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_polymers, mechanica]’ them1a1

T TTTTTRe wviiuus were used to examine the gas phase

serctures of sodiated POSS capped with styryl and epoxy pheny! subsutuents (Na” Styprsng)

Results were obtained for x = 5-7 and mchcated that thr drstmct 1somers with dxfferent collision cross-

" Sections were present for each value of x. The_oretical modeling also yielded three dxrferent ramrhes of

structures for each POSS system and thelr calculated cross- sectrons acreed very well with experimental

values (<% drfference) For Na"Sty;EpT,, the three famrhes dszer in the number of * ‘paired” Sty

(o4

groups. Por Na® StysupzTg and Na* S*y,Eyng, the three isomers correspond to the three different ways

the Ep groups can be positioned on the POSS cage.

lnorganic-‘organic maten'als research is a n'ch and fast-developing area of nanotechnolooy that

promises to provide a wrde variety of commermal apphcanons Nanocomposrtes derived from

dlstmctly dissimilar j moroamc and organic subunits combmed on a nanometer length scale, can have

, extraordmary propertxes ~Their macroscopic propertxes are usually supenor to those found for '

_conventronal mxcroscale composrtes due to the morphology and mterfacra] charactenstxcs denved from

mmnv mssm:ular materials on such tiny length scales. By addma 1norganic cornponents Into organic " ‘
5 electncal and r magnetic’ broperties are altered fro"n those of pure |
organic polymers. These property advances have caused a suroe of interest in nanooomposrte synthesis
and analv51s wzth the } promise of new apphcauons 1n. many fields, mcludmc non—Imear optrcs sensors,

and nanowues

4Polyhedralv o'ﬁgomeric silsesquioxanes (POSS)A are one type of | material capable of fo*m1
nanocomposites'® !, POSS cages are nanoscoprc in size and composed of a rigid three. dunensmnal Si-
O framework of tlae form (RSiO; 3n)n; Where R is typ1cally an aJ.lcyI or aryl organic group The properties
of POSS are unique since one or more of the organic groups can be made reactive for polymenzanon
while I;he remaining Lmreactrve crrOL.ps solubﬂrze the inorganic core and allow for control over the

mterfaual mteractwns oceurring between POSS and the polymer matrix'%!#, POSS units can be added

to virtually al] ol- mer types either by blendincz’s, grafting!®18 or ¢co ol merization reactions'*?* B
Y all poly. p 1er D} g ', graling poly
: ] . 2




mcorporacmg ne ngia S1-U cage 1ato polvrners propertv enhancemems such as increased therma?

stability, redueed rlammabrhty, reduced viscosity and lowered density have been observed“ 2 These

A

property enhancements make POSS compounds of great interest to further improve high performance

. .

polymers and to develop rnultrfunc‘lona matenals However, it is essermal to understand the
conformation of the POSS monomers before they are mcorporated‘ into polymer systems in order to
predict the compatibility and solubrhty 7 of the moniomers wrth the polvmer systems.
In order to study different- POSS con‘ormers a techmque has been developed in our group to
incorporate bo~thr mass Spectrometry and'ion mobilityzs' » into the analysis 50 ions can be stuciied based
_on their mass and conformational szze With the help of matrix assisted laser de_eorption/ionization

(MALDI)* and time of flight (TOF) mass spectrometry, ions in a sample can be identified by their mass _

~ . and their'relative abundance can be determined. Ion mobility then allows the ion of interest to be mﬁss-

selected and analyzed as a functlon of time Whlle it dnfts throuch a buffer gas under the influence of a
umform weak el_e_c_tnc ﬁeld Structz.ual analysm can be perforrned on the ion de_pendmo on the amount
of time it takes the ion to drift throu’gh the buffer gas and arrive at the detector.

