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A liquid crystalline discotic triphenylene-containing side chain ladder-like polysiloxane (LPS)
derivative was prepared by hydrosilylation. The superstructure was investigated by X-ray
diffraction (XRD), atomic force microscopy (AFM) and isotherm surface pressure (p)–area
(A) diagrams based on LB-film experiments. The XRD results suggest that the discotic
triphenylene units in the side chains stack to form a columnar structure and the columns
further align with each other to form a board-like superstructure because of the semi-rigidity
of the ladder-like backbone. This suggestion has been confirmed by parallel nanowire-like
stripes observed in the AFM image. Mixing small amounts of the corresponding low molar
mass molecules with the polymer leads to a more ordered and denser columnar stacking, as
shown by sharpened XRD patterns and a p–A curve with a steeper slope, higher collapse
pressure and lower collapse area than those obtained either for the low molar mass molecules
or the polymer individually.

1. Introduction mobility in organic single crystals. These results promise
Hexakisalkoxytriphenylenes, are well known repre- future application as photo-electronic materials.

sentatives of discotic liquid crystals, and have attracted However, the poor stability and processibility of the
much attention because of their unique photoconductive low molar mass disc-like molecules are obstacles for
properties [1, 2]. Generally, the disc-like molecules their applications. Polymerization is a useful means to
self-assemble into a columnar mesophase through face- overcome these disadvantages [5]. The disc-like molecules
to-face stacking of the aromatic cores. The large p–p either act as the repeat units in the main chain or are
overlap between the electron-rich discotic units provides attached to the polymeric backbone as pendant side
a pathway for transfer of charge or energy, while the groups [6–8]. Discotic liquid crystalline polymer net-
peripheral hydrocarbon chains act as an insulating works and elastomers have also been reported [9, 10].
mantle [3]. A charge-carrier mobility of the order of Interestingly, rigid aromatic polyamides and polyesters
10−1 cm2 V−1 s−1 has been reported in the three- with disc-like units in the main chain can form a board-
dimensionally ordered helical phase of hexahexylthio- like nematic phase with the boards stacked parallel to
triphenylene [4]. This is comparable to charge-carrier one another, as shown in figure 1 [11]. In general,

because of their high viscosity, the macroscopic align-
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ment of the columnar structure should be achievable
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392 C.-Y. Ba et al.

was done in contact mode with a Nanoscope III A
AFM instrument (Digital Instruments, USA) at room
temperature in air. To prepare the sample, the polymer
was dissolved in THF and this dilute solution was
coated onto a newly cleaved mica surface by dipping to
obtain the quasi-monolayer thin film. p–A diagrams were
determined using a 622 type single trough membrane-
drawing instrument from the Nima Company using
chloroform as solvent.

Figure 1. Schematic representation of two kinds of board-like
superstructures based on (a) rigid discotic main chain 2.2. Materials
polymer, (b) polymer 4.

Reagents and solvents were used as purchased without
further purification, unless otherwise stated. 1,1,3,3-Tetra-
methyldisiloxane of analytical grade was purchased fromLadder-like polysiloxanes (LPSs), which were first

synthesized by this group via stepwise–coupling poly- Acros Company. Methyltrichlorosilane and allyl bromide
were distilled before use. Tetrahydrofuran (THF) andmerization (SCP), are a new type of glass-like film-

forming materials. Their inorganic semi-rigid backbone toluene were distilled from sodium benzophenone.
Dicyclopentadienylplatinum dichloride (Cp2PtCl2 ), usedresults in their excellent properties. In particular, various

reactive LPSs containing vinyl, allyl and hydrogen side as the hydrosilylation catalyst, was prepared according
to literature methods [17].groups can be used to form functionalized polymers.

Starting from the reactive LPSs, a series of fishbone-like The synthetic route and chemical structures of the target
polymer and the intermediates are shown in the scheme.or rowboat-like liquid crystalline polymers containing

end-on or side-on fixed mesogens have been synthesized
by hydrosilylation reactions [13]. Moreover, we have 2.2.1. Synthesis of 2-hydroxy-3,6,7,10,11-

pentakis(pentyloxy)triphenylene (1)prepared several types of discotic compound, such as
columnar bis(b-diketonate)copper(II) complexes with Monomer 1 was prepared by directly coupling 3,3∞,4,4∞-

tetrapentoxybiphenyl and excess o-pentoxy phenololigo(ethylene oxide) side chains [14], a metal chelate-
bridged quasi-ladder main chain discotic liquid crystal following a similar procedure to that described in [18]

instead of the selective cleavage of the ether as describedpolymer [15], and a trefoil-shaped liquid crystal based
on 1,3,5-triazine with carbazole groups [16]. Their in most literature reports [19]. Methanol and dichloro-

