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The results of first principles calculations on H-silsesquioxanes (i.e., (qpi@ith n = 4, 6, 8, 10, 12, 14,

and 16) are reported here. Double numeric basis sets and local and nonlocal density approximations to density
functional theory are employed for calculations. It is shown that use of the nonlocal density approximation
is required for the reliable prediction of the most stable isomer for silsesquioxanes. Furthermore, a progression
of the preferred building unit with the increase in size of the T cage is revealed. The smaller T cages prefer
four- and five-member rings while the larger cages are found to prefer four- and six-member rings. Analysis
of the energy of the hydrolysis reaction, binding energy, and fragmentation paths finds the relative stability
of the silsesquioxane cages containing four-, five-, and six-member rings in agreement with experimental
observations. For the (HSig)1s cage, the calculated results predict the stability oke6*5°4¢ configuration

over theD,-6%5842 configuration in contradiction to suggestions based®@ NMR measurements. We

find a consistent picture for the highest occupied molecular orbitals (HOMOS) of all silsesquioxanes considered
showing them to be composed of (lone-pair) oxygen p-type atomic orbitals. On the other hand, the lowest
unoccupied molecular orbitals (LUMOSs) show size dependence in their composition which appears to cause
the presence of a state in the HOMOUMO gap for higher silsesquioxane cages. Density of states plots
and analysis of molecular orbitals reveal this state to be due to the terminal hydrogens bonded to silicon
atoms.

1. Introduction electric currentvoltage characteristics in an inert atmosplfere.
Under these circumstances, the current through the device is
higher by several orders of magnitude than the insulating state,
a reversible phenomenon that requires the presence of electronic
states which facilitates the charge carrier transport in the
material.

Although the synthesis of silsesquioxanes (Hpi@with n
=8, 10, 12, 14, and 16 has been repofeld there is a lack of
gnformation about electronic properties of silsesquioxanes, and
2). The cross-linking of various siloxane-containing cages leads (e task of measuring and understanding these properties has
to a wide range in the distribution of molecular masses up to P&cOme increasingly important for its technical application. In
200 kDa for the polymer. The cagelike structure of smaller T tiS paper, we perform such a task with two objectives: (i)
cages can also be considered as a building block for zeolite 4€termination of the ground-state configurations of theages
and silicate frameworks. For example, ring-opening vibrations With N = 4, 6, 8, 10, 12, 14, and 16 and (ii) prediction of the

of T cages were considered recently as a model system for thevariation in electronic properties with the increase in cage size.
pore-opening vibrations of zeolités? We will consider various configurations of a given T cage and

The HSQ polymer is soluble in organic solvents, and the will perform total energy calculations to optimize its structural

solution can be spin-cast to give thin films of HSQ that can be Parameters, such as bond lengths and bond angles. For the
converted to low-density silica by heating in oxygen. As it is optimized configurations, a trend in electronic properties will

heated, the material undergoes a phase transition at ap_then be obtained by the analysis of molecular orbital energies

proximately 200°C during which it softens and flows. The and coefficients, electronic density maps, and density of states
film will not melt again after it has been converted. Therefore, PIOtS- In section 2, details of the computational techniques
gap fill and planarization on electronic circuits can be achieved €mPloyed in this study are given. The results are presented
by low-temperature processing of the polymer in a suitable and discussed in relation to experiments and previous calcula-

atmosphere which enables the application of these films in the tions on Fhe basis of the Ha(;treEolck gppro>f(|rrr]1§tlon ('jn section
semiconductor industry for the manufacture of integrated S- W€ give asummary and conclusions of this study in section

circuits® It was also observed that thin films of HSQ sand-
wiched between metal electrodes can exhibit bistability of the

H-silsesquioxanes (HSQ) constitute an important class of
resinous inorganic polymets? Their building block is the
trifunctional monomer (HSig)), designated as the T unit. The
structure of the polymer is based on siloxane-containing cages
that are formed from the building block unit. For example, the
Tg structure forms a cage consisting of 8 silicon atoms that are
connected by oxygen atoms to each other, whereas the T
structure has a cage comprising 16 silicon atoms (Figures 1 an

2. Methods
T Michigan Technological University. . .
 Dow ?;Ommg Corpgraﬁon_ Y All electron calculatlt_)ns on t_hen‘ltages were performed in
8 Molecular Simulations Inc. the framework of density functional theory using the program
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T10 (D5Sh)

Ti12(D2d)
Figure 1. Optimized configurations of 4T Ts, Ts, T10, and T, obtained in the nonlocal
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Figure 2. Optimized configurations of 1t and Tis obtained in the nonlocal density approximation.