In this paper we eport on the application of 1on mobility to the structural analysis of POSS monomers
cationized by sodmm with a mrxture of styryl (Sty) and epoxy phenyl (Ep) cappmv substituents. The
Ep z,roup drffers from the Sty cappmo substxtuent only by the epomda’aon of the vinyl hnkaoe which

connects the Sty group to the Si- O cage. - T .
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Mixed StyKEpg-sz POSS systems were rsynthesized for incorporation into linear polymers and
network resins. S g'i'g can be blended with various orga. ic polymers. However, with the epoxidation

of the Sty groups’ vrnyl lmkages to create Ep groups, it is possible to crosslink the POSS into a cured

—




T e wmeRIULY VLU L VGUPIEE DUUDLLUCLL WILL PULY2ULIES [0S amino alcohols that

S “

can further react with another Ep group to make a network crosslink®' 32, Also, having both Sty and E
: p group e a g , p

groups on the exterior of the POSS cage has allowed for the polymerization of the mixed StyxEps.«Tz

POSS systems into vmyi ester, phenolic, epoxy, and dicyclopentadiene (DCPD) resins®’. The ability to

polymerize so many different resins has proved that having many fuxictionalized substituents is esseatial

in develOp'mg improved nanocomposites. Thus In order to develop better nanocompos1tes it is

essential to fully understand how the StyxEps.«Tg POSS systems are interacting wthm the resins, and

* therefore it is 1mportant to ﬁrst identify the structure and interactions occurring within the monomers.

1n understanding the

- Since ion mobility can detect 'conform_'ers based on different sizes, itis a vw.al tool 1S

Styprg «1g POSS monomer. structures

A MALDI- TOF mass spectmm of the Styprg x«Ls POSS system doped w1th Nal is shown in Figure 1 '
Only lons for x =4 to 8 are observed in the mass spectrum. 10*1 mobility results for Na* Sstg have

been pubhshed’ SO thzs systern wﬂl not be dlSCllSSEd here The abundance of Na Sty.;EpJg was too

STHall Tor 108 mobmty analysts, S0 only data for the analyszs of Na’ Sty7EpTg, Na’ StyéEpzTg and

Na Sty,Ep,Tg will be dlSCLSSCd Por the ion mobmfy expenments the appr opnafe Na* Styprg.ng ions

are gently chcted into the drift cell and their arrival time dlstnbutlons (ATD:s) collected Typxcal

ATDs are shown in Figure 2 for sqdlated St}/’7£pT3; StysEpsz and StysEp;Ts.

N
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Figure 1. MALDI-TOF mass spectrum of the sodiated S_‘?t;}'{prg:ng_ sample.

.

Na* Sty;EpTs. Three resolvable features are apparent in the Na*, StnypTg ATD mdlcatmg three -

dxstmct conformers - w1th different moblhnes exist. ‘In order to better analyze these features the:

: temperature of the drlft celJ was decreased ﬁom «004( to 17OK to slow do WD any p0551ble xsomenzatmn

- a.pd to increase the resotutlon of the ATD peaks3 ’6. " As the temperatm'e was lowered no new peaks

were detected but the resolutwn of the ATDs increased. Therefore Figure 2 only xllustrates the high ",

_resolution ATD:s at IZOK The COHIS.\OH Cross- sec.tlors of each ATD peak are extracted at JOOK using

_quations | and 2 (in the supportmcr material) and these values and the relanve abundance of each peak

are hsted in Tab’le 1. The shape of the ATD peaks chd oot chcmoe as a function of i mJectlon eneroy

(300 500eV) el the relamve intensities should be accurate representatlons of the abundance of each

- conformer exmna the MALDI source.




L) Ng ITYrkpig e

/
!,..
i i
.‘( B
i ! oL
i .‘/ 4 o
i d E\//"\X
: ,b) Na* StyOEpsz ,,-.:
2> {3
£ B
3 | . K
2 YA
ANy
£ A\
L N
| -
ic) Na* Styatho o
| a
| f i
i '/'/. ’ .‘\" ) .
! . I3 A .
H / ‘\A .
z // . % / Y
,i ,/“/ - \\ . .
1510 1810 1710 1810 1910~ ‘20']0 2110 ) o —_

" Arrival Time (us)

Figure 2. Amval time dxstnbutxons (ATDs) of 2) Na StY‘EpTg b) Na* SWﬁEpzTg and c} Na* Sty,Ep,Tg
obtained at a drift cell temperature of 120K for best resolution. The multiple pea.ks in the ATDs

represent mumple conformanons of the ion that have d1f+crent colhsmn cross sectxons




- Fable 1. Colliston Cross-Sections (A®) for Na'Sty;EpTy, Na'Styskp2Ts dnd Na'StysEp;Ts.

