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An asymmetric disk-cube dyad molecule was synthesized by covalently attaching a 2-hydroxy-3,6,7,-
10,11-pentakis(pentyloxy)triphenylene (P5DH) discotic molecule to a cubic polyhedral oligomeric
silsesquioxane (POSS) molecule via a spacer. The sample was denoted-&FH and'C nuclear
magnetic resonance and size-exclusion chromatography were used to verify both its chemical structure
and purity. On the basis of differential scanning calorimetry, two-dimensional (2D) X-ray diffraction
(XRD), and transmission electron microscopy (TEM) analyses, we observed nanophase separation between
the liquid crystalline P5T and crystalline POSS lamellae in the neat#P®JSS and a miscible 1:1
mol/mol blend of P5FPOSS and POSS (denoted as 1:1 PBFDSS:POSS). The melting temperatures
of POSS crystals in P5TPOSS and 1:1 P5TPOSS:POSS were 62 and 66, respectively. The
isotropization temperaturd;j of liquid crystalline P5T in P5SFPOSS superposed with the POSS crystal
melting at 66°C, whereas it was at5 °C in 1:1 P5FPOSS:POSS. The cubic POSS molecules in a
planar hexagonal lattice stacked into an ABCA four-layer lamellar crystal, which had the same
rhombohedral crystal structure (space gré&3m) as pure POSS crystals. Computer-simulated XRD for
a lamellar model consisting of ABCA four-layer spheres and an amorphous lamella demonstrated that
major crystal reflections, such as (101 (112), (1012), and overlapped (1BY(303), were still
observable with the santespacing as those in pure POSS crystals. The discotic P5T molecules formed
a bilayer liquid crystalline lamella between POSS lamellar crystals in—#8JSS, whereas they
interdigitated in the 1:1 P5TPOSS:POSS blend. Although no reflections related to columnar mesophases
were observed in the 2D XRD patterns of PHOSS, the P5T discotic molecules were found to orient
parallel to the lamellar normal in the confined space, reminiscent of a homeotropic nematic discotic
structure.

Introduction Molecular dyads with a dumbbell shape consist of two
relatively big molecules covalently linked together via a chain
Self-assembly at different levels, ranging from atoms and or spacer. These two parts can be either symmetric or
molecule$to meso- and macroscopic materialsas become  asymmetric. Asymmetric dyads are expected to show com-
an important strategy for the bottom-up nanotechnology in bined chemical and physical properties in particular. Because
diverse applications. In the process of self-assembly, weakof their unique molecular shape and complementary property
and noncovalent interactions are determining factors in of the two parts, asymmetric dyads have attracted much
finding the minimum free energy balanced between enthalpy attention for supramolecular self-assembly in molecular and
and entropy terms, namely, chemical compatibility and nanodevices. Typical examples include dyad molecules of
structural (or shape) commensurability. Typical examples of electron donoracceptor pairs such as fullerene e
supramolecular self-assembly are crystalline, liquid crystal- containing dyads” and phthalocyanineperylenediimidé,
line, and colloidal materials, where the large-amplitude which have been intensively studied for their optoelectric
motions of the molecules enables them to find a free-energyproperties in photovoltaic devices. Besides optoelectric
minimum in a thermodynamic pathway. Therefore, under- Properties, liquid crystalline dyads are also of interest for
standing fundamental self-assembly behaviors in condensedheir self-assembly behaviors. Calamitic liquid crystalline

matters is crucial for the future development of nanotech- dyads have been synthesized by attaching a fullerene to
nology3 calamitic molecule8-'! In most cases, smectic A phases
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were observed with alternatingegCand liquid crystalline

Cui et al.

A (SmA) phases were observed with occasional nematic

layers. Self-assembly behaviors of discotic liquid crystalline phases for methoxyl-substituted biphenyl mesogéfd-or
dyads in the bulk and on surfaces were investigated in hexa-an octa-substituted POSS with cyanobiphenyl mesogens,

peri-hexabenzocoronene (HBC)-containing systét&in
a HBC—pyrene dyad molecule, a hexagonal columnar {Col
phase was observed between 105 and 136 The dyad

SmA phases were exclusively observed for various spacer
lengths!”?* As the number of cyanobiphenyl mesogens
increased to 16 per POSS molecule with a spacer length of

molecule exhibited a more-ordered columnar phase at room(CHy);;, SmC and SmA phases were sequentially observed

temperature and a much lower isotropization temperaftiye (
than that of the pure HBCT( = 420 °C),'? which enabled
an easy processing in device fabrication. In HBfD-

above the glass transition temperatufg).£°
Because nematic liquid crystals are important for liquid
crystal display industries, several methods have been at-

thraquinone dyads with various spacer lengths, oblique tempted to obtain nematic mesophases for liquid crystalline
columnar (Caj) phases existed at low temperatures and then POSS systems. The first method involved lateral attachment
transformed into Cqlphases at elevated temperatuies. of calamitic mesogens to the POSS cofeghe second