T16 (D4d)

density approximations for the calculations. The Voskdilk —

package DMol> We considered both local and nonlocal spin  Nusair local exchange and correlation functidhalas used for

the local density approximation (LDA) whereas a combination
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TABLE 1: Total Energies for Various Configurations of Silsesquioxane Cages

Xiang et al.

total energy (hartrees)

relative energy/Si atom (kcal/mol)

building unit  sym  state LDA NLDA HF? LDA NLDA HF 28
T4 (HaSis06) 504034 Tq T —1604.8263 —1616.1841 —1607.762 0 0 0
Te (HsSisOo) 504332 Dan E —2407.2967 —2424.3336 —2411.716 —-5.9 —6.0 —7.6
Tg (HsSigO12) 695045 On Azg —3209.7425 —3232.4608 —3215.652 —-7.0 —-7.3 —10.0
52423 Cy B: —3209.7383 —3232.4534 —3215.639 —6.7 —6.7 —-8.9
T10(H10ShdO1s) 605245 Dsp EY —4012.1756 —4040.5737 —4019.571 -6.9 -7.1 -10.3
T12 (H12Si12018) 6954* Dag E —4814.6188 —4848.6856 —4823.489 -7.3 —-7.0 —10.5
625046 Den Bou —4814.6085 —4848.6846 —4823.485 —6.8 —6.9 —10.3
T14 (H14S114021) 695643 Dan A" —5617.0518 —5656.8071 —-7.2 -7.3
615%4* Co Az —5617.0581 —5656.8048 7.4 —=7.2
6°5045 Dan A" —5616.6062 —5656.2325 +12.8 +18.4
T16(H16Si16024) 695842 Dag Az —6419.4636 —6464.9061 —6.2 —6.6
615643 Csy E —6419.4868 —6464.8917 -7.1 —6.1
65046 Daqg B> —6419.4834 —6464.9273 -7.0 —-7.5
TABLE 2: Selected Bond Lengths and Bond Angles of Silsesquioxarfes
Rsi-o (pm) Asiosi (deg) Aosio (deg)
building unit NR/NR LDA NLDA LDA NLDA LDA NLDA
Ta 504934 (Tq) 3R/3R 167 171 114.8 114.1 106.7 107.1
Te 594332 (Dan) 3R/4R 165 169 130.0 129.1
4R/4AR 165 168 130.9 129.8 110.2 110.6
Ts 6°5°46 (On) 4R/4R 164 168 146.5 144.6 110.4 111.3
524232 (Cy,) 3R/4R 165 169 130.2 126.4
3R/5R 165 169 130.4 128.9
4R/4AR 163 168 179.1 146.2 109.8 110.7
4R/5R 164 168 136.0 147.2
5R/5R 163 167 142.0 139.0 110.4 110.6
Tio 695245 (Dsp) 4R/4R 164 167 174.6 153.3 110.4 111.7
4R/5R 164 167 140.5 149.0
T2 6°5%4* (D2q) 4R/4R 164 168 150.4 147.5 110.6 111.4
4R/5R 164 168 140.2, 144.8 136.7,145.0
5R/5R 164 168 143.6 143.8 108.8 109.9
625°4° (Den) 4R/4R 163 167 164.1 162.8 111.5 112.7
4R/6R 163 167 145.0 143.3
Tua 695543 (D) 4R/5R 163 167 142.8 140.7
5R/5R 163 166 136.3,174.6 141.4,168.7 109.5 109.0
6544 (Cy,) 4R/4AR 164 168 158.2 158.6 110.9 111.7
4R/5R 164 168 141.4,146.1 141.3,141.8
4R/6R 164 168 143.9 140.1
5R/5R 164 167 130.2,140.0 139.8,141.1 109.3 109.7
5R/6R 163 168 140.0 139.6
6°5%46 (Dg3n) 4R/4R 161 163 119.9 122.5
4R/6R 170 176 124.0 126.2
6R/6R 170 175 168.8 174.9
Tie 695842 (D 4q) 4R/5R 164 168 154.9 134.2
5R/5R 163 168 174.3,175.7 137.9,150.5 110.2 110.0
6'5%43 (Cs,) 4R/5R 164 167 135.2,146.1 131.8,145.0
4R/6R 164 167 146.7 144.7
5R/5R 163 167 156.7,160.1 154.4,155.3 109.2 109.8
5R/6R 164 168 138.1 134.5
645%46 (D2q) 4R/4AR 164 168 149.3 147.8 112.3 1121
4R/6R 164 167 147.7,151.7,154.9 140.1,144.8,146.4
6R/6R 162 167 157.2 133.5 108.3 108.7

aThe NR/N'R refers to the edge shared Bymember andN'-member (S+-O-) rings. The bond lengtRs;—y is about 147 pm in both LDA and