Name Exp;:'riment Theory | % Abundance
319 320° T 13%
Na*StysEpTs 323 324b 74%
327 328" 13%
315 314¢ 22%
NESyEpTs | 319 | 319t 66%
C 324 322" 12%
.'3’14 " 3148 17%
Na*StysEpsTs 319 319 | 66%
| 327 326' 17%

Calculated average cross-sections for a)

(121

2

pair” family, b) “2 pair” family, c) “] pair” family, d) 2 Ep .

on adjacent corners, e) 2 Ep face-diagonal, f) 2 Ep on opposite corners, g) 3 Ep on adjacent corners, h) 2 .
Ep or adjacent comers, i) Ep on opposite corners and j) from relative intensities of ATD peaks

Theoretical structures of Na'Sty;EpTs are generated by placing one Ep group on a corner of the

8130y, cube and Sty groups on the '}’emaining seven corners. Using ‘the methods described in the

theoretical section, a simulated annealing cycle is used to produce 100 low-energy structures for

Na*'StnypTg, Na+Sty6Ep2’fg and Na“StysEp;Ts. After the structures aré generated, their angle averaged

collision-cross-sections are calculated using a previously developed projection model described in the

supporting material. Cross-sections and energies are then plotted for each theoretical structure to help

identify the jons observed in the ATDs: The scatter plot observed for Na*Sty;EpTs is illustrated in -

2

Figure 3.

/

~J)




. 340
& 335 . 3 . >
S 2
g 330° 1
3 B IR AP
@ : [ L v *

") - .' . '.- . . K
§325§ 2{ R - o
. O : R " )
3201 39, . ) ' -
T T T e e s 0

Relative Energy (kcal/mol)
Figure 3.-Plot of cross-section vs. energy for Na*Sty,EpTs. Each point represents' one theoretical

structuré generated by the simulated annealing method. Three families of structures are predicted that -

differ in the number of paired Sty groups (see Figure 4).

The scatter piot shows three’ dlstmct families of conformers (labeled “3” “2” and “1” in Figure 3) that -
d1fler in eneroy and ClOSS sectlon Examples of each family are shown in F igure 4. In each famxly, the
Ep and the Sty c.roups e*ctend away from the Si- O cage and the Na ion coordinates to one 0xXygen on
the cage and the oxvgen assocnated w1tb the epoxy group. The phenv croup of Ep mteracts with a
pheny! group of a nexahbonnq Sty substltuept in a-“tilted T arranoement In thxs a.rrangement the Ep-

phenyl is 5A dway from and approx1mately perpendlcular to the Sty phenyl Cfwn'oup (see inset in Flo'ure

4).
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Fi‘gure>4. The three distinct conformers calculated for Na'Sty;EpTs. Sty-Sty pairs are colored blue,

carbon atomis are gray, silicon is green, oxygen atoms are red, and sodium is yellow (hydrogen atoms
have been omittéd for clarity). Sty-Ep “pairs” have a “tilted T” conformation and Sty-Sty “pairs” have
a “displaced p-arallel” conformation (shown in inset).

The fam1hes of structures dlffer in how the rema1mno Sty groups mteract thh-each other Alonc Wltb ,

the Sty -Ep “pau” two nearest—newhbor Sty aroups can form pcurs in which the two phenvl groups are
' parallel to eeeh ether (not stacked) and displaced by SA These Sty-Sty pairs are shown in blue in
FIC‘LLI‘E 4 “Unpaxred” Sty oroups maintain 2 10A d1stance between phenyl groups. No more than two
phenyl grqups form a given pair and each pair does not interact with any other Sty groups. Since six
Sty groups are available for pairing (there is always 1 Sty-Ep pair), one, two or three Sty-Sty pairs can
form. This Sty-Sty pairing was also observed in the structures of Na*StysTg™. |