Polyhedral oligomeric silsesquioxane (POSS) molecules Method used partial substitution of the cubic POSS cBrés.
consist of silicon and oxygen atoms linked into a well-defined The third method employed nematogenic mesogens in the
cubic cage with the silicon atoms at the corners and oxygenSystems?® ¥ When eight nonchiral nematogenic mesogens

atoms interspersed along the edges. These materials hav/ere linked to a POSS core, a nematic phase was observed
received increasing interest in the past decade, largelyabove smectic-phase transitich§Vhen sixteen chiral nem-

because of their well-defined structure of a 0.53 nm rigid atogenic mesogens were laterally attached to the POSS core
inorganic core, which can be linked to eight functional groups frames, a chiral nematic phase was observed at high
to produce organieinorganic hybrid structure’$-16 Among temperaturesX100°C), whereas rectangular and hexagonal
these hybrid materials, novel organinorganic liquid  columnar mesophases were found below GG’ It was
crystals have been obtained by attaching mesogens to thespeculated that at low temperatures, the mesogens segregated
inorganic POSS cores. Because of a restricted molecularat the peripheral of a cubic POSS core to form a giant disk
topology imposed by the POSS cage, liquid crystalline POSS With their directors roughly perpendicular to the disk plane.
represents a promising candidate for the exploration of novel Further stacking of these donut-shaped disks led to columnar
supramolecular self-assembly pathways in liquid crysfals. mesophase for these liquid crystalline POSS molecules. In

Although the cubic framework of POSS led to a spherical € chiral nematic phase, the mesogens were supposed to
organization of rodliike mesogens, lamellar or smectic couple with the POSS core to form an elongated (or ellipsoid)

morphology was often observed with alternating POSS and sh_ape, whose director rot:_ated successively along the helical
mesogen layer$25 In combined mesogens and POSS axis. If the number of chiral mesogen groups reduced to
. e8ight, only chiral nematic mesophases were observed for two

ndypes of chiral sidearms in the nematogenic mesogens.
However, there have not yet been investigations on liquid
crystalline POSS containing discotic mesogens. Because
discotic liquid crystals have exhibited unique electronic and
optical properties and may be used as one-dimensional (1D)
conductive wires when they form a colurfthdiscogen-
POSS dyads are a novel type of orgatiiworganic hybrid
material with potential in various applications. In this work,
a triphenylene discotic molecule was covalently attached to
a cubic POSS molecule through a;@pacer to obtain an
asymmetric dyad. The self-assembly behavior of this disk-
cube dyad was characterized by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Nanoscale mi-
crophase separation with alternating lamellar morphology
was observed in the neat dyad molecule and its 1:1 mol/mol
miscible blend with POSS, namely, the triphenylene disks
formed a discotic nematic liquid crystalline layer after the
POSS crystallized into a lamellar crystal. Most intriguingly,
we reported for the first time that POSS molecules stacked
into an ABCA four-layer lamellar crystal with the same
rhombohedral crystal structure as that of pure POSS crystals.
Computer-simulated XRD intensity proved that a single layer

mesogens, whereas lateral attachment of the mesoge
resulted in a nematic phas&When a POSS molecule was
partially substituted with 45 calamitic mesogens, smectic
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of an ABCA stacking of the POSS molecules could show CH,CH,COO and CHCH,CHy), 1.71 (m, 2H, &,CH,COO), 1.86
major XRD reflections with the samé-spacings as those (M, 12H, OCHCHy), 1.97 (m, 7H, SiCKCH), 2.31 (t, 2H, Gi2-
of POSS crystals with a three-dimensional (3D) structure. COO), 4.04 (t, 2H, COOCH), 4.34 (t, 12H, OCH), 7.85 (s, 6H,
In the liquid crystalline P5T layers, no columnar morphology aromatic)C NMR (5, CDCh): 14.1 (s, CH), 22.5 (s, SICHCH-
was observed. The triphenylene disks formed a bilayer (CHa)2, CHiCHy), 23.8 (s, SICH), 25.0 (s,CH,CH,CO0), 25.7

. O ‘W= (s, SCH.CH(CHy)2), 28.4 (s, CHCH.CH;), 29.2 (M, OCHCHS,
?T?ﬂ%l'/nmtgg EIZ': ddxﬁ‘g’F‘)Nohsegeas they interdigitated in its o1 c00). 29.5 (s, SICH, 34.4 (s CH,COO), 66.2 (5,

COQCHy), 69.7 (s, OCH), 107.4 (s, 6C, aromatic), 123.6 (s, 6C,
) ) aromatic), 150.0 (s, 6C, aromatic), 173.8 (s, COO).
Experimental Section 11-Bromoundecanoyl iBPOSS was synthesized via esterifica-

. . . tion of IB—POSS-OH with 11-bromoundecanoic acid using a
Materials. 3-HydroxypropylheptaisobutylPOSS (iB-POSS- L . - .
OH), 4-dimethyl-aminopyridine (DMAP), and 1,3-dicyclohexyl- method similar to that described above. It was obtained as a white

i i i 04 1 .
carbodiimide (DCC) were purchased from Aldrich and used without Z(i)chlilz\;wz)h; {éelgz(: ng '1H38] '(\:lnR 1(36_1(3(%(3;3)(-:: C?I%l (BT) ﬁg
further purification. 1,2-Bis(pentyloxy)benzene was prepared ac- e Pt A e A Al T e

. : . . (m, 2H, H,CH,COO), 1.56-1.72 (m, 4H, COOCBLLCH, and CH,-
i o Ao Chan, L7 (m, 74, SCHEH), 230 24, BLCOO), .42
benzene using ferric chloride as an oxidative agé@tHydroxy- 2H, CHZBr)' _4'04 ( 2H‘. C.HCOO)' It was blgnded with PST
3,6,7,10,11-pentakis(pentyloxy)triphenylene (P5T-QHwas pre- POSS in a 1:1 molar ratio in chloroform solution, and the solvent