NLDA calculations.

of the gradient-corrected exchange functional of Bétketh

the Voskoe-Wilk —Nusair correlation functional was used for
the nonlocal density approximation (NLDA).

of these basis sets has been analyzed in detail by D€yl

are frozen for silicon during total energy calculations. We note
that our earlier work has found negligible effects of freezing
The double the core orbitals on the bond length, dissociation energy, and
numeric basis sef$,supplemented by diffuse and polarization vibrational frequency in oxide clustets. In the present calcula-
functions, were employed for H, Si, and O atoms. The accuracy tions, the density tolerance was set to@8u. The geometric
parameters were fully optimized under the given symmetry

such basis sets were recently used successfully to study structuragjroup with a convergence criterion of both energy tolerance
and electronic properties of oxide clusté?g! Since calcula- and maximum gradient component to be less thar? hartree
tions proposed in this work are computationally intensive (e.g., and 103 au, respectively. We have not performed frequency
the largest cluster considered here consists of 56 atoms withcalculations on these clusters but note that similar parameters
432 electrons), we used the frozen-core approximation to reducehave proven successful in the study of a range of structural
the computational cost. In this approximation, thé tere properties (see for example ref 21) for complex systems. The
orbital is frozen for oxygen and the 2and 23 core orbitals reliability of the numerical basis set can also be checked by
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comparison of the calculated structural parameters for the T
cage with experimeft and previous electronic structure
calculationg224 The experimental values obtained from X-ray
diffraction measurements fétsi—o, Aosio, andAsiosiare 161.9
pm, 109.6, and 147.5 respectively.

Calculationg? based on the local density approximation using
pseudopotentials repoRsi-o = 162 pm andAsiosi = 148.6
while our LDA calculations using the numerical basis set find
Rsi-o = 164 pm,AOSio: 110.4, andASiOSi = 146.5. Onthe
other hand, the Hartreg=ock calculation® using the 6-31G-
(d) basis set yieltRsi-o0 = 163 pm,Aosio = 109, andAsiosi=
149, Using a doublé&: plus polarization basis set for H and
Si and a triple plus polarization basis set for O, Hill and
Sauet reportRsi-o = 162.6 pm andAsjosi = 15C°. On the
basis of this comparison, we therefore find that the double
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tions. In fact, X-ray diffraction experimerfthave identified
the structure of the second isomer to@g. In the case of the
T16 cage, the major isomer is suggested tdhg6°5842 on the
basis of the observédinear correlation between the number
of four-member rings an?Si NMR chemical shifts. However,
the NLDA results suggedd,q-6*5°4° to be the major isomer.
Although the LDA calculations findCs,-6'5%43 to be the most
stable isomer, both synthesis experiments and NLDA calcula-
tions do not find this to be the case foigl We conclude
therefore that the NLDA level of theory we used is more
appropriate for determining major isomers of higher silsesqui-
oxane cages.

Analysis of total energies of various isomers of the T cages
also reveals a progression of the preferred building unit with
the increase in cage size. The preference for the four-member

numerical basis set employed here appears to be very well suitedings can be seen forgswhile Ty, prefers 844 over 64%. For

for electronic structure calculations of H-silsesquioxanes.
It has been suggested that the molecular connectivity of

T14, @ combination of either five- and four-member rings or
six-, five-, and four-member rings is preferred. On the other

various T cages can be described by 3-valent 3-connectedhand, the preference fof45 over 342 or 65643 is clearly shown

convex polyhedra in which the vertexes represent theHSi
group and the edges represent the-Gi-Si linkagel* Fol-
lowing Agaskar and Klemperérwe use the notation df” to
represent N-member rings. For example, thaslcage may
have isomeric configurations given b95843 (six five-member
and three four-member rings)34* (one six-member, four five-
member, and four four-member rings§5&4° (two six-member,
two five-member, and six four-member rings), arfé’@® (three
six-member and six four-member rings). For calculations, we
do not consider all of the possible isomefsd cage but restrict
ourselves to those isomers identified by X-ray diffraction and
NMR measurement¥14 These isomers whose symmetry
groups are given in parentheses (Sdlies notations) are 4
(Td)-504033, T5 (D3h)-504332, Tg (Oh)-5046 and CQV)-524232, TlO
(Dsr)-695245, T15 (D2g)-695%4* and Den)-625°4.8 T14 (Dan)-6°5%43,
(D3n)-6°5°45, and (Cy,)-6'5%4% and Tis (Dag)-65842, (Dag)-
65045, and (Cs,)-6'5%4%. This choice of isomers allows us to

in Table 1 for the Tg cage.