methane were removed and the crude product separatedsuperstructures and conductive behaviour have been
investigated in a preliminary manner. by silica gel column chromatography, eluting with

benzene to give the product as a pale yellow solid. ThisIn this paper, we use a reactive ladder-like co-poly-allyl-
methyl-siloxane (AM-LPS) and a mono-functionalized was recrystallized from ethanol to give a white solid,

yield 65%. IR (KBr): 3549 (OH), 3079, 2955, 2931,triphenylene derivative as starting materials to synthesize
triphenylene-containing side chain liquid crystalline LPS 2860 cm−1 (CH, aromatic and aliphatic). 1H NMR

(200MHz CDCl3 ): d=7.96, 7.83, 7.77 (3×s, ArKH, 6H),via hydrosilylation. We anticipated that the semi-rigid
ladder-like backbone would assist the attached disc-like 5.91 (s, OH, 1H), 4.31–4.19 (m, OCH2 , 10H), 1.97–1.90

(m, OCH2CH2 , 10H), 1.58–1.39 (m, O(CH2 )2 (CH2 )2 ,triphenylene units to stack into stable and highly ordered
columnar structures. 20H), 0.97 (t, CH3 , 15H).

2.2.2. Synthesis of 2-allyloxy-3,6,7,10,11-2. Experimental
2.1. Characterization pentakis(pentyloxy)triphenylene (2).

Monomer 1 (0.7 g, 1.0mmol) was stirred with allylFTIR spectra were recorded using a Bruker
EQUINOX55 spectrometer. 1H NMR spectra were bromide (0.2ml, 2.3mmol) and anhydrous potassium

carbonate (11 g) in ethanol (50ml) and heated at refluxobtained with a JNH-FX100 (JBOX) NMR (300MHz)
spectrometer using CDCl3 as solvent. Elemental analysis for 30 h. The solution was decanted carefully into water

(70ml) and extracted with dichloromethane (4×25ml).was performed using a Heraeus CHN-RAPID, Datel
Systems, Inc (Germany). X-ray diffraction (XRD) analysis The organic layer was dried and evaporated, and the

crude product recrystallized from ethanol to give a whitewas carried out using a Rigaku D/MAX 2400 X-ray
diffractometer. The sample was annealed at 50°C and crystalline compound, yield 85%. IR (KBr): 3079, 2955,

2931, 2860 (CH, aromatic and aliphatic), 1648 cm−1then quenched to room temperature. DSC measurements
were made with a Mettler Toledo Star-822 differential (CHLCH2 ). 1H NMR (200MHz, CDCl3 ): d=7.92–7.77

(m, ArKH, 6H), 6.32–6.12 (m, OCH2 , CHLCH21H),scanning calorimeter. Atomic force microscopy imaging
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393Discotic ladder-like polysiloxane

Scheme. Synthetic route and chemical structure of the triphenylene-containing side chain LPS 4.

Table 1. Characterization of AM-LPS.5.59–5.32 (m, OCH2CHLCH2 , 2H), 4.82 (d, OCH2CHL
CH2 , 2H), 4.22 (t, OCH2 , 10H), 1.98 (m, OCH2CH2 , Parameter Observations
10H), 1.66–1.36 (m, O(CH2 )2 (CH2 )2 , 20H), 0.97 (t, CH3 ,
15H). Elemental analysis: calc. for C46H66O6 C 77.31, Solubility Soluble in toluene, THF,

chloroform, acetoneH 9.24; found C 77.20, H 9.21%.

FTIR (KBr, cm−1 ) 3431 (OH); 3082 (LCKH);
2.2.3. Synthesis of 2-(1∞,1∞,3∞,3∞-tetramethyldisiloxane)- 2977 (CH3 ); 1635 (>CLC<);

1118 (SiKOKSi); 770 (SiKC)propoxy-3,6,7,10,11-pentakis(pentyloxy)-
triphenylene (3). 1H NMR (CDCl3 , ppm) 0.20 (KCH3 );

1.66 (KCH2CHLCH2 );Monomer 2 (0.4 g, 0.56mmol) was stirred vigorously
4.96 (KCH2CHLCH2 );under argon with 1,1,3,3-tetramethyldisiloxane (1 ml,
5.78 (KCH2CHLCH2 )5.6 mmol ) at 70°C for 48 h, using Cp2PtCl2 as the