T . . was fully evaporated in a vacuum oven at%Dbefore tests. The
pared by cleavage of 2,3,6,7,10,11-hexakis(pentyloxy)triphenylene sample was denoted as 1-1 PEHOSS-POSS
with 1.2 equiv of B-bromocatecholborafeOther commercially | pt tai d CH eri t 1|_.| d15C NMR
available chemicals were used without further purification. nstrumentation an aracterizaton. an

) . . spectra were recorded on a Bruker spectrometer (500 MHz, DMX
Preparation of 11-(3,6,7,10,11-Pentakis(pentyloxy)triphenylene- . :
500), and CDG was used as solvent. Size-exclusion chromatog-
2-oxy)undecanoic Acid (3).P5T-OH (0.4 g, 0.593 mmol) was ) < g

h E f Vi k GP ith
added into a flask and dissolved with 6 mL of acetonitrile. raphy (SEC) was performed on a Viscotek GPCmax with a

. L refractive index detector. THF was used as the solvent, and
Potassium iodide (20 mg, 0.120 mmol) and 0.45 g (3.26 mmol) of

notassium carbonate were added. The temperature was then raiseﬁolystyrene standards were used for calibration. Differential scan-
- - ing calorimetry (DSC) experiments were carried out on a TA DSC
to 80°C. Acetonitrile (2 mL) containing 0.183 g (0.655 mmol) of g y( ) exp

methyl 11-bromoundecanoate was added dropwise. The reactioniQ_loo instrument. An indium standard was used to calibrate the
) L nstrument. An approximately 3 mg sample was used for the DSC
was kept under reflux at 80C for 20 h. After being cooled to P y 9 b

i t th " it filtered and h dstudy, and the scanning rate was°6/min. Wide-angle X-ray
room temperaiure, the reaction mixture was fitered and wasned yigq o oo (WAXD) was performed using an X-ray tube generator
with chloroform. The filtrate was collected, and the solvent was

; - . . operating at 1.6 kW with the Cr & radiation (wavelengtii =
evaporated. Brc_)wn_0|l20 was obtained and hydrolyzed_wnh godlum 0.229 nm). Two-dimensional (2D) data were recorded at room
hydroxide sqlutlon n ethanol at . for_3 h. The reaction mlxture_ temperature, using a Bruker AXS area detector with a general area
was neutralized with hydrochloric acid and then extracted with

" o detector diffraction system (GADDS). The scattering vedtdg
chlor_o_forr_n. After removing 11-bror_noundecan0|c acid by re_peated = (4nsin 6)/1 where# is the half-scattering angle) was calibrated
pre_C|p|tat|0n0|n methanol, we obtalned_0.45 g of produtvith with silver behenate with the first-order reflection at 1.076 Am
a yield of 88%. Proton nuclear magnetic resonafeeNMR) (4, Polarized light microscopy (PLM) experiments were performed
CDCl): 0.97 (m, 15H, CH), 1.34 (m, 10H, CHCHy), 1.4-1.62 using an Olympus BX51P microscope equipped with an Instec
(m, 22H, (O"z)eCHzCHzCOO and CmHchz), 1.71 (m, 2H, (Hz-

HCS410 hot stage. Simulation of the X-ray scattering intensity was
gHiggo(%é'_S?ggzléHGgC;?g'ni)a“z; 1(t 2H, G1,C0O0), 4.25 carried out using MatLab 6.5. TEM experiments were performed

. L on a Philips EM300 at an accelerating voltage of 80 kV. Thin
Preparation of PST-POSS Dyad Molecule (5) and its 1:1  ggctions with a thickness of ca. 70 nm were obtained using a Leica
Blend with 11-Bromoundecanoyl iB-POSS (P5FPOSS:

) Ultracut UCT microtome equipped with a diamond knife-e80
POSS). 3(125 mg, 0.145 mmol), 97 mg of BPOSS-OH (4, °C. The thin sections were collected onto 400 mesh copper grids,
0.112 mmol), and 15 mg of DMAP were added in a flask with 10 fee76_gried, and stained by Rué room temperature for 30 mi.
mL of CH,Cl,. DCC (145 mg, 0.703 mmol) was dissolved in about
2 mL of CH,Cl, and added dropwise into the flask while the
temperature was maintained at©. Slowly, the temperature was
raised to reflux and stirred overnight. The reaction mixture was  Synthesis of P5SF-POSS.The dyad P5FPOSS molecule
filtered, and the solvents were evaporated. The reaction mixture yas successfully synthesized as shown in Scheme 1. In the
was purified by flash column chromatography with silica gel and - rification of3, repeated precipitation of the crude product
an eluent of 1:5 acetone:hexane. The first fraction was collected, ; | methanol should be performed to remove 11-bromoun-
redissolved in acetone, and precipitated in methanol. A yellow solid decanoic acid. which was converted from the excess of

was obtained and further purified with another silica gel column . . .
using toluene as eluent. The PSPOSS dyad (80 mg) was obtained methyl 11-bromoundecanoate used in the first step reaction.