Comparison of LDA and NLDA structural parameters given
in Table 2 shows a small increaseRgi—o andAgsioin NLDA
while Asiosigenerally appears to become smaller in NLDA. For
all of the T cages considered, the increase in the cage size has
no effect on the bond length®s; 1 andRsi—o but does have a
noticeable effect on the bond angigiosi This is expected
due to a large variability of the bond angle which opens to
accommodate more atoms as one goes franioTTie.  This
variability is clearly demonstrated by the results which show a
comparatively large range of 14059 for Asiosias compared
to the range of 118112 for Aosio, respectively (Table-%cf.

T14 (C2)).

A direct comparison of the calculated bond lengths and bond
angles with X-ray diffraction data is not possible since calcula-
tions were performed for isolated molecules while the experi-
mental data were obtained with single crystals. The molecular

see the effect of different faces and edges of a given T cage, as,,ing of silsesquioxanes in the crystal is expected to modify

well as of their sizes, on the structural and electronic properties
of silsesquioxane.

3. Results and Discussion

3.1. Structural Properties. Tables 1 and 2 collect total

mainly Asiosidue to spatial constraints imposed by the crystalline
state, leaving bothRsi-o and Agsio the same as in isolated
molecules. For example, the calculated (NLDA) angular spread
in Asiosiis 137148 as compared to the range of 1H4B64°

for the measured angfeof T2 (Dzq). On the other hand, both

energies and structural parameters which describe bond lengthdsi-o @ndAosio are similar in moleculatr and crystal form with
and bond angles for various T cages at their optimized geometry'€Spective values of 168 pm, 16911° and 162 pm, 108
on the LDA and NLDA levels of theory. Due to the presence 117°. Both X-ray diffraction data on crystals, and the calculated

of rings with different sizes in the same T cage, we classify the
structural parameters on the basis of the rings which form an
edge and do not give their average values over all rings. We
use the notation dR/N'R to represent the edge formed by an
N-member and aiN'-member ring. In Table 2, for example,

results for molecules therefore suggest that silsesquioxanes can
be described in terms of a network of rigid Hi€ages where
flexible Si—O—Si angles provide the molecular connectivity.

Looking at the ring-size dependence of the structural param-
eters, we find a large variation iRsi—o, Asios, andAosio in

the structural parameters of 3R/4R represent the values associgoing from a three-member ring JTto a four-member ring

ated with atoms shared by three- and four-member rings.
In the connectivity scheme used here, thg Ts, and Tio

(Tg) which is in agreement with earlier theoretialand
experimentdP studies. Thereafter, bofRsi—o andAosio Show

cages may only be represented by a single configuration whereagt very small variation in going from a four-member ring to a

the Tg, Tiz Ti4, and Tig cages may have a few isomeric
configurations consisting of four-, five-, and six-member rings.
According to Table 1, at the NLDA level, the lowest energy
configurations for T, and T4 correspond to the P8¢ unit
whereas the s cage prefers the®8¢ unit. The NLDA results
therefore reproduce successfully experimental observatibns
about the synthesis of puresl(Dag)-5*4* and Ty4 (Dan)-5%4°
compounds. Furthermore, for thgsIcage, a second isomer
with the Cp, symmetry is also possible since calculations find
a small energy difference between thg, and C,, configura-

six-member ring as compared to the variatiorAiiosi
Comparison of results obtained in the present study using
density functional theory with previous calculations based on
the Hartree-Fock (HF) approximatio## shows well-known
differences in the structural parameters arising from the use of
two different methodologies. For the Tage Rsi-o andRsi—n
are reported to be 165.5 and 145.4 pm, respectively, in the HF
study as compared to our NLDA values of 171 and 147 pm.
The HF calculation for the 1% (Den) cage gives these bond
lengths as 163 and 146 pm in contrast to our NLDA values of
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TABLE 3: Binding Energies and Energies of the Hydrolysis TABLE 4: Fragmentation Energetics of Silsesquioxanes
Reaction for Various Configurations of Silsesquioxanes Calculated Using Total Energies of the Optimized
Configurations
energy of the
binding energy/ hydrolysis reaction/ fragmentation energy
building Si atom (hartree) Si atom (kcal/mol) (kcal/mol)
unit  sym  LDA NLDA LDA NLDA HF2Z fragmentation path LDA NLDA