Mn by VPO 1.6×104catalyst and methylthiophene-free dry toluene (50ml) as
solvent. The solvent and the remaining 1,1,3,3-tetra- Distance [d(nm)/2h(°)] 1.07/8.22 and 0.40/22

by XRDmethyldisiloxane were removed under vacuum. The
product was obtained as a viscous solid, yield 90%. IR Tg (°C) 28.25
(KBr): 2961, 2934, 2861 (CH, aromatic and aliphatic),
2123 (SiKH), 1089, 1033 cm−1 (SiKOKSi). 1H NMR
(300 HMz, CDCl3 ): d=7.82 (s, ArKH, 6H), 4.23 0.25mmol allyl group), with Cp2PtCl2 as the catalyst

and thiophene-free dry toluene (50ml) as the solvent.(m, OCH2 , 12H), 1.96 (m, OCH2CH2 , 12H), 1.51
(m, O(CH2 )2(CH2 )2 , 20H), 0.98 (t, O(CH2 )4CH3 , 15H), The mixture was stirred under an argon atmosphere at

90°C for 72 h. The solvent was evaporated to give a0.21–0.07 (m, (CH3 )2SiOSi(CH3 )2 & CH2Si, 14H).
solid product, which was dissolved in toluene and repre-
cipitated with methanol five times to remove low molar2.2.4. Synthesis of the triphenylene-containing side

chain-grafted L PS (4) mass impurities. Finally a solid, film-forming product
was obtained. 1H NMR (300MHz, CDCl3 ): all peaksReactive AM-LPS was synthesized through stepwise

coupling and polymerization as described elsewhere [20]. were broad and no peak splitting could be detected.
d=7.80 (ArKH), 5.78, 5.0 (residual vinyl group), 4.22An allyl to methyl molar ratio of 3 : 2 was calculated

from the peak areas in the 1H NMR spectrum. The (OCH2 ), 1.93 (OCH2CH2 ), 1.54–1.45 (O(CH2 )2 (CH2 )2
& CH2Si), 0.98 (O(CH2 )4CH3 ), 0.76–0.73 (CH2Si),characterization data for the AM-LPS is summarized

in table 1. The grafted polymer was synthesized by a 0.2–0.1 ((CH3 )2SiOSi(CH3 )2 ). From the ratio of relative
intensities of the two peaks representing hydrogen atomshydrosilylation reaction using excess of compound 3

(424mg, 0.5mmol) and MA-LPS (36mg, containing on the aromatic core and on the residual vinyl group,
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394 C.-Y. Ba et al.

the grafting ratio of triphenylene-containing side chains
was calculated as 51% of the total side groups. The
1H NMR spectrum is shown in figure 2.

3. Results and discussion
Three key points for the synthesis of the target polymer

should be noted. First, the molar ratio of allyl to methyl
in the AM-LPS could be controlled by adjusting the
feed ratio of the original materials, allyltrichlorosilane
and methyltrichlorosilane, and is almost the same as the
feed ratio. Secondly, the SiKH terminated triphenylene

Figure 3. DSC trace of polymer 4.derivative 3 can be prepared by a hydrosilylation reaction
using the vinyl-terminated monomer 2 and excess 1,1,3,3-
tetramethyldisiloxane (molar ratio=1 : 10) in order column spacing and disc–disc spacing in a column,
to reduce the vinyl-termination of 1,1,3,3-tetramethyl- respectively [12]. In polymer 4, there are three diffraction
disiloxane. The excess 1,1,3,3-tetramethyldisiloxane can peaks corresponding to spacings of 1.65 nm (2h=5.4°),
be easily removed under vacuum. Finally, the low molar 0.74 nm (2h=11.9°) and 0.40 nm (2h=22°), respectively,
mass impurity mixed with the target polymer can be as shown in figure 4 (b). Similar XRD patterns have been
completely removed by repeated precipitation with found for a few special discotic liquid crystalline main
methanol. chain polymers, in which disc-shaped units are linked

Following the same route, we have synthesized a together by amide or ester groups to form a board-like
series of AM-LPSs with different molar ratios of allyl to
methyl, such as 100 : 0, 60 : 40, and 50 : 50. They were
used to react with the triphenylene derivative 3. As a
result, the molar ratio of triphenylene side groups to
the total side groups was about 50% independent of the
amount of allyl groups. This result means that each
repeat unit (2SiO3/2 ) on the ladder-like backbone can
support only one triphenylene side group.

The DSC trace of polymer 4 (figure 3) shows two
transitions, at 20.6 and 62.1°C, which are assigned to
the glass transition and transition from columnar to iso-
tropic phase, respectively. After annealing at 50°C, the
columnar structure can be frozen to room temperature.

