
Abstract. Data on the synthesis, structures, and propertiesData on the synthesis, structures, and properties

of laddersiloxanes (silsesquioxanes with defined ladderof laddersiloxanes (silsesquioxanes with defined ladder

structure) reported over the last 15 years are summarized.structure) reported over the last 15 years are summarized.

Synthetic methods applied to prepare tricyclic, pentacyclic,Synthetic methods applied to prepare tricyclic, pentacyclic,

heptacyclic, and nonacyclic laddersiloxanes are considered.heptacyclic, and nonacyclic laddersiloxanes are considered.

The structural features of laddersiloxanes determined byThe structural features of laddersiloxanes determined by

X-ray crystallography and the key properties (thermalX-ray crystallography and the key properties (thermal

stability, hydrophobicity,stability, hydrophobicity, etc.etc.) are analyzed. The bibliogra-) are analyzed. The bibliogra-

phy includes 50 referencesphy includes 50 references..

I. Introduction

Silsesquioxanes, or silicon compounds with the empirical

formulas RSiO3/2, where R is hydrogen or any alkyl or aryl

group, have been intensively studied, and their properties,

including thermal stability, water repellency, and low dielec-

tric constant, have been revealed.1 Several structures are

possible for silsesquioxanes. Random (I), ladder (II), parti-

ally condensed (III), and cage (e.g., T8, T10 and T12) types

are known to date.2 Among them, ladder-type silsesquiox-

anes are expected to present better properties because of (1)

possible polymeric forms, (2) highly ordered structures, and

(3) double-chain structures.

In 1960, Brown and co-workers reported 3 that the base-

catalyzed polycondensation of the hydrolysate from phenyl-

trichlorosilane led to the formation of polyphenylsilses-

quioxane (PhSiO1.5)n. Using X-ray diffraction pattern and

analyses of IR spectra, they proposed that the product

possessed a stereoregular double-chain structure with a cis-

syndiotactic conformation. This double-chain ladder poly-

mer may be formed in equilibrium with lower-molecular-

weight cage compounds that can be isolated from dilute

solutions (Scheme 1, the Si7O7Si fragments are shown by

straight line segments).4, 5 The detected cage species

included octa- (T8), deca- (T10), and dodecasilsesquioxanes

(T12). Based on these findings, the polycondensation of the

phenyltrichlorosilane hydrolysates is likely to proceed via

the formation of cis-trans-cis-tetrahydroxycyclotetrasil-

oxane to yield ladder polysilsesquioxane (see Scheme 1).

Despite several reports,4 ± 10 Frye and Klosowski 11 claimed

in 1970 that maintenance of (PhSiO1.5)n in alkaline medium

to equilibration did not yield ladder silsesquioxanes but

yielded a randomly linked array of polycyclic cages. At

present, it is believed that the proposed ladder structure was

unsubstantiated, and further experimental work was

required to demonstrate real ladder polysilsesquioxanes.12
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Scheme 1

The interest in ladder-type silsesquioxanes has been

growing in recent years, because of the demand for highly

thermally stable materials for reducing the size of electronic

devices. For example, recent developments of powerful

light-emitting diodes result in demands for more stable

silicone materials for the use as encapsulants (for lens

assembly). The currently available silicone materials are

not suitable for satisfying the specifications, and those

with better quality are necessary. Well-defined structures

without defects are always expected to show better physical

properties. Therefore, silsesquioxanes with perfect ladder

structures are considered promising materials. In addition,

spectroscopic features and structure7property relation-

ships of laddersiloxanes make them good models for deter-

mining the structures of various silsesquioxanes.