T, 5%4%3* T4 —0.7139 —-0.6021 -5.0 —57 —-41 Tg = T4+ Ty 56.4 58.0
Ts 5432  Dg, —0.7234 —0.6117 +1.0 +0.3 +3.4 Tiwwo—Ts+ Ta 329 35.1
Ts 6%5%4¢ O, —0.7251 —0.6137 +2.1 +1.6 +59 Tio—Ts+Ts+ Ty 87.7 84.4

524232  C, —0.7246 —0.6127 +1.7 +1.0 +4.8 —Tg+Ts 31.3 26.4
Tio 6%%4° Ds, —0.7249 —0.6134 +19 +1.4 +6.2 —Te+ Ts 15.9 125
T, 6%5%45 Dg —0.7247 —0.6131 +1.8 +1.2 +6.2 Tuu— T+ Ta+Ta 68.2 66.0

695444 Dy —0.7255 —0.6133 +2.3 +1.4 +6.4 — T+ Ta 35.3 30.9
Tia 69543  Dg, —0.7253 —0.6137 +22 +1.6 —Tg+ Ts 11.8 8.0

65444 C, —0.7257 —0.6136 +25 +1.5 Tis—Ta+ Tat+Ta 57.5 61.6

6°504°  Dg, —0.6935 —0.5727 —17.8 -24.1 —Te+Te+Ta 42.0 47.7
Tie 695°42 Dg —0.7238 —0.6127 +1.2 +1.0 — T+ Ta 26.2 35.2

61554 C; —0.7252 —-0.6118 +2.1 +0.4 — T+ Ts 9.1 12.6

6%5%45 Dy —0.7250 —0.6140 +2.0 +1.8 —Tg+ Tg 1.1 3.6

167 and 147 pm. A similar variation can be found for the bond TABLE 5: Compositions of HOMO and LUMO States in
angles. The HF study repomssio as 105 in T4 and 110 in the (NLDA) Optimized Configurations of Silsesquioxanes in
T12 (Den) While the NLDA calculation gives 107for T4 and Terms of Percentage of Total Population

113 for T12 (Den)- Inthe Ty and Ti2 (Den) cages, the respective HOMO LUMO
values ofAsijosi are 118 and 150with HF and 114 and 163 state  Si (o) H state  Si e} H
using NLDA. Overall, the HF and NLDA values f&si-o0 and Ta (To) ) 03 17 0 E 094 043 063
Aosio are within 3% of each other while they are within 10% 14 (Dy) F 015 18 0 A 024 061 0.5
of each other foRAsos: Te(O) Ay O 1.0 0 Ay 03 054 0.16
Table 1 also gives the energies obtained for the various cagesTwo(Ds) E’ 01 1.9 0 A" 025 041 034
and isomers relative to the value determined fgrsb that the =~ Tw2(B) E =~ 01 19 0 A~ 021 037 042
comparison of the LDA and NLDA with the HF energies can %Z §Bi§§ gi 003 097 0 B 683 ooz 18

be more easily made. In Table 1, the values are in terms of the
total energy per Si atom in units of kcal/mol. Note that the HF different fragmentation paths taken. Table 3 shows these
calculations place various T cages lower in energy than either energies per Si atom for the cages for which Table 1 lists the
LDA or NLDA calculations while the calculated stability of total energies. It is seen that this hydrolysis reaction is an
isomeric configurations is predicted to be the same by these endothermic process except for thechge. This is consistent
methodologies. Forgland Ty, the most stable configurations — with experimental observations and previously published theo-
have O, and Doy symmetries, respectively, in agreement with retical calculations. The NLDA calculations find the energy
experiments. of the hydrolysis reaction per Si atom in the range-@.3 kcal/

3.2. Stability. Silsesquioxanes are unstable in the presence mol, indicating that the isomeric configurations considered are
of hydroxyl groups and can undergo hydrolysis by the following relatively stable. We note here that the HF calculai®gizld
reaction?? considerably higher values (in the range-3644 kcal/mol) for

this reaction energy.
(HSIO,),),, + (3/2)nH,0 = nHSI(OH), 1) The binding energy with respect to atomic constituents
increases from J to Tg, as expected, and then remains
The energetics of this reaction are expected to depend on theessentially constant, independent of the cage size, for both LDA
binding energy for a particular cage configuration and on the and NLDA levels of theory, having values of 0.72 and 0.61