Results and Discussion

as a white waxlike solid. The yield was 42%H NMR (0, H NMR was employed to monitor the disappearance of the
CDCly): 0.61 (m, 16H, SiCH), 0.97 (m, 57H, Ch), 1.24 (m, 2H, impurity resonance from CiBr. This was essential for the
COOCHCH,), 1.34 (m, 10H, CHCH,), 1.4-1.62 (m, 22H, (El,)s- synthesis of pure P5TPOSS product. Flash column chro-

matography was used twice to purify PSPOSS. The
(30) Allen, M. T.; Diele, S.; Harris, K. D. M.; Hegmann, T.; Kariuki, B. ~ €XCess o3 was separated by first column chromatography

3MO.:ch3>slei, D.; Preece, J. A.; Tschierske,CMater. Chem2001, 11, with 1:5 acetone:hexane as eluent. A second column chro-
(31) Boden, N Borner, R. C.; Bushby, R. J.; Cammidge, A. N.; Jesudason,
M. V. Lig. Cryst.1993 15, 851—858. (33) Trent, J. S.; Scheinbeim, J. I.; Couchman, AMBcromolecule4983

(32) Kumar, S.; Manickam, MSynthesis1998 1119-1122. 16, 589-598.
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Scheme 1. Synthesis of an Asymmetric P5TPOSS Dyad Molecule
H(H,C)sQ O—(CH,)10COOCH; H(H,C)s0, O—(CH,),,CO0H

Br(CH,);cCOOCH,
—_— e
CH4CN, KoCOs, KI

O(CH,)sH H(H,C)sOr

I3 '
Redid >0
S o] R o
S, O "0
Q8 //pos'i R 4 Red FO~g0 \
¢ 7. =
R SI\O/SLR R = isobutyl / \ O
R oW}
DCC, DMAP, CH,Cl, p~s'\0//’o,s"R

_Si Si’ _
R \O/ R R =isobutyl O(CH,)sH

H(H,C)sO O(CH,)sH

matography with toluene as the mobile phase was performedcrystallization. Upon heating, the peak melting temperature
to separate the unreactedBOSS-OH from the P5F (T (and isotropization temperaturgé) was 66°C and the
POSS. SEC results of the P5POSS dyad, P5FOH, and heat of fusion was 13.2 kJ/mol. Afterward, PLM showed no
iB—POSS-OH are shown in Figure 1. As one can see, only birefringence and no other transition was observed up to 300
°C (note that iB-POSS-OH has a majoil, at 275°C, see
20 the Supporting Information). It was obvious that the isotro-

___.ﬁﬂ:ggss pization of P5T liquid crystals overlapped with the POSS
nh ) .
---=-- iB-POSS-OH i crystal melting at 66°C. The glass transition temperature

(Ty) of the dyad was identified at25 °C. It is interesting

to note that the liquid crystal formation for the P5T has a
supercooling of 30C, which is rare for typical isotropic-
to-liquid-crystalline transitions. As discussed later, P5T forms
a nematic phase only after microphase separation induced
by POSS crystallization. Because POSS crystallization has
a supercooling of 24C, the supercooling of 30C for the
liquid crystalline P5T is thus understandable.

The P5T liquid crystalline transition and POSS crystal
melting were much separated in the 1:1 PFIOSS:POSS
blend compared to P5TPOSS. The DSC curves of the 1:1
0 " T " T " T " P5T-POSS:POSS during the first cooling and subsequent

36 38 40 42 44 . . .
Retention volume (mL) heating processes are shown in pangls a and d of Figure 2.
Upon cooling, a major POSS crystallization peak was seen
at 46 °C (11.1 J/g), and a liquid crystalline transition for
P5T was seen at12 °C with an onset temperature a6
a single peak was present for PSPOSS, indicative of a  °C (2.5 J/g). Upon subsequent heating, two melting peaks
high purity in the sample. Also, its retention volume was Were seen at-5 °C (the onset temperature roughly a8
smaller than those for P5TOH and iB-POSS-OH, sug- °C) and 62°C with heats of fusion being 2.5 J/g and 11.1
gesting a larger hydrodynamic volume and thus a higher J/g, respectively. A careful inspection of the cooling and

RI response (mV)

Figure 1. Size-exclusion chromatography curves for PFIOSS, P5F+
OH, and iB-POSS-OH, respectively.

molecular weight. heating curves of 1:1 P5TPOSS:POSS indicated that the
Thermal Behaviors of the Neat P5ST-POSS and the P5T liquid crystalline transition overlapped witfTgaround
1:1 P5T—POSS:POSS BlendDSC curves of P5FPOSS —20°C. After normalization to the weight percentage of each

during the first cooling and second heating processes arecomponent in the blend (P5T, 26.2 wt %;+B0SS, 61.6
shown in panels b and ¢ of Figure 2. Upon cooling, a major Wt %; and spacer, 12.2 wt %), the P5T isotropization had a
crystallization peak was seen at%2 and a second transition ~ heat of fusion of 7.1 kJ/mol and the POSS crystal melting
was found at 36C. The overall heat of transition of both had a heat of fusion of 16.3 kJ/mol.

peaks was 13.2 kJ/mol. After peak deconvolution using Comparing the thermal behaviors of PSPOSS and 1:1
Peakfit 4.0 software, the heat of transition for the major peak P5T-POSS:POSS, we found that the P5T liquid crystals in
at 42°C was 10.4 kJ/mol, whereas that for the minor peak the neat P5¥POSS had a higher; but a smaller heat of

at 36°C was 2.8 kJ/mol. Because P5T is liquid crystalline fusion (2.8 kd/mol) than that (7.1 kd/mol) in the 1:1 P5T
and POSS is crystalline in their pure states, it is reasonablePOSS:POSS. Similarly, the POSS crystals in the-FBDSS

to attribute the lower temperature transition at°86to the had a slightly higher melting temperature but a smaller molar
P5T liquid crystal formation and that at 42 to the POSS  heat of fusion (10.4 kJ/mol) than that (16.3 kJ/mol) in the
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Phase Structures and Transitions Characterized by
X-ray Diffraction and TEM. 2D XRD experiments on
shear-oriented samples were used to determine the phase
structures and morphology of PSPOSS. The shear experi-
ments were carried out at 48, using two glass slides with
samples sandwiched in between. A highly ordered lamellar
structure was identified in the vertical direction from the
X-ray patterns. Figure 5A demonstrates a 2D small-angle
X-ray scattering (SAXS) pattern along the shear direction.
Up to six orders of layer diffractions were observed on the
meridian with an overall lamellar period of 6.0 nm. Note
that the second-order diffraction was missing, possibly
because of the form factor effeétas the POSS and P5T
layers might have similar thicknesses (see discussion below).