II. Synthesis of laddersiloxanes

Prior to our work, determination of the structures of three

bicyclic and tricyclic laddersiloxanes had been reported. In

1965, Brown 13 reported the synthesis of the syn-tricyclic

laddersiloxane, Me8Ph4Si8O10 (1), and Shklover et al.14

determined the structure of 1 by X-ray crystallography in

1978. Later, Shklover et al.15 reported the X-ray structure

of the anti-isomer. The structure of bicyclic laddersiloxane

Me8Ph2Si6O7 (2) was also described by the same group in

1980.16 Shklover's group prepared these laddersiloxanes by

the reactions of 1,3,5,7-tetrahydroxy-1,3,5,7-tetraphenylcy-

clotetrasiloxane (tricyclic) or 1,3-diphenyldisiloxanetetraol

(bicyclic) with 1,3-dichlorotetramethyldisiloxane in the

presence of a stoichiometric amount of pyridine. Brown's

group performed a similar reaction using triethylamine

instead of pyridine, and the yield was 26%.13

1. Bicyclic laddersiloxanes
In 1996, we reported the synthesis of cage hexasilsesquiox-

anes from respective silanols by dehydration with dicyclo-

hexylcarbodiimide (DCC) as the dehydrating agent

(Scheme 2).17 With the same synthetic methods, we have

obtained a bicyclic laddersiloxane 3 (Scheme 3).18 The

structures of the products were determined by X-ray crys-

tallography.
Scheme 2

Scheme 3

Although these reactions produced bicyclic laddersilox-

anes, the yield was not satisfactory, and by-products gen-

erated by the disproportionation of starting silanols were

also obtained. Therefore, we investigated cross-coupling

reactions from silanols and chlorosilanes. Necessary 1,3-

dichloro-1,3-diisopropyl-1,3-diphenyldisiloxane (4) was

prepared as shown in Scheme 4.19

Scheme 4

The resulting dichlorodisiloxane 4 was treated with

disiloxanetetraol (Scheme 5).
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Scheme 5

Analysis by HPLC showed several peaks corresponding

to isomers (Fig. 1, the yields are given in parentheses). We

isolated each isomer and made single crystals, and their

structures were determined by X-ray diffraction. Unexpect-

edly, all the products were not bicyclic laddersiloxanes but

bicyclic siloxanes 5 with Si7O7Si bond between the rings

(see Scheme 5). This clearly indicated that generation of

laddersiloxanes is not easily accomplished even with mono-

mers with well-defined structures.

2. Tricyclic laddersiloxanes
In order to minimize the possible generation of undesired

products, we tried the synthesis of cyclic silanols. If we use

these compounds to construct laddersiloxanes, eight-mem-

bered rings must be present in the products; therefore,

generation of laddersiloxanes becomes more plausible.

Regarding cyclotetrasiloxanetetraol or cyclic silanol

[RSi(OH)O]4, a phenyl- and cyclohexyl-substituted com-

pound was previously reported by Brown's group.13, 20

However, we chose phenyl groups for ring homologation

and isopropyl groups for substituents.

The isopropyl-substituted cyclic silanol [PriSi(OH)O]4
(6) can be formed by stepwise preparation 21 or by direct

synthesis 22 (Scheme 6).The total yield of stepwise synthesis

(38%) was better than that of the direct synthesis, but direct

synthesis was more convenient. We 21, 23 and Feher's

group 24 independently reported the crystal structures of 6

and [PhSi(OH)O]4, respectively. The all-cis conformations

were established for both compounds.
Scheme 6

When cyclic silanol 6 was treated with dichlorosiloxane

4, bicyclic silanol 7 was obtained as a mixture of isomers in

a 52% total yield (Scheme 7). Previously, laddersiloxanes

with terminal hydroxyl groups were prepared by hydrolysis

of trichlorosilane as by-products together with completely

condensed polyhedral oligosilsesquioxanes by Feher et al.25

They also synthesized tetrahydroxy laddersiloxanes by base-

catalyzed cleavage of cage silsesquioxane Cy6Si6O9 (Cy is

cyclohexyl) 26 These ladder silanols can serve as potential

starting compounds for constructing well-defined siloxanes.

Scheme 7
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On the other hand, when 6 was treated with two

equivalents of dichlorosiloxane 4, tricyclic laddersiloxane 8

was obtained as the sole product. The reaction conditions

were optimized, and target tricyclic laddersiloxane was

obtained as a mixture of stereoisomers 8a ± e in 85% total

yield (Scheme 8).19 The five isomers were isolated by

recycle-type HPLC (Fig. 2), and all structures were deter-

mined by X-ray crystallography; each isomer was revealed

to possess a syn-tricyclic structure reflecting the conforma-

tion of the starting cyclic silanol.
Scheme 8

More recently, Gunji's group reported 27 the synthesis of

tricyclic laddersiloxane using reactive isocyanate substitu-

ents. Interestingly, as opposed to our case, both anti- and

syn-tricyclic laddersiloxanes were obtained by this method,

even though they started from cis,trans,cis-cyclotetrasilox-

ane. They explained this result by isomerization of the

starting cyclotetrasiloxane and actually observed its base-

induced isomerization. Later, the same research group

prepared phenyl-substituted syn-tricyclic laddersiloxane 9

(Scheme 9).28

Scheme 9

In1987, Kyushin and Matsumoto's group described the

synthesis of ladder polysilanes.29 They isolated and deter-

mined the structure of tricyclic ladder oligosilanes in 1994.30

Oxidation of tricyclic ladder oligosilanes with m-CPBA

(m-chloroperbenzoic acid) produced respective tricyclic

laddersiloxanes 10a,b in good yields (Scheme 10). The

original stereostructures were maintained in this reaction.31

Scheme 10
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cage hexasilsesquioxanes or by room-temperature

hydrolytic condensation of cycloheptyltrichlorosilane

(Scheme 11).25, 26 These reactions are beneficial because

compounds that are the potential precursors to structurally

regulated siloxanes can be produced in a single-step reac-

tion.