In the lowest enercy fan:uly of structures, all 8 Sty/Ep substr'uents are pa1red The Ep group pairs

tb a S‘y group to form a “tilted T” pair whlle the remaining 6 SL)’ groups form 3 Suy-Sty pairs.
Consequently;"-this “3 ‘pau' -family. has the smallest cross-sectxon (32OA2) The secone{ family of
st‘ructures ‘Which is ~3 kcal/mol hivher 1n energy and 4A° larger in cross-section, has 2 Sty-Sty pah's
alono with the Sty-Ep pair. The two unpaued Sty woups are nearest ne10hbors but remain 10A ﬁ'om -

each other a.nd the other pazrs The third farmlv of stn.ctu:es which is ~4 kcal/mo higher in energv and

8A? larger in cross-section than the “3-pair” family, has I Sty-Sty pair and 1 Sty-Ep pair.
A larg p pair and 1 pp




lhe calculated cross-section of each tamuly ofNa'S_ty;EpTg structures is compared to experimental
- ifalues'm Teble 1. The cross-section from the shortest-t.ime ATD'. peak‘(.seeF igure 2a) agrees very well
with the cross-section for the “3 pair” famify. The cross-section from the intermediate ATD peak,
.»’vhich is the most abundant peak, matches the cross~s;ection of the family with 2 -'Sty~Sty“pairs, and the

cross-section from the longest-time ATD peak c’orresﬁonds with that of the | Sty-Sty pair family.

.Na*S_ty.;Epsz. A typical '120K ATD for sodiated StysEp:Ts is /;hown in figu:e 2b. As Qitb
Na*StnypTg; three resolvable- features appear in the ATD for Na*StysEp,Ts that do not interconyert or
change in intensity with injection ep_ergy The. experimental cross-section and relative abundance of
each peak 1s listed in Table 1.‘ |

With more than one Ep group present on the Tg cage, several isomers ere'pdesible for StysEp,Ts based
on the relauve positions of the Ep oroups The 2 Ep groups can éither be placed on ad_]acent corners of
the Si-O cage,"on opposité corners on the same faoe of the cage or on. opposxte tomers of the entire

cage. The scatter p lots of cross-section versus. energy for the 100 theoretmm structures predicted for

each isomer. is shown m l-mure 5. In each case, only one famlly of conformers is predlcted and the

lowest-ener rgy structures dlspla_yed in Figure 6.
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- Figure 5. Plots df cross-section . eneirgy for the three geometric isomers of Na'StysEp, Ts with the 2

Ep groups a) op adjacent corners, b) face- chaconal to each other and c) on opp031te corners of the Si-O

cage. One low-eneroy family of structures is predicted for each i isomer.

The isomer with the Ep groups on ‘adjacent corners-of the Si-O cage has the smallest average cross-

Na" ion lies between the -?wo Ep groups and coordinates

hree isomers. The

A,

‘V .
o

section (314 = 244%) of th

to one oxygen on the Si-O cage and the two oxygens associated w1th the epoxy groups All exbht of the

‘ : | 11




- case, Na* lies Between an Eﬂ and Sty group and co

Dby QLM LP ZIULYS LWL paud L LUl UL LIS JA OLY ZLUUPD LULIL £° Oy TOLY Pally aUu LT ULISH tWU oLy

groups interact with the two Ep groups to form 2 Sty-Ep pairs. As in the Na'Sty;EpTy case, only two

: N - . ‘ . . . . - . . . N ¢
Sty or Ep groups are involved in a given pair and none of the pairs interact with any other pair. The two

<

Ep groups do not form an Ep-Ep pair due to the nature of the Na'-O intetactions. In order for the two

epoxi; oxygens to be in a good position to coordinate to Na', the two phenyl groups must rotate away

from each other, thus preventing an Ep-Ep pair from forming. However, this rotation also puts the Ep

pheny! groups in a good position to form a “tilted T pair with a neighboring Sty group.

