nol ecul es
affect the polynmer structure. Anber nol ecul ar nodeling and
X-ray crystal structure data is used to accurately predict
the gas phase structures of a nolecule, such as POSS [15].
The information can then be used to determ ne cross-
sectional areas. Experinentally, they conbine MALDI - TOF
spectroscopy with ion chromatography which yields different
retention tinmes of structural isonmers. Their first
publication on studyi ng POSS nacroners was targeted at
unravel i ng the gas phase confornmations of StygTg and

(PhEt) gTg as seen in Figure 2 [16].
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Fig 2

In their nore recent publication they studied both
conpl etely and inconpl etely condensed POSS macroners in
addition to varying the size of the PCSS cage [17]. The
agreenent between cal cul at ed cross-sectional areas,
retention tines and the nunber of isoners for PCSS
macromer s has been shown to accurately match experinenta
data within a 2%error. In addition, the Bowers’ group has
al ready shown that they can successfully nodel oligoner
chains of a variety of polyner systems [18]. The next
step, which is already underway, is to nodel short-chain
ol i goners of PCSS-polyners to determine the interaction of
the PCSS noiety with the pol yner backbone and conpare these
results to previously reported non-PCSS contai ni ng
pol yners.

Mat her and Haddad have been researchi ng the structure-
property rel ationshi ps of POSS-polyners since the late
1990’ s [19,20]. Their PGCSS-norbornyl polyners (Fig. 3) are
the best studied systemto date and continue to be used to
di scern PCOSS interactions at the nolecular level. The
systemati ¢ approach included the devel opnent of bl ocky and
random PGSS- nor bor nyl copol yners w th varyi ng wei ght

percent and types of POSS. Through the use of DMIA,
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rheol ogy and TEM they were able to deternine that slight
changes in donmain size can result in dramatic changes in

the glass transition state (Fig. 4).

Fig. 3

Fig. 4

Through recent variations in the organic groups on the PGSS
cage, Mather and Haddad reported at the 2002 PCSS
Nanostructured Chemi cals Conference [21] that the critical
cylinder dianeter of POSS crystallites/aggregates is on the
order of 10-20 nm This was strongly supported by a 2000
publication that discussed the effect of different donain
sizes, with the cyclopentyl PCSS (Cp) cylinders having a

di aneter of 6nm and cycl ohexyl POSS (Cy) having a di aneter

of 12nm[22]. Al so, the Cp cylinders were about 36 nm |l ong
while the Cy cylinders were 62 nmlong. The net result is
that seven tines as nuch POSS is tied up in each cylinder
in the Cy case when conpared to the Cp case. These results
al so provided the evidence that the R groups on the PGOSS
cage affect the cylinder size and result in significant

changes of bul k mechani cal properties (Fig. 5).

Fig. 5
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Haddad has expanded on this work to study POSS-styrene

pol ymers with varying R groups on the PCSS cage. H's DMIA

spectra al so show an increase in tan dwith R=Cy > Cp and
a plasticization effect when R = i-Bu [23]. Mather
directed his understandi ng of using POSS as buil ding bl ocks
to work in the area of PCSS telechelics with the PCSS being
the end group of the PEG honopol yner. He was able to
control the nol ecul ar architecture by varying the POSS
addition, resulting in dramatic decreases in crystallinity
of the PEO segnments [24]. Rheological data is expected to
be published in 2004.

Coughlin and Farris have provided a visual nodel of a
PCSS- copol ynmer based on the norphol ogy of POSS-
pol ybut adi ene and pol yet hyl ene copol ymers. The hybrid
i norgani c/organi c polyners were nmade by either ring-opening
net at hesi s copol ynerization or single site catalysis, both
all owing for good control of PGSS incorporation [25-27].
Physi cal and nechani cal data were taken of the materials
and a visual nodel was proposed (Fig. 6). This node
mat ches their TEM data, displaying the ‘raft-like’ or
| amel | ae structure of POSS within the polyner nmatrix [28].
Two di mensional networks are the highest possible

architecture that a POSS copol ymer can adopt due to the
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constraints of the polyner chain, while three dinensiona
structures can be expected for npbst PCSS-pol yner bl ends.