Our tricyclic laddersiloxane 8 has an advantage in that

phenyl groups can be transferred to hydroxyl groups via

chloride. In this reaction, Si7O7Si skeletons remain

intact, and phenyl groups can be replaced in almost quanti-

tative yield. As shown in Scheme 12, laddersiloxane tetra-

chloride 11 was obtained in 98% yield and converted to

tricyclic laddersiloxane tetraol 12 in the same yield. The

structures of 11 and 12 were determined by spectroscopic

methods. In addition, one of the isomers of 12 (syn-all-cis)

was able to form single crystals, and X-ray diffraction

analysis was performed. The molecular structure and pack-

ing diagram are shown in Fig. 3. Both intra- and intermo-

lecular hydrogen bonds were observed.

A similar tricyclic laddersiloxane can also be prepared

by the reaction of tetrachlorocylotetrasiloxane with disilox-

anediol in pyridine. Details of this synthesis are provided in

the next Section.

In addition to the tricyclic laddersiloxanes composed of

three eight-membered rings, those with two terminal six-

membered rings are also possible. As shown in Scheme 13,

such a tricyclic laddersiloxane 13 can be synthesized by the

reaction of 1,3,5,7-tetrabromo-1,3,5,7-tetramethylcyclote-

trasiloxane and diphenylsilandiol. The structure was deter-

mined by X-ray crystallography, and again, in this case, the

stereostructure of the starting cyclic tetrabromide was

retained.32 This skeleton can also be prepared by the

reaction of cyclic silanol like 6 with dichlorosilanes

R2SiCl2 in pyridine.

3. Pentacyclic laddersiloxanes
As shown in the previous section, with tricyclic laddersilox-

ane tetraol 11 in hand, a reaction similar to the one shown

in Scheme 8 gave pentacyclic laddersiloxane 14

(Scheme 14).19 Each stereoisomer was isolated by recycle-
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type HPLC, and pentacyclic laddersiloxanes were obtained

in 37% yield. Unlike the case of tricyclic laddersiloxanes,

several peaks indicating the generation of lower-molecular-

weight by-products were observed (Fig. 4). Fortunately,

one of the isomers (14b) gave good single crystals, and X-

ray crystallographic analysis was performed. The result

unequivocally revealed the pentacyclic structure (Fig. 5).

Because of the flexible Si7O7Si bonds, the other isomers

of pentacyclic and longer (containing more rings) laddersi-

loxanes were all colourless, viscous oils.

The oxidation of pentacyclic silane (similar to the

reacttion described in the previous Section, see Scheme 10)

gave all-anti pentacyclic laddersiloxane 15 as a single isomer

(Scheme 15). The reaction proceeded under harsh condi-

tions, including considerable excess of m-CPBA and a long

reaction time. The structure of 15 was also determined by

X-ray crystallography.31

Scheme 15
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starting cyclotetrasiloxane (cis,trans,cis-form) was not

maintained, probably because of the effect of pyridine.33

Scheme 16

Although it seems possible to add more rings by repeat-

ing our procedure shown above, we could not prepare any

further laddersiloxanes. This is explained by the generation

of isomers incapable of ring homologation (Scheme 17, the

Si7O7Si fragments are shown by straight line segments).

As shown in the Scheme, if disilanol is treated with

dichlorosiloxane, two stereoisomers with phenyl groups in

cis- and trans-configurations at both terminal siloxane rings

are obtained in 1 : 1 ratio, only cis-isomer being able to form

further rings. This is the reason why the yield of pentacyclic

laddersiloxanes is lower than that of tricyclic laddersilox-

anes. This problem was solved by treating (R,S)-dichlorosi-

loxane instead of a diastereomeric mixture, and therefore,

we tried to isolate the diastereomers.
Scheme 17

Our previous method with dichlorosiloxanes used as

ring homologation units prevents the isolation of diaster-

eomers because of their instability in water or silica gel.