{34
W Ep-Sh -Sty Pair

- (Face Diagonal) © T (Opposite Corters)

Figure 6. The lowest-energy structures calculated for the three isomers of Na*StyeEp, Ts. The Ep
groups are shown in pink: In the face-dia'goné} isomer, an Ep. group couples to a Sty-Sty pair resulting -

in an Ep-Sty-Sty trio.

A face-diagonal positioning of the Ep groups leads to a‘slightly’ dlfferent structure with an averacre

cross-section (3 9= AAZ) that is 5A? larger than the isomer thh Ep groups on adjacent corners. In this

c ﬂordinates to one ox ygm n the Si-O cage, the epoxy-
oxygen on. the Ep group and the vmyl lmkace on the Sty zroup (sumlar to the Na coordmanon in,
Na* StnypTg)‘ As with the “ad;acent'» isomer, four of the six Sty groups in the “face-dlagonal”»lsomer

forcﬁ 2 Sty-Sty péifs. However only one Sty-Ep pair forms (mvolvmt7 the Sty and Ep oups not

. coordinated to Na"). As in the “adjacent” isqmer,' the Sty and Ep groupS'coordinated to Na* cannot

form a pair because the phenyl group on Ep rotates away from the Sty group so that the epoxy oxygen

can coordinate to Na”. However, unlike the “adjacent” isomer in which the two Ep groups paired with

12




LEGHOVTIIG Dty roups, e STy group in (LS (SOMET IS pulled 10Ward the :Na 100 and cannot pair with
any ne.ighboring. Sty gr‘bupé. TH¢ Ep group ‘on_ the other hand, 'actually interacts with a Sty-Sty “pair”
forming’an Ep—Sty—Sty trio. This is the first example of more than two Sty or Ep groups being
céordipatéd in..a given unit. ’

The isomer with the Ep groups on opposite corners of the cage has the largest average cross-section

(322« 4‘A2_) of the three isomers. Asin the “face-diagonal” isomer, the Na” ion lies between an Ep and

Sty gi‘oup and coordinates to one oxygen on the Si-O cage, one Ep oxygen, and a vinyl group on Sty. In

this case, the two Ep groups pah" with neigh_boring Sty grc;ups to form 2_ Sty-Ep pairs but only 1 Sty-Sty
pair is fgrmed. The Sty group.’ coordinated to Na” is mea;ired for the same reasons as‘the unpaired Sty
groups m the f‘face-diagonal_”' isomer. The rgmainiﬁg unpaired Sw group is oﬁ tiie opposite corner of
the Si-O cage. It gpp'eérs to be simpl'y the “odd mar; o'u.t” as all of its nearest neighbors are paired with

‘other. groups. However, this Sty group is in a position to form an Ep-Sty-Sty trio, similar to the one

. observed in the “face-diagonal” isomer, -yet remains unpaired. The reason is that -the Sty eroup is
.- . e . . . . X . p L R —— . ol

slightly pulled toward the other Ep group (not coordinated to Na*) and away from the Sty group

. neceésafy to form the Ep-Sty-Sty trio.

- The calculated cross-section of each Na’StysEp,Ts isomer is compared to experimenta) values in

Table I. The cross-section from the shortest-time ATD péak (Figure 2b) agrees well with the

 theoretical value for the isomer with the Ep groups placed on adjacent comners of the Si—O' cage. Tﬁe

cross-section from the intermediate ATD peak matches that of the “face-diagonal” isomer and the peak”
at the longest time in the ATD corresponds to thie isomer with Ep groups in opposite corners of the cage.
The peak corresponding to the isomer with Ep groups diagonal on the face of the Si-O cage is the most

abundant peak in the -ATD, indicating that the “face-diagonal” isomer is the most abundant isomer

produced in the synthesis..

typical 120K ATD for Na'StysEpsTs is shown in Figure 2¢. Like the other two
Sty/Ep compounds, the ATD for Na"StysEp;Ts has three peaks where the middle peak is the most

I3




LULTIOT.  LUT CAPCILUTULAL CIUNS-DTULIVID 2l [CLALVE d0URUAlCES UerivVed ITom INE tAree ALl pcaks at

300K are listed in Table 1.

