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Abstract
Square and other rectangulamosgscale tiling patterns are obrtemporary interest for soft
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lithography. Though soft square patterns on anmdength scale can be achieved with block
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copolymers, even smaller tiling patterns belswm can be expected for liquid crystalline
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phases of small molecules. However,edh usually form lamellar and hexagonal
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morphologies and thus the challenge is to $padly design LC phases forming square and
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rectangular patterns, being cortipke with industrialstandards. Here, we report two distinct
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types of liquid crystalline rectangular tiling patterns occurring in a series of T-shaped p-
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terphenyl based bolapolyphiles. By directastle chain engineering sub-3 nm sized
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guadrangular honeycombs with rhomb&2rim), square g4mm) and rectangularpgmm)
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shapes of the cells were formed by spormaseself-assembly. Thectangular honeycomb
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with p2mm lattice represents a new mode of E€lf-assembly in polygonal honeycombs. In

N
(e}

addition, pentagonal and hexagbpatterns can be obtained tmpolecular fine tuning.
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1. Introduction

Liquid crystals (LCs) represent a prominenammple of supramolecular materials that have
been commercialized on a grand scaspecially in display technolo§§However, they also
provide access to nano-scale paiiteg on the sub-10 nm length séidor use in selective
membranes?”’in soft nanolithograph¥ for ion conductior?,as well as fobrganic electronic
applications>*213Moreover, LCs provide significarfindamental insights into phase
transition phenomena and the development of order, chirdfitand complexity in soft
condensed mattéf.In recent years the complexity of the self-assembled LC superstructures
has been significantly increased, for exaandby reduced moleculssymmetry based on
chirality,*®*° by introduction of stericrad geometrical frustratioff:?! by the transition from
amphiphilicity to polyphilicity??*** and by the incorporation of nano-particles into LC
templates>2%2
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Figure 1. Liquid crystalline self-assembly ofaterally substituted biphenyl based
bolapolyphilesl depending on the lateral chain (R = (GHlen+1) volume. The segregation of
the lateral chains leads to domain formation which distorts the simple lamekenizatipn
(aAb) and then leads to polygonal honeycomb§),(giant honeycombs formed by end-to-
end connected pairs of molecules (g-j), lamghlaases with coplanar rod alignment (k-m) as
well as cubic network phases (n) and columplaases formed by coaxial rod-bundles (0);
structures (n,0) require branched chair¥.

T-shaped polyphiles composed of a rigid anddinaromatic core, functionalized at each end
with a glycerol group and laterally with onetaro non-polar and flexible chains represent an

especially successful class of mesogenic naseforming a broad variety of different new

2
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LC superstructure€?**°For example, the biphenyl based compouhidshave been shown
to form a series of LC honeycombs with differeross-section shapes of the prismatic cells
ranging from rhombic via pentagal to hexagonal (Fig. 1c4j.In these honeycombs the
hydrogen bonding networks of the glycerols agaoized in columns which are connected by
ribbons of aromatic cores forming the wallsaohoneycomb; the resulting cells are filled by
the lipophilic lateral chains. For molecules witlulkier branched, semiperfluorinated or
carbosilane chains attachedthe biphenyl core giant honeycombvere observed, with some
double-length walls composed of pairs ofdeo-end connected molecules (Fig. 18-
Further increasing the side-chaiolume leads to lamellar phasegh the rod-like cores lying
parallel to the layer planes (Fig. 1k-fi}**>**followed by different types of axial rod-
bundle phases with hexagonal or cubic symmetry (Fig. 1H:*87*“°Recent simulation work
supported the proposed self-assendilthese polyphilic LC compounds?#%434445:4¢

Among the tiling patterns, rectangular nacede patterns on a length scale well below
that achievable with block copolymers (~40 nang of present interes microelectronic
industry for soft lithography, because these ddtmes, in contrast to the more common
hexagonal patterns, are compatible with the stiilal standards, as they can produce the x-y
matrices for device%?’*® Though smaller highFlow-N-block co-oligomers and also
classical liquid crystalline mater&lnvolving rod-likeor disc-like unit lead to patterns on a
sub-10 nm length scafé so far predominantly lamellar and hexagonal patterns were
obtained in this way. Even compounds witbgaare molecular shape usually form hexagonal
lattices, because the soft periphery of alkyl chain allows space and time averaged rotational
disorder around the column long axes. Anagkable exception is provided by porphyrins
which were shown to organize into square esatangular columnar LC and soft crystalline
phases in some cas€s? here, the aromatic cores aseranged on thegsare lattice,
embedded in a continuum formed by the flexiblgyl chains. Soft square patterns with
inverted structure, i.e. the fluid chains forming the cores and fgishjugated rods forming
a square honeycomb around them, were repéotddjuid crystalline assemblies of the above
mentioned T-and X-shaped polyphifés3>**In this case rotational averaging is inhibited by
the restrictions provided by theetwork structure of the honeymb. However, in polyphiles
of this type, with relativig short rod units, hexagonal drpentagonal honeycombs are

dominant (Fig. le,fj®293031

whereas square cells (Fifyd) were only found under special
circumstances in small temperature rarf§es.
Herein we present a new ser@sT-shaped polyphilic compoundn, based on the-

terphenyl coré®"*®#*%andhaving a single normal alky! lateral chainHz,.1 grafted to the
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middle benzene ring (s@&ble 1). In th&/n series the chain length was varied from 5 to