In general, XRD patterns of discotic liquid crystalline
main chain and side chain polymers show an intense
peak in the small angle region and a diffuse peak in the
wide angle region, which can be assigned to column–

Figure 4. XRD patterns for: (a) parent polymer A-M-T 2;
(b) triphenylene-containing side chain LPS 4; (c) mixture

Figure 2. 1H NMR spectrum of polymer 4. of polymer 4 with 10 mol % of 5.
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395Discotic ladder-like polysiloxane

nematic, represented as figure 1 (a) [11]. Thus we suggest in table 2. There are some differences in the mono-
layer behaviour of the 2,3,6,7,10,11-hexakispentyloxy-that a board-like superstructure can also be formed via

the parallel alignment of the ladder-like main chain with triphenylene 5 and the monohydroxy compound 1.
Compound 1 has a plateau region, which is similar todiscotic side groups, figure 1 (b). The peak at 2h=11.9°

(d=0.74 nm) can be assigned to the board thickness the coexistence region in conventional amphiphiles, and
the low collapse area corresponds to tight packing.which is approximately equal to the diameter of the

column. A diffuse peak (2h=22°) covering the wide Unfortunately, the monolayer of polymer 4 is less stable,
in the sense that collapse takes place at a lower spreadingangle region can be related to the flexible aliphatic

chains and spacers. In order to interpret the semi-rigid pressure. This may be attributed to the limited grafting
ratio of triphenylene-containing side chains on thecharacter of the ladder-like backbone, the XRD pattern

of the parent polymer A-M-T is also shown, figure 4 (a). ladder-like main chain. However, it is interesting to note
that, the mixture 5+4 [molar ratio 5 : 4=1 : 10] showsIn this there are two diffraction peaks corresponding to

spacing of 1.07 nm (2h=8.22°) and 0.40 nm (2h=22°) good ability to form a monolayer. This has been demon-
strated by the lowest collapse area, higher collapserespectively, which can be assigned to the width and

thickness of the ladder-like backbone [20]. It is obviously pressure and steep solid phase slope. It should be noted,
that the surface area per molecule of the mixture isdifferent from those of flexible chain polymers.

Interestingly, when mixing the polymer with only 10% significantly smaller than the specific area for sample
5, and even less than that of hydrophilic hydroxy-molar ratio of low molar mass hexapentoxytriphenylene

(5 ) molecules, a new peak appears at 2h= 25.04° containing sample 1. This significant effect, may be
explained by the intercalation of low molar mass hexa-(d= 0.36 nm) which corresponds to disc–disc spacing,

see figure 4 (c) [12]. The other two peaks at 2h=8.22° pentoxytriphenylene molecules between the homologous
side chains which allows a more dense packing to beand 22° are also sharpened. This means that intercalated

low molar mass discotic molecules can obviously improve obtained. This is in accord with the interpretation of the
XRD results.the columnar stacking.

LB-membrane experiments provide further data in The highly ordered superstructure of polymer 4 was
further imaged by AFM in contact mode. Figure 6 (a)support of this suggestion. Previously there have been

some reports of the spreading behavior of discotic liquid shows its fine structure, which consists of alternate dark
and bright stripes. The average distance between twocrystalline compounds to form mono- and multi-layers

at the air–water interface [21, 22]. Unconventional low neighbouring bright stripes is about 1.7 nm, which is
in agreement with the inter-columnar distance obtainedcollapse areas of the triphenylene derivatives have been

explained by an ‘edge on’ model for the arrangement of by XRD. This result provides further evidence demon-
strating that the highly ordered columnar phase can easilythe aromatic cores, which can be attributed to the strong

p–p interaction between the cores. In this case the be formed. The bright stripes in the image represent
the columnar structure. This image also indicates thatisotherm surface pressure (p)–area (A) diagrams of four

samples are given in Figure 5. All parametric data the columns are aligned almost parallel to the substrate
surface like nanowires and shown schematically incharacterizing the ability to form monolayers are listed
Figure 6 (b). By contrast, columns of low molar weight
discotic molecules tend to lie perpendicular to the
substrate surface.

4. Conclusions
A mono-functionalized triphenylene derivative was

grafted onto the LPS main chain by a hydrosilylation
reaction. A board-like columnar structure was formed

Table 2. Characterization of the ability to form a monolayer.

Collapse Collapse Solid phase
area pressure slope

Compound /nm2 /mN m−1 /mN m−1 nm−2

5 0.50 48 143
1 0.26 47 375
4 0.49 14 —
5+4 0.22 46 375

Figure 5. Isotherm surface pressure (p)–area (A) diagrams.
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396 C.-Y. Ba et al.

Figure 6. (a) AFM image of the triphenylene-containing side chain LPS; (b) schematic model for columns aligned on the mica
sheet surface.
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