Pure POSS monomers decorated with eight alkyl attach-
ments form a family of materials with structural similarities.
The POSS molecules can be treated as spheres and they pack

(a) the first cooling and (d) subsequent heating processes. Both heatinghexagona”y into Iayers, which further stack into an ABC

and cooling rates are 8/min.

Figure 3. PLM micrograph of P5T+POSS at room temperature.

1:1 P5T-POSS:POSS blend. The lowErfor the P5T liquid
crystals in P5S+POSS:POSS suggested a lower thermody-
namic stability for the P5T liquid crystals in the blend than
in the neat dyad. However, higher heats of transition in the
blend than in the neat dyad might be attributed to higher
liquid crystallinity in the P5T and higher crystallinity in the
POSS crystals.

The PLM observations of P5TPOSS at room temperature
in Figure 3 showed poorly organized crystalline spherulites.
Because the isotropization of P5T liquid crystals and melting
of POSS superposed at 6&€ in neat P5T+POSS, this
micrograph represented a state where P5T was liqui
crystalline and POSS was crystalline. To reveal the liquid
crystalline transition of P5T using PLM, we have given
sample micrographs of 1:1 P5POSS:POSS at 0 an30
°C in panels A and B of Figure 4, respectively. Note that
both micrographs were recorded with identical exposure

conditions. There was an abrupt increase in the brightness

and contrast when the temperature decreased from-G@o
°C, indicating a liquid crystalline transformation for P5T,

which further enhanced the birefringence in the sample. This

result corresponded well with DSC results. The similar

birefringence in Figures 3 and 4B for the dyad and the blend,

respectively, further confirmed the existence of liquid
crystalline P5T in the neat dyad at room temperature.

sequence instead of an AB sequence. Because it is not a
close packing (i.e., face-centered cubic or fcc structure), the
crystal system belongs to a trigonal (rhombohedral) structure
with a space group dR3m.35-37 When the symmetry of the
POSS monomer was broken by replacing one of the eight
alkyl side groups with a functional group, asymmetric POSS
molecules still fitted into the ABC-stacked rhombohedral
crystal structure with slight variations in the unit-cell
dimensions®3° When POSS molecules were attached to
polymers, XRD results showed that the POSS crystals in
the hybrid polymers displayed the same major crystal
reflections as those from pure POSS crystail$® Lamellar
morphology with alternating bilayer POSS crystals and
polymer lamellae was thus inferred.

First, 1D WAXD was employed to study the crystal
structure and unit-cell dimensions of pureiBOSS-OH
and 11-bromoundecanoyl tBPOSS (see the Supporting
Information). Two rhombohedral crystal structures with
different unit-cell dimensions were observed forHBOSS-
OH. The major component crystal had unit cell dimensions
of a = 1.65 nm,c = 1.75 nm, ando = 12C°. The minor
component crystal unit-cell dimensions were tentatively
determined ag = 1.51 nm,c = 1.57 nm, andx = 120,
because only two major reflections (i.e., (195and (11D))
were identified. Detailed crystal-structure determination will
be carried out in the future, using the single-crystal XRD
method. The rhombohedral unit-cell dimensions for 11-

¢ bromoundecanoyl iBPOSS were determined as= 1.63

(34) Guinier, A.; Fournet, GSmall Angle Scattering of X-rayd/iley: New
York, 1955.

(35) Larsson, KArk. Kemi.196Q 16, 203.

(36) Larsson, KArk. Kemi.196Q 16, 209.

(37) Larsson, KArk. Kemi.196Q 16, 215.
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Figure 4. PLM micrographs of 1:1 P5TPOSS:POSS at (A) @C and (B)—30 °C, respectively. Note that both micrographs were recorded with the same

exposure conditions, and the difference in brightness and contract between two micrographs indicated the formation of liquid crystallinet®sipestae
decreased from 0 te-30 °C.

A

Figure 5. 2D (A) SAXS and (B) WAXD patterns along the shear direction for a shear-oriented- PEBS sample. The (13preflection is overlapped
with the (303) reflection in (B).

nm,c = 1.71 nm, ancx = 120°. From the WAXD pattern The crystalline structure of the lamellar POSS crystals
in Figures 5B, we could clearly identify reflections from sandwiched between discotic triphenylene layers is an
POSS crystals, such as (101 (112D), (1012), and over- important but still unsolved issue. Because each POSS
lapped (112)/(3030), which hadd-spacings similar to those  molecule is attached covalently to a discotic molecule, the
of the 11-bromoundecanoy! iBPOSS crystals. The rhom-  stacking number of hexagonally packed POSS layers should
bohedral unit-cell dimensions for PSPOSS were deter-  be no more than four. First, if the hexagonally packed POSS
mined asa = 1.63 nm,c = 1.73 nm, andx = 12C°. In this molecules stacked into a bilayer crystal with an AB (or AC)
rhombohedral unit cell, the POSS molecules (molecular sequence, no (1@}, (11D), (1012), or overlapped (113/
diameter is ca. 1.0 nm) are not closely packed along the (3030) reflections should be seen, because it belonged to a
a-axis, asc/a = 1.06 is much smaller than theta value of hexagonally close-packed structure instead of a rhombohedral
2.45 for a closely packed ABC stacking in the face-centered structure. The observation of the (101(11D), (1012), and
cubic structure. In the XRD patterns of the sheared sampleoverlapped (112)/(3030) reflections from POSS crystals