Therefore, we devised the reaction route shown in

Schemes 18 and 19. The starting tetrasiloxane was obtained

by hydrolytic condensation of PriPhSiCl2 followed by

HPLC separation,34 and the chlorination product obtained

upon removal of phenyl groups was treated with (R,S)-

dichlorosiloxanediol (17a) in situ. This reaction expectedly

resulted in the formation of a tricyclic laddersiloxane 18

with phenyl groups in cis-configuration at both terminal

siloxane rings for each isomer. The diastereomer of disilox-

anediol 17a was obtained in good yield by either recrystal-

lization (Fig. 6) or HPLC (Fig. 7).35 The ratio of the two

diastereomers was easily identified by the ratio of Me peak

areas in the 1H NMR spectrum, as shown in Fig. 8. Addi-

tionally, the structure of (R,S)-17 (17a) was determined by

X-ray crystallography.
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As expected, this reaction gave cis-Ph tricyclic laddersi-

loxanes 18. The three isomers obtained were isolated by

recycle-type HPLC, and the structures of these compounds

were determined unequivocally by X-ray crystallographic

analysis.35

The subsequent reactions of 18 (mixture of isomers) with

(R,S)-isomer 17a yielded target pentacyclic laddersiloxanes

19 with cis-Ph groups in the terminal rings (Scheme 20).
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17a

17a
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recrystalliza-
tion (yield 37%)
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17a : 17b=46 : 54 17a : 17b=67 : 33 17a : 17b=83 : 17

Figure 6. Preparation of compound 17 and isolation of diaster-
eomer 17a by recrystallization (here and in Fig. 7, chromatograms
of the mixtures are given).35

HPLC: CHEMCOSORB 5Si, hexane : THF=7 : 3, detection at
250 nm.
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Interestingly, the structures of 19 were all of anti,syn,anti-

conformation, probably because of the steric congestion of

other stereoisomers. The structures of 19 were determined

by X-ray crystallography. The cis-configuration of the

phenyl groups in the terminal rings enabled the production

of heptacyclic laddersiloxanes from 19.35

4. Heptacyclic laddersiloxanes
Synthesis of heptacyclic laddersiloxanes was only possible

from pentacyclic 19. Dephenylchlorination of a mixture of

isomers of 19 gave a quantitative yield of tetrachloride.

Treatment of the tetrachloride with 17a gave heptacyclic

laddersiloxane 20 in 6% yield (Scheme 21). Unfortunately,

this compound was a viscous colourless oil, and no single

crystals were obtained from any of isomers. The identifica-

tion of heptacyclic 20 was performed using NMR and mass

spectra. The 29Si NMR spectrum of 20 shows peaks in the

regions from 766.26 to 764.94 ppm and 734.36 to

733.22 ppm. This is in good agreement with the values

for other laddersiloxanes. The mass spectrum shows a peak

at m/z 1754 (M+7Pri) consistent with the structure of 20.36

5. Nonacyclic laddersiloxanes
Nonacyclic laddersiloxanes were obtained from bicyclic

ladder silanol 7, which is easily obtained from cyclic silanol

6 by a single-step reaction. When dehydrochlorination of

tricyclic laddersiloxane tetrachloride 11 and two equivalents

of 7 was performed, nonacyclic laddersiloxane 21 was

obtained as a mixture of isomers in 7% yield (Scheme 22).

Cage octa(isopropylsilsesquioxane) 22 was formed as a by-

product in 4% yield. The identification was performed

using NMR and mass spectra as in the case of heptacyclic

laddersiloxane.37

6. Ladder polysilsesquioxanes
Structure determination of ladder polysilsesquioxanes is

rather difficult. All the laddersiloxanes described above

may serve as good models for the spectroscopic analysis of

ladder polysilsesquioxanes. Although NMR and IR spectra

show several unique properties of ladder silsesquioxanes,

other polymers, especially random ones with a part-ladder

structure, also show similar spectra. Hence, identification is

challenging and ambiguous. Nonetheless, there have been

several reports on preparation routes of polymeric ladder

structures.