As with Nae'Stygﬁéng, three 1somers are possibfe for Na'StysEpsTs depending on the positioning of
'r.he Ep groups on the Si-O cége. The 3Ep groups-can be placed on adjacent corners of the Si-O cage, 2
Ep groups can be placed on adjacent .comers and the third Ep placed on an 6ppos’ite corner of the cage,
or all 3 Ep _g:oups can be plﬁced on opp'osit’e corners qf the cage. Plots of cross-section versus energy

for the 100 generated structures of each isomer are shown in Figure 7. In each case, only one farnily of

conformers is predicted and the lowest-energy structures for each isomer are displayed in Figure 8.

14




356 a)

345°
340 . '
5 335 e e
g 250 I
0? 330 . s - ° . *
% 325 Pt T .
5 0t st iie e \
15, TRl
. t - ’
$07G 5 10 15 26
Relative Energy {kcal/mol)
35C. p)
345
g 340, . ) )
-5 3357 . .7
6 ’ .. . . - .
gy oo b oD
# 325° T
e i - .-':o" o7 o - *
(5} 320€ . c'. .......‘ : -3 ..'
315 -
T B 10 15 20
- Relative Energy (kcal/mol) .
350 ¢) . "
3451 A
£ 340° e re - -
§ 335 as S
= H cebe ] .""- . -
L * )
gsz'sj - =0T
S 390!

W
N
o

w
—
[4,]

| -
310 0 5° 15 20

Relative Energy (kcal/mol)

anure 7 Plots of cross-section -vs. energy for Na* Sty,Ep,Tg with a) all 3 Ep groups on adjacent

corners, b) 2 Ep gro¢ps ady.c»nt and the third on an oppos:te corner and c) all 3 Ep aroups on opposite

corners. One family of low -energy structures is predlcted for each isomer.

Ep groups ori adjacent corners of the Si-O cage (Figure 8a) has the smallest

The isomer with all 3
average cross-section (314 + 4A%) of the thiee isomers. The Na* ion lies between two of the Ep groups

and coordinates to one oxygen on the Si-O cage and the two epoxy oxygens oa the Ep groups. All of

-

15




the Sty and Ep groups are paired. The three Ep groups pair with neighboririg Sty groups to fo'rm 3 Sty-
Ep pairs and the‘rernai.ning two Sty groups, which are nearest neighbors, form 1 Sty-Sty pair. However,
unlike any of the othér Sty/Ep systems, two pairs interact with each other in this isomer. Two Sty -
groups .involved in Sty-Ep pairing interact to form a Sty-Sty pair as well (shown in blue in Figure 8a),

-

leading to a more compact structure.

G Ad]dbenl Ep) =~ . (2 Adjacent Ep) S (Opposue ComerS)

Figure 8 Lowest-eneroy structures calculated for the three isomers of Na*Sty,Ep;Tg The Ep groups
are shown in pink. In the isomer with 3 adjacer;t Ep groups, two Sty-Ep pairs a're paired together by a

Sty-Sty interaction. The interacting Sty groups are shown in dark blue.

’

The isomer with 2 Ep grdups on adjacent corners of the Si-O cage and the third Ep on an opposite
‘comer (FIO'LII'C 8b) has an average cross- -section (319 + 4A%) that is SAz larger than the “ ad;acent”
isomer descnbed above The Na™ interactions and the Sty/Ep pairing are s1m1lar to those observed in
th' 3 adjacent” isomer. The Na ion coordmates to one oxygen on the Si- O cage and tWo epoxy
oxygens, which results i in the formation of 3 Sty Ep pairs and 1 Sty- Sty palr The dlfference and hence
larger cross- sectlon is that none of the pairs interact with any other pau*s |