in Figure 5B, the azimuthal scan results showed that the suggested that each lamella of POSS crystals must have at
(1011) and (11D) reflections were centered on the equator, least one unit-cell thickness, i.e., four layers of hexagonally
whereas the overlapped (132303) was less oriented. A packed POSS stacking into an ABCA sequence. The pos-
pair of reflections having a spacing of 0.35 nm was oriented sibility of other stacking sequences such as ABAB (and
on the equator in Figure 5B, which could be attributed to an ABAC) was unlikely, because they also belonged to a
average distance between parallel aligned neighboring tri- hexagonal structure with entirely different reflections.
phenylene disks. Although the interdisk reflections were  From these XRD results, we can infer a lamellar morphol-
observed, no intercolumn reflections were seen in Figure 5A, ogy consisting of alternating POSS lamellar crystals and
indicative of an absence of a columnar mesophase for theliquid crystalline P5T layers. Note that lamellar morphology
triphenylene disks sandwiched between POSS crystals.with bilayer POSS crystals was also inferred in other reports
Therefore, the P5T liquid crystalline phase can be assignedfor organic-inorganic nanocomposite polymers with POSS
as a confined, homeotropic discotic nematic phase. as pendant group8.43 Taking into account the POSS (10)2
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—
shear

Figure 6. (A) Predicted [001] uniaxial X-ray pattern with layer reflections on the meridian. (B) Predictedi RizXial X-ray pattern with the POSS (1D)L
reflections on the equator. The (1)Iplanes are represented by the tilted lines in the lamellar crystals on the top. Note that the layer reflections split into
an “X” pattern, indicative of lamellar tilting. The spots in gray were not seen in Figure 5B for-P®ISS but existed in Figure 8B for the 1:1 P5T
POSS:POSS blend.

reflection on the equator, we assume that the [001] direction the twin crystals are predicted in the vicinity of the meridian
should be parallel to the lamellar normal (or the meridian direction in Figure 6B. The basic feature of the predicted
direction)#* Figure 6A shows the predicted [001] uniaxial pattern in Figure 6B was the “X" layer reflections due to
X-ray pattern with layer reflections in the vertical direction. lamellar tilting. In the azimuthal scan profiles, however, the
From this predicted pattern, four POSS (1DZteflections layer reflections had only a broad orientation distribution
should appear in the quadrant (i.e.;”$fom the meridian).  centering on the meridian. Therefore, neither of these two
However, experimentally there was one maximum for the extreme cases in Figure 6 alone precisely accounted for our
(1011) reflection on the equator with a broad distribution in - experimental observation in Figure 5B. However, if the POSS
the azimuthal scan profile. In the other extreme case, in |amellar crystals had tilt angles between 0 and @&h a
Figure 6B, if the lamellae tilted an angle of 3@om the  broad orientation distribution (i.e., intermediate cases be-

horizontal direction with the (1a1) planes perpendicular to  tween the two extremes in Figure 6), the experimental pattern
the shear direction, the POSS (1 teflections would orient  in Figure 5B would be satisfactorily explained.

exclusively on the equator. The zone is determined as[212
which is found perpendicular to the (282plane. In other
words, (101) reflections should move from the quadrant
toward the equator, as the tilt angle gradually increased from
0 to 39 (see the arrows in Figure 6A). Note that twinning
in rhombohedral crystals is a common phenomenon becaus
of plastic deformation induced by various edge dislocatféns.
However, twinning along the (0003) plane is impossible for
only four-layered ABCA POSS lamellar crystals, because
twinning requires at least seven layers of ABCACBA
stacking, with the middle A layer being the mirror plane.
Therefore, no (101) planes of the twin crystals should orient
almost parallel to the horizontal direction (actually’ 1ited
from the horizontal direction), and no (1Dfreflections of

On the basis of the above XRD results, a plausible lamellar
model is illustrated in Figure 7a. In this model, POSS
molecules self-assembled into an ABCA four-layer lamellar
crystal sandwiched between triphenylene layers. Because the
diameter of the POSS molecule was around 1.0%the
?our—layer POSS crystal thickness was estimated to be 2.7
nm (i.e.,c-axis + diameter). The P5T layer thickness was
thus 3.3 nm. Because one P5T disk had a diameter of ca.
1.7 nm, it suggested that there were two layers of parallel
aligned P5T, as shown in Figure 7a. The P5T disks were
tethered to the second layer POSS (dark gray) through the
interstitials among three neighboring spheres in the top
hexagonal layer. Because of the relatively short spacer length
(C11 with an extended length of 1.4 nm), it was plausible to
(44) In this study, we used four-parameter hexagonal indibéd) (to assume that the P5T disks tethered to the outer and inner

describe a rhombohedral structure, where —(h + k). However, POSS layers were staggered. This could account for the fact
wgtzgg;’tftﬁgr[‘g\t/r\‘/%’%‘fgt;”ﬂ"c@ﬁ e sandd tgeu'i“'t":f/d':reﬁ“fns' that no P5T columns were observed in the 2D XRD pattern

2k = v — t, and W= 1.5(a/c)? = w. For details, refer to: Zhu, L.; in Figure 5.