Thermal gravimetric analysis of the PCSS-pol yethyl ene (12
wt % POSS) showed a 70 °C i nprovenent in the onset of

deconposi tion.

Fig. 6

Coughlin is studying hem -tel echelics of POSS-
pol ystyrenes and is investigating whether the POSS noieties
within the polyner matrix are |lamellae or cylinder in
nature [29]. His initial work shows no inprovenments in
nechani cal s since the POSS crystallize and do not nmix into
t he pol ystyrene phase.

A mgjority of Lee’s structure-property studies have
been in the areas of blends [30] and thernosets [31].
However, Lee and Haddad s recent work on POSS-SBS pol yners,
whi ch has been subnmitted for publication in Macronol ecul es,
follows his hypothesis which states that three plateau-Ilike
regions exist in the thernoplastic which are gl assy, PCSS-
POSS and pol yner entangl enent. Wth true nanoconposites
one should realize and be able to utilize this hypothesis
to have inproved properties below Tg and in the term na
zone while also inproving processability in the rubbery
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pl ateau regi me due to the reduced pol yner-pol yner
interaction [32]. For their POSS-SBS copolymers (Fig. 7)
they have shown that the POSS does enhance the T4 of the
but adi ene segnent as expected, but also inproves the
storage nodul us at tenperatures where the styrene begins to

soften (Fig. 8).

Fig. 7

Fig. 8

Space- Survi vabl e, Sel f-Heal i ng PCSS- Pol yners

The application of polyneric nmaterials on orbiting
bodies in low Earth orbit (LEO is prevalent in spite of
their inability to withstand the severe environnent. Atomc
Oxygen (AO) and vacuumultraviol et radiation rapidly
degrade even the best organi c-based polymers such as Kapton
and Teflon. Creative solutions include the use of coatings
& multi-layered naterials. However, in both cases the
producti on process of these materials and inpi ngenent by
m crodebris in space cause cracks and m crodefects in
protective | ayers/coatings. Under pi nni ng by the atomc
oxygen still causes significant erosion resulting in a

dramatic reduction in predicted lifetine of such materials
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in space [33]. Hybrid inorganic/organic materials offer a
uni que advantage over traditional materials, both in their
ability to protect the bulk material from VUV degradation
and withstand AO col lisions of approxinmately 5 eV in

ener gy.

POSS materials fit into this category and can of fer
true nanodi sperion of the inorganic conmponent. This |eads
to the fornmati on of nanoconposites that inpart multi-
functional benefits into traditional polyneric materials
for space applications. Unlike the bonds of organic
nol ecul es whi ch undergo scission at about 4 eV, the Si-O
bond requires 8 eV for disruption, which is greater than
the energy provided by AO colliding into orbiting space
vehicles. Furthernore, the Si to Oratio of 1.5 and | ow
oxi dation energy for oxidation to Si O, are perhaps the nost
i mportant benefits of the PCSS chemical structure. The
earliest work in 1996 by Gl man, Schlitzer and Lichtenhan
[34], along with continuing work in 1999-2001 by Hofl und
and CGonzal ez [35,*36,37], established that both silicon-
based and organi c- based pol yners contai ni ng PCSS rapidly
| ost their surface-exposed organic groups and fornmed a Si O,
network upon exposure to AO This thin silica |ayer

passi vated the surface fromfurther AO erosion
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More recent work by M nton, Tontzak and Gonzal ez has
focused on the devel opment and space-survivabl e testing of
PCSS- nodi fi ed hi gh perfornmance pol yners such as polyin des.
Two PCSS- pol yi mi de copol ynmers have been reported separately
by Wight & Feher and Gonzal ez & Hoflund [38, 39]. Both
pol yner systens incorporate the difficult-to-synthesize

PCSS dianiline first prepared by Feher (Fig. 9, 10).