The isomer with the 3 Ep groups on opposite corners of the Si-O cage (Figgre 8c) has the largest
a\}erage cross-section (326 = 4A%) of the three isomers. In this case, Na" rests b'.etween a Sty and Ep
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. group and coordinates to one oxygen on the Si-O cage, the epoxy oxygen on the Ep group and the vinyl
linkage on the Sty group. Only; 2 Sty-Ep pairs and | Sty-Sty pzﬁr are formed in this isorﬁer. As in the
“face-diagonal” isofner for Na+Sty6Ep2Tg, the Sty grc—m'pv coordinated to Na* is not involved in a pair
because it is pﬁll'e‘d s}ightly toward the Na* ion and away from the neighboring Ep groups. Also liké th_¢ ‘
“fac'e-diagoné.l” isomer, the reméining unpaired Ep group (which cannot pair with the Sty group
coordinated to Na™) inte}a;cts with the Sty-Sty pair to form an Ep-Sty-Sty trio.. i

Table ] compares the calculated cross-sections for-each Na'StysEp;Tg isomer to those determined
from the ATDs (Figure 2c). The peak with the shortest time in the ATD yields a cross-section that
égfees véry wéll with the calculated value for thé ‘isomer wit:h all 3 Ep groups placed on adjacent
corners. The cross-section cietermined from the Iﬁiddle peak in the ATD matéheg the value calculated
for the isomer with the 2 adjacent Ep groups aﬂd the créss—sectiqh determined ﬁo@‘the longest time
peak in the ATD coﬁésponds to the 3 Ep groups on opposite corners of the cage. The middle.pe‘ak is
the most abundant peak in t_he,AT_D_‘ sQ ,:thé isoﬁner‘ with only 2 Ep groups together is likely the‘ most

abundant isomer produced in the'synthesis.

Summary. 'Three related Na+Stybeg;x’fg POSS cage systems (with x = 5, 6, and -7) héve‘ been
analyzed using ion mobility experimeAnts‘ and MM/MD modeling. The major findings are as follows:
1) For eaph syétem (JC' =5,6,and 7), thrge faﬁilies.of i.so’mer; are found. | |
2) ‘For x=5 or .6,._ fhesé families correspond to the different ways thé Ep groups can be
distributed on the POSS cage. For x=7, the faﬁﬁlies are associated with péiring of the Sty
and Ep capping groups. - |
3) MM/MD modeling yields 3 families of structures for each value Qf x; in.a‘grc;.ement with
experiment. Thé cross'—sections calcﬁ_iateci fron; the’ lo'w energy structures in each family

agree with experiment to within 1% for all 9 systems.




4) The Sty-Sty pairs have their phenyl groups parallel to each other and about 5A apart. The

Sty-Ep pairs have a “tilted T structure where the planes of the phenyl groﬁpé are at a ~90°

angle.

5) The distribution of the Ep capping agents on the POSS cage is determined for x=5 and 6. -
These distributions are similar'to statistical predictions but are sufficiently different that the
subtle energetics of capping group pairing is probably involved in determining the actual

observed distributions.
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oupgorung viatenatr

A home-built MALDI-TOF instrument was. utilized in performing experimental analysis on the
styrylepoxy-POSS sample, which was synthesized by Dr. Rusty Blanski at the Air Force Research
Laboratory. The details regarding the experimental setup for the mass spectrum and ion mobility
megsurements have previously been published', so only a brief de‘scription‘will be given. Sodiated
. styryl/epoxy-POSS ions were formed by MALDI in a home-built ion source. 2,5-dihydroxybenzoic
acid (DHB) was used as the matrix and tetrahydrofuran (THF) as the solvent. Approximately 50 pL of
DHB (100 mg/mL}, 50 4L of the POSS sample (1 mg/nL) and 8 4. of Nal (saturated in THF) were
applied' to the samole target and dried. A nitrogen laser (A=337 nm, 12 mW power) was used to
cenerate ions, using MALDI methods, in a two section (Wlley-McLauren) ion source. The ions were
accelerated with 9l<V of acceleration voltage down a 1-meter flight tube while the TOF was operated in

reflectron mode to obtain hlgh-resolutlon mass spectra of the i ions formed in the source.