Huang, P.; Chen, W. Y.; Cheng, S. Z. D.; Ge, Q.; Quirk, R. P.; . .
Senador, T.; Shaw, M. T.: Thomas, E. L.; Lotz, B.. Hsiao, B. S.: Yeh,  1he 2D SAXS and V_VAXD patter_ns for 1:1 PSPOSS:

F.; Liu, L. Macromolecule2003 36, 3180-3188. POSS are shown in Figure 8. Again, lamellar morphology

(45) é.htf-Ltétgughg\}vii%gﬂﬁngf-csj-ZHsEi)a';oGgf g:;\%‘f}'rkﬁlsl;is'éwgrnas' consisting of alternating P5T layers and ABCA-stacked

Rev. Lett. 2001, 86, 6030-6033. POSS lamellar crystals was observed, because multiple layer
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%%3: o

0.35 nm
Figure 7. Schematic representations of (a) PAHOSS and (b) 1:1 P5TPOSS:POSS self-assembly at room temperature, viewed along thedd®0]
direction. The POSS molecules stacked into a four-layer lamellar crystal with an ABCA stacking sequence. The liquid crystalline P5T disks formed a
staggered bilayer in (a), whereas the isotropic P5T disks interdigitated in (b).
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Figure 8. 2D (A) SAXS and (B) WAXD patterns along the shear direction for a shear-oriented 1:+PG$S:POSS blend. The (R)2reflection is
overlapped with the (3@ reflection in (B).

reflections were seen on the meridian. The overall layer The molecular packing of discotic P5T in 1:1 P5POSS:
spacing was decreased to 4.6 nm, as compared to that (6.6°OSS above the liquid crystal transition temperature %t
nm) for the neat P5FPOSS. However, 1:1 P5IPOSS: °C (see the DSC result in Figure 2) is studied by a 1D
POSS showed higher crystallinity in the POSS crystals, as WAXD in Figure 9, with a comparison to that of the neat
revealed by more POSS crystal reflections in Figure 8B than PST-POSS. In Figure 9, an interdisk spacing at 0.35 nm of
in Figure 5B. This is consistent with the DSC result that the parallel aligned triphenylene molecules is observed for the
heat of fusion for POSS crystals in 1:1 PSPOSS:POSS  neat P5FPOSS, whereas only well-defined POSS crystal-
was higher than that in P5TPOSS. On the basis of the 2D line peaks (303) and (312) are observed at a similar
WAXD pattern in Figure 8B, the POSS lamellar crystals position for the 1:1 P5F¥POSS:POSS blend. Therefore, it
should also have an ABCA stacking sequence with a is reasonable to assign the PST phase abeyeC as an
thickness of 2.7 nm, as shown in Figure 7b. Therefore, the isotropic phase (see Figure 7b). In Figure 7b, we assume
P5T disk layer thickness was 1.9 nm, which could accom- that the blended 11-bromoundecanoyHBOSS molecules
modate only one layer of P5T molecules, and thus an formed the inner B and C layers, whereas the POSS
interdigitated morphology was obtained. In this liquid molecules attached to P5T formed outer (or A) layers. These
crystalline phase of P5T below—5 °C, formation of a results also indicated that 1:1 P5POSS:POSS was a
columnar phase was still un|ike|y' a|though there were no miscible blend and that the ABCA four—layer Crystals resulted
P5T molecules attached to the inner (B and C) POSS layersbecause of the equimolar ratio between PPDSS and iB-

of the ABCA four-layer crystals. Because the spacer length POSS.