In 2005, we isolated cis,trans,cis-tetrabromotetramethyl-

cyclotetrasiloxane (see Scheme 13).32 This compound spon-

taneously decomposed under the action of air moisture to

give a white solid compound 23. Unfortunately, this poly-

mer is insoluble in all common solvents; however,
29Si NMR and IR spectra and considerable thermal stabil-

ity observed by thermogravimetric (TGA) and differential

thermal (DTA) analyses indicated that this polymer pos-

sesses a well-defined ladder-like structure (Scheme 23).36

The 5% weight loss temperature Td5 was 645 8C, and this

value is higher than that of other ladder-like polysilses-

quioxanes reported so far.
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Gunji's group also isolated cyclotetrasiloxane precur-

sors and obtained soluble ladder polysilsesquioxanes.38

They used three types of precursors (hydrido, ethoxy,

isocyanato derivatives) and obtained polymers with differ-

ent properties (Scheme 24). From their results, ethoxy-

substituted cyclotetrasiloxane yielded less-ordered polysil-

sesquioxanes according to IR and NMR data. All three

polymers show broad peaks in 29Si NMR spectra at around

765.0 ppm, indicative of structure variation. However, the

results of IR spectra and TGA (Td5 temperature of 435 8C
for the hydrido compound) indicated that they possess

fairly well-defined structures.
Scheme 24

A synthetic approach from cyclic silanol was also

reported by Lee and Hwang's group in Korea.39 They

isolated the methyl-substituted cis,trans,cis-isomer of cyclic

silanol 24 by recrystallization and obtained ladder polysil-

sesquioxanes 25 by base-catalyzed dehydration of 24

(Scheme 25).39 The 29Si NMR spectra of the obtained

polymer 25 exhibited signals for T2 groups (i.e., silicon

atoms connected by two bonds to the skeleton oxygen

atoms, 7O7Si7O7Si7, and to one OH group) in addi-

tion to the expected T3 signals (for silicon atoms not

connected to OH groups but linked by three bonds to the

skeleton). The authors also performed gel permeation

chromatography and measured MALDI-TOF mass spectra.

They concluded that polymer 25 comprises connected lad-

dersiloxane segments (less in number than in hexacyclic

laddersiloxanes). This polysilsesquioxane also showed

enhanced thermal stability up to 700 8C, reflecting the

ordered ladder structure.
Scheme 25

Handke's group in Poland devised a cross-linking

method to yield ladder polysilsesquioxanes from acyclic

siloxanes (Scheme 26).40

Scheme 26

The same researchers also isolated tetraethoxytetrame-

thylcyclotetrasiloxane 26 (a mixture of four stereoisomers)

and examined its condensation (Scheme 27).41 Although the

IR spectra of the polymer obtained according to Scheme 26

attested to some structural variations, TGA analysis indi-

cated that the weight loss started at above 400 8C, indicative
of ladder-like structures.

Scheme 27

Another approach to producing ladder polysilsesquiox-

anes was developed by Zhang's group.42 They organized the

precursors by hydrogen bonding and then constructed

structurally regulated silsesquioxanes.42 Although the lad-

der structure was not fully supported, they obtained many

valuable materials.

Quite recently, Kaneko's group in Japan took a unique

approach by taking advantage of the ionic interaction at the

end of the substituents.43 As shown in Scheme 28, starting

trialkoxysilanes were pre-organized by the interaction of the

ammonium groups and chloride ions, and the subsequent

hydrolysis and dehydration gave highly ordered structure

27. The rod-like structures were observed by transmission

and scanning electron microscopy, and X-ray diffraction

measurements indicated that the diameter of the rod in

polymer 27 was about 1.64 nm. With observation of T3

peaks in the 29Si NMR spectra, the researchers concluded

that highly ordered ladder structures were obtained.44

Scheme 28
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III. Structures and properties of laddersiloxanes

1. Structure of laddersiloxane
Because of the flexible Si7O7Si skeleton and steric repul-

sion of the substituents, the laddersiloxanes have intriguing

double helix structures. As expected, all the laddersiloxanes

showed helical structures. In Fig. 9, torsion angles of the

terminal Si7O7Si bonds of syn-tricyclic laddersiloxanes

are summarized.19 Angles of 08 indicate the absence of

helicity, and the larger the angles, the tighter the helical

structure. In the cases examined, the torsion angles are

similar to each other, and different configurations of

terminal phenyl groups do not significantly affect the helical

structure.

Figure 10 shows the torsion angles of all-isopropyl

laddersiloxanes.31 This data indicates that torsion angles

of anti-laddersiloxanes increase up to tricyclic structures;

however, pentacyclic laddersiloxane shows no helicity

because of the centre of symmetry. In the case of all-anti

ladder polysiloxanes, helical structures were also observed

in the crystal, and more interestingly, both enantiomers

could be detected by low-temperature 29Si NMR spectro-

scopy.45 Laddersiloxanes with fewer rings are much more

flexible than the polymers, and since the steric repulsion of

isopropyl groups is not significant, the separation of enan-

tiomers was impossible.