ln order to perform ion molallit; e{periments 'the reﬂectrou was turned. off and un ooposino voltage
applied to the ions before the dnft cell. This causes deceleratlon of the 1ons which prevents collision-
induced dissociation a.nd allows the ions to be gently injected mto the 20 -cm long glass drift cell ﬁlled
with ~1.5 torr of henum gas. By controlhno the flow rate of warmed or cooled nitrogen through
passaces surroundmv the drift cell, the temperature of the cell can be varied from 80K to 500K in order
to meet the needs of the expenment A weak, umform electnc field across the cell gently pulls the ions

'.throuah _th'e He gas at a constant dnft velocllty. After exiting the drift cell, the 10n's are gently
accelerated through a quadrupole mass filter, which mass selects the ion of interest to be detected with
an electron multiplier. fhe ouadrupole .is-set' to a speciﬁc mass—-to-charoe ratio (m/z) to eliminate any
ions that might arise from fraomentatmn in the drift cell a.nd interfere with the ion mobility expenments
The pulsed source extractlon voltacre triggers a timing seduence 0 that thé ions are detected as 2
function of time, yielding an arrival time d15tnbut10n or ATD. The reduced mobility, K, of the ion 1s»

accurately determined frorn a series of ATDs measured at d1fferent electric field strenO’ths (7 5-16




+iuuugL WIS UST V1 KINEUC [NEory the 10n’s collision cross-section can also

, s e ew wiew waase WAL

be calculated.

Data Analysis. The reduced mobility of the ‘mass-selected ions can be obtained from the ATD using

Equation 1

KU‘-‘ 12 273 _& 1 P - . (1) :
/607' Vot, -t - _ -

where / is the length of the cell, T'is the temperature in Kelvm ,DIs the pressure of the He gas (in torz),

Vis the strength of the electnc field, ¢, is the ions’ arrival time taken from the center of the ATD peak
and ¢, is the amount of nme the ion spends outside the drift cell before reachmo the detector”. A series
of arrival times (¢ A) are measured by changing the voltage (V) applied to the drift cell. A plot of z‘A

. plv y1e1ds a straight line thh a slope mversely proportxonal to K and an intercept of ¢,. Once K, is

found; the ion’s collision crossfsectlon can be obtamed using Equation 2

. vz ' _ .‘ o
ow 3¢ [ 2z ) 1 : S ()Y
16N, \ kT ) X, | |

where e is the charge of the ion, N, is the number density of He at STP, T is temperature, £, is

Boltzmann’s constant and 4 is the jon-He reduced mass?. .

Theoretical Modeling. By-comparin‘g the exp'eri-mente—l eross-section frohe' the ATDs to the Cross-
sections of theoretical strucmres, the cdnforma.lt'i.on.of the ion of interest can oe a.n'alyzed. Molevcuilat'
mechanics/dynamics methods are }eouired to generate the trial structures for large molecules like this |
POSS system. ‘We were able to parameterize the AMBER set of molecular mechamcs/dynamms
proararms to include s1hcon using published ab initio calculatxons by Sun and Rigby®. The parameters

were tested for a number of POSS compounds with different Si-O cages and R substituents'” and in
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[T TeRe ren i KUOWN. A-ray structures and fon mobility

data.

Using the appropriate AMBER parameters, trial structures were calculated for Na* Sty,Ep 313,

Na-:StysEpzTg and 'Na+StnypT3 An armealmb/enervy mxmmxzanon cycle was used to generate 100
low-energ gy structures for each Sty/Ep combmatlon In this cycle, an initial minimization of the

stmcture is followed by 30ps of molecular dynamics at 600K and 10ps of molecular dynamlcs in whlch

| the temperature js mcrementally dropped to OK The resultmc structure s then energy mlmmxzed again

* and used as the starting structure for the next mmlmlzatzon/dynamlcs run. After the low-energy

structures (usually 100 to 200) are obtained, theoretxcal cross- -sections ‘must be calculated for

comparison with expenmental cross-sectlons. A ternperature dependent pro_]ectlon rnodel67 with

- Vs. energy is collected for the minimized structures and used to helj')-identify the ions observed in the

L=

expenrnenta! ATDs. The average cross-section of the lowest 3-5-keal/mol structures is used for

-

cornpanson to expenment

<
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