Fig. 9

Fig. 10

The PCSS dianiline is copolynerized into the pol yner
backbone in the condensati on pol ynerization and transparent
films of POSS-polyimde filns can be made containing as
hi gh as 25 wt % POSS macroner. Hoflund and Gonzal ez first
exposed these materials to AO i npi ngement and showed t hat
the rate of silica formation was |inearly dependent on the
wt % of PCSS in the polynmer matrix.

Further work by M nton and Gonzal ez included AO
exposure of sanples with protected and unprotected areas
fol l owed by depth profilonetry erosion studies. As shown

in Figure 11, ten wt % PCSS Pol yi m de exhi bits an order of
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nmagni t ude decrease in erosion step height after exposure to

AO relative to space certified Kapton H [40].

Fig. 11

M nton and Tontzak expanded on this work, which will
soon be published in the Journal of Hi gh Performance
Pol ymers. They used depth profilometry and AFMinmaging to
determ ne O-atom etching on the surface, and conpared their
data directly to space-certified Kapton-H  Figure 12 shows
the results of step height neasurenents for 0, 10, and 20
W % POSS polyinmide filnms that were exposed to various
nunbers of hyperthernmal O atom beam pul ses. Step heights
(or etch depths) of POSS sanples are plotted in Figure 12a
as a function of the step height of the Kapton H reference
sanpl e for each exposure. The erosion yield of the 0 wt%
PCSS sanpl e appeared to increase linearly with fl uence.
After an initial rapid increase with fluence, the erosion
yield for the PCSS-containing sanpl es appeared to increase
very slowy after a fluence that etched 12.3 pym of Kapton H
(4.10x10%° O atoms cm?) . For Figure 12b, the step heights
of each of the POSS polyinmde filns were divided by the
correspondi ng step height of the Kapton H reference sanple,
and plotted against the Kapton H step height. Figure 12b

thus gives the rate of change of the step height
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(proportional to erosion rate) of the PCSS sanples as a
function of exposure duration. This 2" order derivative
plot (Fig. 12b) indicated that the 10 and 20 w % POSS

pol yi mi des reached erosion rates of 3.7 and 0.98 percent
respectively conpared to those of Kapton H.  This, along
W th supporting x-ray photoel ectron spectroscopy data, not
only confirnms the formation of a passivating | ayer, but

al so shows how the etching rate approaches zero for the 20

wt % POSS- Kapt on.

Fig. 12

Addi ti onal space-survivability testing is ongoing as
part of the Materials on the International Space Station
Experi ment and al so GEO testing by the Aerospace

Corporation, which will include exposure to charged

particle dosages (protons, electrons) with and w thout VUV

These results are expected to be published in 2005.

Concl usions & Future Direction

The study of PCSS-polyners over the last 13 years has
yi el ded concl usi ve proof that incorporation of the POSS
into a polyner matrix can result in significant

i mprovenments in a variety of physical and nechanica
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properties due to the reinforcenent at the nolecular |eve
and the inorganic framework’s ceramic-like properties.
Recent work has shown that the physical cross-1links forned
by the POSS can significantly retard thermal notion, while
at the sane tinme the individual POSS cages can act as flow
aids at elevated tenperatures. In addition, the silicon
oxide core can react with atom c oxygen in sinulated | ow
Earth orbit environnents and rapidly forma protective Si O,
| ayer, which can self-heal just as quickly due to the

uni f orm di spersi on of PGCSS t hroughout the organic matri x.
Such nulti-functional behavior allows for inplementation in
a variety of applications.

An under standi ng and control over the nolecul ar-1eve
architecture is critical and al ready underway. Models
based on spectroscopic studies that show the opti num si ze
(~10-20nm and structure (2-D sheets for copol yners) of
POSS noi eti es have been devel oped by Mther, Coughlin,
Haddad and ot hers for particular polyners systens who are
now studying if there is applicability across different
cl asses of polyner systenms. The overall dinmensions of the
PCSS aggregates/crystallites have been shown to dictate
pol ymer properties, but much nore research is required in
order to shape and apply generic nodels for both the

research and industrial comunity.