The helical structure of laddersiloxanes is induced by the

repulsion of substituents. As depicted in Fig. 11, when the

cyclotetrasiloxane ring is planar, all the adjacent groups are

in the same plane (eclipsed conformation) and the steric

repulsion is highest. In order to minimize the energy, two

substituents tend to acquire the gauche conformation, which

results in smaller dihedral angels characterizing folding of

the rings along the Si_Si line and larger torsion angles. In

the inner rings, steric hindrance is not large in the anti-

conformation because only two substituents are in the cis-

positions, whereas the syn-conformation with four cis-sub-

stituents experiences more pronounced repulsion.
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Figure 11. Schematic of the steric repulsion of substituents result-
ing in increased torsion angles.
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2. Spectroscopic properties
One of the main aims for synthesizing laddersiloxanes is to

use them as the model compounds for characterization of

ladder-type polysilsesquioxanes. Here, we summarize the

details of IR and NMR spectra of laddersiloxanes.

The 1H and 13C NMR spectra of laddersiloxanes show

signals for substituents and provide no information for

identification of the ladder structures. The 29Si NMR spec-

tra usually show signals characteristic of T fragments

(SiO3), and no data about the spatial srtructure of the

molecule can be derived from the chemical shift. For

example, the cage silsesquioxane, T8 with isopropyl sub-

stituents shows its 29Si-NMR peak at 766.26 ppm in

CDCl3.22 Meanwhile, isopropyl-substituted anti- and syn-

tricyclic laddersiloxanes 10a,b (Scheme 10) show peaks at

766.77 and 767.16 ppm in CDCl3.31 As clearly seen from

this result, 29Si NMR chemical shifts are basically inde-

pendent of the stereostructure. Nevertheless, chemical shifts

combined with the half-widths of the 29Si NMR peaks are

still good indicators for a ladder structure. The 29Si NMR

chemical shifts for some laddersiloxanes are listed in

Table 1. It can be seen that chemical shifts of laddersilox-

anes exist within a narrow range that is dependent on the

substituents.

IR spectroscopy is also useful in the case of laddersilox-

anes, because it can be employed for solid materials.

Figure 12 a shows parts of the IR spectra of laddersilox-

anes; for comparison, Fig. 12 b presents the same parts of

the spectra of cyclic and cage silsesquioxanes. The latter

tend to exhibit a broad single peak around 1050 ±

1100 cm71, whereas laddersiloxanes show two sets of over-

lapping peaks around 1030 and 1130 cm71. Because of the

several non-equivalent Si7O bonds present in bicyclic and

tricyclic laddersiloxanes, several different peaks occur

around 1130 cm71, giving rise to one broad flat peak.

Meanwhile, the laddersiloxanes comprising more than five

rings clearly show two peaks. The spectra of ladder poly-

silsesquioxane contain two symmetrical narrow peaks.

In 2008, Yoon's group reported 47 a theoretical IR study

for ladder silsesquioxanes and predicted two peaks at

105071150 cm71. Our results experimentally supported

their calculation. These peaks were also observed in lad-

der-type polysilsesquioxanes by Hwang's group,48 Gunji's

group,38 and Handke's group.40

3. Thermal properties
As expected, all the laddersiloxanes showed interesting

thermal properties. The results of TG analysis of laddersi-

loxanes, cage silsesquioxanes, and ladder polysilsesquiox-

anes are summarized in Table 2. Laddersiloxanes (except

polymers) sublimed in the temperature range from 390 to

567 8C. The Td5 value increased with the length of the

Table 1. 29Si NMR chemical shifts of laddersiloxanes.

Compound d /ppm Ref.

28 772.0 31

9 762.8 28

10a 767.2 31

8 767.1 to765.8 19

10b 766.8 31

16 764.2,764.1 33

15 765.8,765.2 31

14b 766.0 to763.4 19

19 766.2 to764.9 35

23 (solid) 764.5 32

Me-substituted polymer 766.4 to765.0 38

The same 766.0 46
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1300 1200 1100 1000 900 800
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Figure 12. IR spectra of laddersiloxanes 28 (1), 10a (2), 10b (3), 14b (4), isomer mixture 20 (5), isomer mixture 21 (6), Me-substituted
polymer (7) (a); and cyclic and cage silsesquioxanes (Pri2SiO)4 (1), (PriSiO1.5)6 (2), (PriSiO1.5)8 (3) (b).31, 36, 37
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laddersiloxane molecule, and heptacyclic laddersiloxanes

were remarkably stable up to 300 8C. Comparison of cage

and laddersiloxanes also offers an interesting contrast. The

tricyclic laddersiloxane had Td5 and sublimation temper-

atures higher by 60 8C and 108 8C, respectively, than an

octasilsesquioxane with the same number of silicon atoms.