(1.4 nm) is shorter than the neighboring POSS distance (1.63 The lamellar morphology in P5TPOSS is visualized in
nm), it is difficult for PST molecules to pack into columns TEM micrographs in Figure 10A. Because P5T layers are
with a face-to-face interdisk spacing of 0.35 nm. We liquid crystalline and POSS layers are crystalline, RuO
speculate that columnar phases could form only when theshould stain the aromatic cores of P5Tore than the
spacer length is long enough. saturated hydrocarbon spacérand the crystalline POSS
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of one hexagonal cell, there are two POSS molecules
connecting to two P5T disks), whereas each P5T had a cross-
sectional area of 0.63 fassuming its density was the same
as in the bulk’ These unbalanced cross-sectional areas
between covalently connected POSS and P5T would induce
unbalanced stresses, as the POSS lamellar crystals would
grow laterally. Because of a centrosymmetric arrangement
of the P5T and POSS layers, no lamellae bending would be
expected. A plausible option is that the POSS lamellar
crystals have to break from time to time and the lateral grain
3033) sizes of the lamellar structure are thus small.
230 3132 Figure 10B shows an example of the lamellar morphology
for the 1:1 P5FPOSS:POSS blend. Obviously, the lamellar
spacing is smaller than that for P5SPOSS in Figure 10A.
. This is consistent with the XRD results mentioned before.
25 The grain size appears to be slightly large200 nm) than
g (nm") that for PST-POSS, indicating a better crystal packing in
Figure 9. (A) 1D X-ray profile for P5T-POSS at 25C, where the P5T the 1:1 P5FPOSS:POSS blend. This is possibly due to less
is liquid crystalline. (B) 1D X-ray profile for 1.1 P5¥POSS:POSS at 25\ \npajanced packing stresses in the POSS lamellar crystals,
C, where the P5T is isotropic. . .
because the POSS molecules in the inner layers do not attach
layers. In the inset of Figure 10A, indeed, the bright layers to any P5T molecules (see Figure 7b).
(crystalline POSS and spacers) are slightly thicker than the Computer Simulation of X-ray Diffraction. However,
dark layers (aromatic cores of P5T). From the TEM itis not certain whether ABCA four-layer POSS crystals will
micrograph, it can be seen that the lateral grain sizes of thegive the (101), (11D), (1012) and overlapped (1B¥(303)
lamellae were relatively small (50150 nm) and their  reflections. A computer calculation of the X-ray diffraction
orientation along the shear direction was not uniform. It was was carried out using MatLab 6.5. The model was built
because of the small grain sizes of the microdomains thataccording to the unit cell dimensions obtained from XRD
uniform orientation was difficult to achieve during mechan- experiments and is demonstrated in Figure 11. The P5T dis-
ical shear, and this would explain the less-perfect orientation cotic molecules were ignored in this model to avoid extra
in the X-ray patterns in Figure 5B. It is surprising that reflections. The sphere diameter was chosen as the POSS
although the lateral grain sizes are relatively small, up to core diameter of~0.5 nm, and the molecules pack into an
six orders of lamellar reflections are still observed in the ABCA rhombohedral structure. The densities of the spheres,
XRD experiments. A similar phenomenon was also observedthe interstitials between spheres, and the layer were arbitrarily
in a previous report! We speculate that a sufficient number chosen to be 1, 0, and0.2, respectively, in the calculation.
of layers rather than lateral lamellar sizes are responsibleThe computer-calculated X-ray profile completed after 3D
for higher order reflections. fast Fourier transformation of the lattice and integration is
The small grain sizes in the sample can be explained by shown in Figure 12. Reflections from both four-layer POSS
the asymmetric shape of the dyad molecule and thuscrystals and the overall lamellar structure in the bottom
unbalanced cross-sectional areas between the cubic POSSimulation curve fitted well with those observed in the
and discotic P5T molecules in the structure (see Figure 7a;experimental XRD curve on the top. Because we did not
the distance between lateral POSS molecules is larger tharinclude the disks in our model, the interdisk reflection was
the parallel distance between the P5T molecules). In thenot seen in our calculated X-ray intensity profile. Also, only
POSS lamellar crystals, each POSS molecule had a crossthe (1011), (11D), (1012), and overlapped (1BY(3030)
sectional area of 1.15 rinfnote that in the [001] projection  reflections for POSS crystals were shown in the simulated
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Figure 10. Bright-field TEM micrographs of (A) P5FPOSS and (B) 1:1 P5TPOSS:POSS. The inset in (A) has a higher magnification, showing the
detailed structure of the lamellae. The thin sections were stained by fouG0 min.
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Figure 11. A computer simulation model on a 128 128 x 128 lattice
for the self-assembled ABCA four-layer POSS lamellar crystal (2.7 nm)
and a uniform amorphous layer of 3.3 nm thickness. The diameter of the

Cui et al.
Conclusions

In summary, an asymmetric P5SPOSS dyad molecule
was successfully synthesized. On the basis of DSC, XRD,
and TEM results, we observed nanophase separated liquid
crystalline P5T and crystalline POSS lamellae in the neat
P5T—POSS and a miscible 1:1 PSPOSS:POSS blend. The
P5T discotic molecules formed a bilayer lamella sandwiched
between neighboring POSS lamellar crystals in PBDSS,
whereas they interdigitated in the 1:1 P5FOSS:POSS
blend. Instead of forming columnar mesophases confined
between the POSS layers, discotic P5T molecules assembled
into a confined liquid crystalline phase with a parallel
alignment of the disks to the layer normal (reminiscent of a
homeotropic discotic nematic phase) in the neatPBDSS,

spheres is 1.0 nm. The densities of the spheres and the amorphous lamellgyhereas they were isotropic in the 1:1 PSHHOSS:POSS

are arbitrarily chosen as 1 aneD.2, respectively. The empty space among
the spheres has a density of zero.

1 08 < " " " i 1 i " L i L L " L i L L i i i
E ol

—_
(=]
]
P

experimental
=10
inter-disk £

ry
(=]
=
ul

-
o

w
™ BT

1021: simulated - 10°

10 +§

Relative intensity (a.u.)
Relative intensity (a.u.)

10"1: 4

- 10

10

10 ] 15
g (nm")
Figure 12. Computer-simulated X-ray intensity profile for the model in

Figure 11, as compared with the experimental XRD data for-FB30SS.
The (113) reflection is overlapped with the (30Breflection.
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XRD curve. Other reflections from POSS crystals and high
lamellar reflections ¥ seventh order) were ignored to ease
the comparison. From this simulation, it is interesting to see
that only four layers of ABCA-stacked POSS crystals gen-
erate major X-ray reflections with sufficient intensity, rem-
iniscent of layered silicate crystai$The agreement of the
simulation results with the experimental data further con-
firmed the proposed structures of PSPOSS and 1:1 P5F
POSS:POSS in Figure 7.

blend at room temperature (above theat —5 °C). On the
basis of 2D SAXS and WAXD results, we determined that
the POSS molecules stacked into an ABCA four-layer
lamella with the same rhombohedral crystal structure as that
in 3D POSS crystals. Computer-simulated XRD results
proved that a single layer of ABCA-stacked POSS molecules
could produce major crystal reflections withspacings
similar to those in the bulk POSS crystals. In the future,
investigations on the effect of different spacer lengths and
blending ratios will be carried out.
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