Figure 3. HOMO contours: (left) F (On); (right) Tis (D2g). Negative (dark solid contours) and positive (lines) regions are plotted with contours
of 0.02 e/boht.
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Figure 4. LUMO contours: (left) & (On); (right) Tis (D2d). Negative (dark solid contours) and positive (lines) regions are plotted with contours
of 0.028 e/boht.
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Figure 5. Total density of states plots for the optimized configurations of the T cages considered.

hartree per Si atom, respectively. Due to small differences in cage. On the other handg,TT10, and T» cages appear to be
binding energies, the calculated results predict that various the most stable against fragmentation into smaller T cages.
isomers of a given T cage can coexist, as is also observed in 3.3, Electronic Properties. In this section, we present the
synthesis experiments. results of the analysis of electronic properties of T cages in terms
Calculations of the fragmentation energies with regard to all of density of states (DOS), deformation charge densities, highest
possible pathways support the above results in terms of theoccupied molecular orbitals (HOMOs), lowest unoccupied
relative stability of the T cages considered in this study. Table molecular orbitals (LUMOs), and Mulliken populations.
4 gives the fragmentation energies computed using the total The spatial extents of the HOMOs and LUMOs fay (Dy)
energy of the most stable configurations. The dissociation of and T (D2g) are shown in Figures 3 and 4. The (lone-pair)
the Tie cage into two § cages appears to have the lowest oxygen p-type atomic orbitals form HOMOs in botk &nd
fragmentation energy followed by the dissociation of the T Ty (Figure 3) while a combination of atomic orbitals associated
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Figure 6. Projected density of states plots forsT

Figure 7. Deformation electronic density maps fog {Or). Negative (lines) and positive (dark solid contours) regions represent zones of surplus
and lack of electronic density respectively and are plotted with contours of 0.01 ®/lotive accompanied ball-and-stick representationgpfiie
smaller circles represent silicons and the larger circles represent oxygens. The hydrogen atoms, not shown in the figure, are attached to silicons.

with Si, O, and H forms the LUMO for d Interestingly, the The HOMO-LUMO gap shows a small variation with the
percentage of the oxygen orbital mixing with the silicon and cage size decreasing from 7.4 eV igtd 6.2 eV in Tig. In the
hydrogen orbitals for the LUMO decreases with the increase in absence of experimental values of the gap for T cages, we can
the cage size, and in the case g, the LUMO is marked by only make comparison of the calculated gap values with the
a negligible presence of oxygen orbitals (Figure 4). This is known valué® of about 9 eV fora-quartz. Note that calcula-
confirmed by Table 5, which shows the composition of the tions based on density function theory are known to underes-
HOMO and LUMO orbitals for the most stable configurations timate the actual energy gap. A previous electronic structure
of various T cages. calculation based on the extendedeKel approximatio?’ has

Density of states (DOS) for silsesquioxanes was analyzed reported the HOMG LUMO gap to be of the order of 1214
using a Gaussian broadening scheme with a value of 0.15 eV,€V for the Ts cage, which is too large a value for silica.
which was used to widen the discrete peaks of the T cages. The DOS plots for the series of different silsesquioxane cages
Figure 5 compares the DOS plots for the T cages consideredgiven in Figures 5 and 6 reveal that for the largest one analyzed,
here where we have assigned the top of the occupied state td¢he T cage, the LUMO introduces a state in the HOMO
zero. As expected from the nature of the HOMOs, the highest LUMO gap. The projection of the total DOS to constituent
occupied state is formed solely by the oxygen p lone-pair atoms of the T cage finds this midgap state to be associated
nonbonding orbitals. TéO s orbitals are well separated from with the terminal hydrogens attached to silicons in the cage.
the O p orbitals and occur about 17 eV below the top of the The appearance of this state is remarkable in that it offers an
occupied states. Adjacent to the highest occupied state, the DOSxplanation for the electrical bistability observed in thée
plots show a clustering of states up to about 9 eV wide below characteristics of metainsulator-metal devices prepared from
the top which is mainly due to bonding orbitals of silicon s-type the HSQ resin thin films with changes in conduction over 3
and oxygen p-type orbitals. orders of magnitud@. This finding also suggests that larger
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