Well-defined ladder polysilsesquioxanes showed signifi-

cantly better thermal properties. Indeed, ladder polysilses-

quioxane 23 exhibited 120 to 250 8C higher Td5 temperature

than polysilsesquioxanes prepared directly from methyltri-

chlorosilane.

* * *

Investigation of potential practical applications of laddersi-

loxanes has just started; however, the expected high thermal

stability, transparency, and low dielectric constants are

believed to be a great advantage in the production of novel

materials in the future. It is possible to use ladder poly-

silsesquioxanes as pure materials, but it is more advanta-

geous to use them after modification upon reactions with

other compounds or polymers. It is possible to introduce

vinyl groups or Si7H moieties into the laddersiloxane

structures, and those compounds may serve as valuable

precursors of polymeric silsesquioxanes having ladder struc-

tures.

In the future, laddersiloxanes or ladder polysilsesquiox-

anes may find use in the manufacture of electronic devices,

surface functionalization, additives for higher thermal sta-

bilization, development and so on.

References

1. R H Baney, M Itoh, A Sakakibara, T Suzuki Chem. Rev. 95
1409 (1995)

2. D B Cordes, P D Lickiss, F Rataboul Chem. Rev. 110 2081
(2010)

3. J F Brown Jr, L H Vogt Jr , A Katchman, J W Eustance,
K M Kiser, K W Krantz J. Am. Chem. Soc. 82 6194 (1960)

4. J F Brown Jr J. Polym. Sci., Part C: Polym. Symp. 1 83 (1963)
5. J F Brown Jr, L H Vogt Jr, P I Prescott J. Am. Chem. Soc. 86

1120 (1964)
6. K A Andrianov, G A Kurakov, F F Sushentsova,

V A Myagkov, V A Avilov Polym. Sci. USSR 7 1637 (1965)

7. V N Tsvetkov, K A Andrianov, Y L Vinogradov,
V I Pakhomov, S Y YakushkinaPolym. Sci. USSR 9 1 (1967)

8. V N Tsvetkov, K A Andrianov, I N Shtennikova,
G I Okhiimenko, LNAndreyeva, GAFomin, V I Pakhomov
Polym. Sci. USSR 10 636 (1968)

9. T E Helminiak, G L Benner, W E Gibbs Polym. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 8 284 (1967)

10. O Quadrat Collect. Czech. Chem. Commun. 35 2564 (1970)
11. C L Frye, J M Klosowski J. Am. Chem. Soc. 93 4599 (1971)
12. M A Brook Silicon in Organic, Organometallic, and Polymer

Chemistry (New York: Wiley-Interscience, 2000)
13. J F Brown Jr J. Am. Chem. Soc. 87 4317 (1965)
14. V E Shklover, ANChekhlov, Y T Struchkov, NNMakarova,

K A Andrianov Zh. Strukt. Khim. 19 1091 (1978) a

15. V E Shklover, I Y Klement'ev, Y T Struchkov Dokl. Akad.
Nauk SSSR 259 131 (1981) b

16. V E Shklover, Y T Struchkov, N N Makarova, A A Zhdanov
Cryst. Struct. Commun. 9 1 (1980)

17. M Unno, B A Shamsul, H Saito, H Matsumoto
Organometallics 15 2413 (1996)

18. M Unno, B A Shamsul, M Arai, K Takada, R Tanaka,
H Matsumoto Appl. Organomet. Chem. 13 303 (1999)

19. M Unno, A Suto, H Matsumoto J. Am. Chem. Soc. 124 1574
(2002)

20. J F Brown Jr, L H Vogt Jr J. Am. Chem. Soc. 87 4313 (1965)
21. M Unno, K Takada, H Matsumoto Chem. Lett. 489 (1998)
22. M Unno, A Suto, K Takada, H Matsumoto Bull. Chem. Soc.