Approved for public release; distribution is unlimited

20



As can be seen upon reading this review, a significant
portion of the research and devel opment efforts for POSS-
pol ymers are focused on the synthesis and characterization
of the polyner systens. |In the near future, a redirection
wi Il be needed to study how to process the PCSS-nodified
pol yners to create, add or break-up POSS networks; thus,
tailoring desired property enhancenents. Al so, the study
of cooperative rel ationships of various nanoconposites is
needed since it has beconme apparent that each interacts
differently with the polynmer matrix and thus inparts
different property enhancenents.

Lastly, the concept of utilizing nanofillers as
conpatibilizers between immscible polymer blends and as
interfacial nodifiers in conmposite systens is an exciting
area that is starting to be explored. The tailorability
and versatility of the POSS macronmers nake themideally

suited, as denonstrated by Mather and Hsiao [41].
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Figure Legends
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Fig. 1. Plot of the nunber of POSS publications versus the
year in which they were published.
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Sty Tg (x-ray)

Fig. 2. Bowers at UCSB took the X-ray structure of

Styryl gTg PCSS, nodeled it with AMBER to yield three types
of gas-phase structures, all of which were observed by
MALDI - TOF i on chr omat ogr aphy.
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Fig. 3. Sinple schematic of POSS-pol ynorbornyl polymer
where the R= i-Bu, Cy, Cp, Ph group on the PCSS cage.
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Fig. 4. dass transition data taken from DMIA of POSS-
pol ynor bor nyl pol yner where R group on PCSS cage is
cycl ohexyl or cycl opentyl.
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Fig. 5. TEMs of PCSS-norbornyl polymer. At left the fine
CpPGCSS rich domains are ~6nm cylinders and at right the
coarse CyPGCSS rich domains are ~12nm cyl i nders.

Fig. 6. Coughlin nmodel for structure of POSS-copol ymner.

At left the TEMinmage of a PCSS- pol ybut adi ene copol yner (43
wt % POSS) shows raft-like structure, while at right is a
nodel of the 2-D crystallization of the POSS nmacroners.
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Fig 7.

Si npl e schematic showi ng the grafting of
hydi de nacromer onto SBS backbone.
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Fig. 8. Dynanic nechanical analysis of the POSS- SBS

copol ymer shown in Fig. 7.
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Fig. 9: Sinple schematic of the POSS-diam ne used in POSS-

pol yi mi de synt heses.
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Fig. 10: Sinple schematic of the structure of PCSS

pol yi m de copol yner.
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Hyperthermal AO Beam
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Fig. 11. Profilonmetry neasurenents obtained after a total
AO fluence of 8.47 x 10%° atoms/cnf, equivalent to an
approxi mate 10 day sinmul ated LEO dosage.
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Fig. 12. POSS-polyimde erosion testing showing (a) step
hei ght neasurenment of 0, 10 and 20 wt % POSS pol yi m de after
O atomerosion and (b) the erosion rate of each PCSS-

pol yi mi de sanple. Legend: ? =0 w%PGCSS, -- = 10 wt % POSS
= 20 wt % PCSS.
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TABLES

Air Force Research Lab —

Edwards (T. Haddad)

Synt hesi s and
Characterization of PGSS

macroners and pol yners

M chigan State University (A

Characterization of POSS

Lee) t hernosets, bl ends and
copol yners
MT (M Boyce, R Cohen, E. Model i ng, Synthesis and

Kopesky, G MKinley, G

Rut| edge, E. Thonas )

Characterization of PCSS-

pol ymers

U of California, Santa Barbara

( M Bowers and S. Anderson)

Macr omers and pol yner
structure elucidation
through nodeling & nass

spectronetry

U of Connecticut (P. Mather)

Synt hesi s and
characterization of POSS

copol yners

U of Massachusetts (B.

Synt hesi s and

Coughl i n) characterization of PGSS
copol ymers and bl ends
Table 1. Research Lab (along with I ead investigator)

primary POSS research area.
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