Jpn. 73 215 (2000)
23. M Unno, K Takada, H Matsumoto Chem. Lett. 242 (2000)
24. F J Feher, J J Schwab, D Soulivong, J W ZillerMain Group

Chem. 2 123 (1997)
25. F J Feher, T A Budzichowski, R L Blanski, K J Weller,

J W Ziller Organometallics 10 2526 (1991)
26. F J Feher, R Terroba, J W Ziller Chem. Commun. 2153

(1999)
27. K Suyama, T Gunji, K Arimitsu, Y Abe Organometallics 25

5587 (2006)
28. H Seki, Y Abe, T Gunji J. Organomet. Chem. 696 846 (2011)
29. H Matsumoto, S Kyushin, M Unno, R Tanaka

J. Organomet. Chem. 611 52 (2000)
30. S Kyushin, H Yamaguchi, T Okayasu, Y Yagihashi,

H Matsumoto, M Goto Chem. Lett. 221 (1994)
31. M Unno, R Tanaka, S Tanaka, T Takeuchi, S Kyushin,

H Matsumoto Organometallics 24 765 (2005)
32. M Unno, S Chang, H Matsumoto Bull. Chem. Soc. Jpn. 78

1105 (2005)
33. H Seki, N Abe, Y Abe, T Gunji Chem. Lett. 40 722 (2011)
34. M Unno, Y Kawaguchi, Y Kishimoto, H Matsumoto J. Am.

Chem. Soc. 127 2256 (2005)
35. M Unno, T Matsumoto, H Matsumoto J. Organomet. Chem.

692 307 (2007)
36. S Chang, T Matsumoto, H Matsumoto, M Unno Appl.

Organomet. Chem. 24 241 (2010)
37. M Unno, T Matsumoto, H Matsumoto Int. J. Polym. Sci.

ID 723892 (2012)
38. H Seki, T Kajiwara, Y Abe, T Gunji J. Organomet. Chem.

695 1363 (2010)
39. H S Lee, S-S Choi, K-Y Baek, S M Hong, E C Lee, J-C Lee,

S S Hwang Eur. Polym. J. 48 1073 (2012)
40. M Handke, B Handke, A Kowalewska, W Jastrzebski

J. Mol. Struct. 924 ± 926 254 (2009)
41. M Handke, A Kowalewska, W Mozgawa J. Mol. Struct. 887

152 (2008)
42. Z Chen, Z Ren, J Zhang,W Fu, Z Li, R ZhangReact. Funct.

Polym. 72 503 (2012)
43. Y Kaneko, H Toyodome, M Shoiriki, N Iyi Int. J. Polym.

Sci. ID 684 278 (2012)
44. Y Kaneko, H Toyodome, H Sato J. Mater. Chem. 21 16 638

(2011)

Table 2. Thermogravimetric analysis data for laddersiloxanes, cage
silsesquioxanes, and ladder polysilsesquioxanes.

Compound Td5 /8C Notes a Ref.

(Pri2SiO)4 205 Tsubl= 345 8C 49

10a 260 Tsubl= 390 8C 22

14b 296 Tsubl= 423 8C 19

(Pri2SiO1.5)6 190 Tsubl= 252 8C 17

(Pri2SiO1.5)8 200 Tsubl= 282 8C 22

20 326 Tsubl= 567 8C 36

23 645 Td12=1000 8C 36

Ladder polymer 523 Mw=380 ± 2000 49

(from MeSiCl3) (in air)

The same 400 Mw=2000 ± 6000 50

(in nitrogen)

aTsubl is sublimation point, Td12 is the 12% weight loss temperature.

M Unno, A Suto, T Matsumoto Russ. Chem. Rev. 82 (4) 289 ± 302 (2013) 301



45. R Tanaka, S Kyushin, M Unno, H Matsumoto Enantiomer
7157 (2002)

46. M Handke, A Kowalewska Spectrochim. Acta, Part A 79 749
(2011)

47. E S Park, H W Ro, C V Nguyen, R L Jaffe, D Y YoonChem.
Mater. 20 1548 (2008)

48. A S S Lee, S -S Choi, H S Lee, H Y Jeon, K-Y Baek,
S S Hwang J. Polym. Sci., Part A: Polym. Chem. 50 4563 (2012)

49. EP P. 0786 489 (1997)
50. JP P. 03 227 321 (1991)

a Ð J. Struct. Chem. (Engl. Transl.)
b Ð Dokl. Chem. (Engl. Transl.)

302 M Unno, A Suto, T Matsumoto Russ. Chem. Rev. 82 (4) 289 ± 302 (2013)


	Introduction
	Synthesis of laddersiloxanes
	Bicyclic laddersiloxanes
	Tricyclic laddersiloxanes
	Pentacyclic laddersiloxanes
	Heptacyclic laddersiloxanes
	Nonacyclic laddersiloxanes
	Ladder polysilsesquioxanes

	Structures and properties of laddersiloxanes
	Structure of laddersiloxane
	Spectroscopic properties
	Thermal properties

	References