22. For several compounds of this sendth intermediate chain lengtm (= 8-11) three

distinct liquid crystalline (LC) quadrangulaling patterns were found. Beside the previously
known square and rhombic honeycombs a negtangular honeycomb with reduced plane
group symmetryp2mmwas discovered. That the distinatustures were observed in a single
series of compounds dependinglateral alkyl chain length artémperature demonstrates the
power of lateral chain engineering for preciserphological control of rectangular sub 3nm

patterns by molecular self-assembly in LC soft maft&t®*®*
2. Results and Discussion

2.1 Synthesis
BrQBr
2 equ.
—>_/ @B(OH)Z \ _

Woﬂf

O e

0oC H2n+1

wmﬂ

0oC H2n+1

2/n; n=5-18

Scheme 1 Synthesis of compound&n; Reagents and conditions: (i) 1. Pd(BRhTHF,
H.O, NaHCQ, reflux, 12 h; 2. NaOH, ¥D, 25 °C, 12 h; (ii) KCOs, DMF, 80 °C, 12 h; (iii)
PPTS, MeOH, THF, 50 °C, 24 h; for details, see SlI.

Compound2/n were synthesized as shown in Scheme 1. The key intermediate is the
p-terphenyl-2’-0lB which was obtained ia Suzuki cross couplifigbetween the substituted
benzene boronic acidh®*® and 2,5-dibromophenylacetit&® followed by hydrolytic
deprotection of the phenolic OH grotipEtherification ofB with n-alkyl bromides yielded
the acetonide€n which were then deprotected. The $wiic procedures and analytical data

of all compound®/n are collated in the SI.
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2.2 Investigation of self-assembly

The obtained compounds were investeyl by polarizing microscopy (POM),
differential scanning calorimetry (DSC) and Xtrscattering (SAXS and WAXS); the details

of the methods used are given in the Sl iedobserved LC phases and phase transitions are
collated in Tables 1, S1 and S6.

Table 1 Data on compound®n.®

o 50
HO

OO0 e

OCnH2n+1
2in T/°C, ["H/kJ/mol] dora, bnm
n °C, mo n,
(TFC) cell Myall
2/5 Cr125[10.2] SmA+ 159 [1.7] Iso gl - 5'411‘71 (150) . -
> — £.
d,=2.10
2/7  Cr 130 [20.4] SmA+ 137 [1.2] Iso d, = 2.48 (120) -
2/8  Cr 137 [16.0] Cqldc2mm140 [2.9] Iso 3.91,3.83(135) 8.4 2.1
2/9 Cr 109 [18.5] CQ;th/p4mn’!CoIrec/pZmniD 138 [-] Colg/p4mm 2.74 (125) 4.1 2.0
154 [4.0] Iso 2.413.13(127) 4.1 2.1
2.68 (145) 3.8 1.9
2/10 Cr 114 [13.4] Cqldp2mm123 [0.2] Colq/p4mm160 [4.7] Iso 239, 3.13 (110) 3.9 20
2.70 (135) 3.6 1.8
2/11 Cr 102 [9.1] Cak/p2mm122 [0.2] Coly/p4dmm162 [4.5] Iso 238 3.10 (115) 3.7 19
2/12 Cr 102 [9.2] Cald/p2gg 154 [4.3] Iso 6.88, 6.44 (150) 22.4 2.2
2/14 Cr 77 [9.6] Cakdp2gg 160 [5.4] Iso 6.89, 6.46 (115) 20.9 2.1
2/15 Cr 81 [10.4] Cakdp2gg 165 [6.1] Iso 6.86, 6.49 (155) 20.8 21
2/16 Cr 64 [9.2] Cole/p6mm164 [5.8] Iso 4.26 (160) 7.4 2.5
4.34 (100) 7.0 2.3
2/18 Cr 102 [8.6] Cale/pbmm177 [7.2] Iso 4.25 (160) 6.9 2.3
4.30 (120) 6.6 2.2
2/22 Cr 34 [26.2] Cqle/pbmm183 [6.7] Iso 4.24 (160) 6.1 2.0
4.32 (80) 6.0 2.0

*Transition temperatures were taken frahe first DSC heating scan (10 K rfinpeak
temperatures, see Figure S2); only the highest melting point and the total of all melting and
Cr-Cr transitions are shown;rfahese transitions and the gkatransitions on cooling, see
Table S1; Abbreviation: SmA+ = strongly distorted lamellar phasgg/CBMm = rhombic
LC honeycomb witte2Zmm symmetry; Caly/pdmm= square LC honeycomb; G@ip2mm=
rectangular LC honeycomifole/p29g = pentagonal LC honeycomb wifi2gg symmetry;
Coledpbmm = hexagonal LC honeycoming;, number of molecules in a unit cell with
corresponding to thd-value of the wide angle scatteringy, = average thickness of the
honeycomb walls (for details dfie calculation, see Table SB(}:oISqL/p4mn1CoIrec/p2mm:
square honeycomb showing surface inducddrdetion to rectangular honeycombs.
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2.3 SmA+ phases

As typical for T-shaped polyphiles, compourts with relatively short lateral chaina (" 7)
form a lamellar phase, characterized by a hidnlgfringent fan-like teture between crossed
polarizers (Fig. 2a)Shearing gives rise to an isotropappearance in the shear induced
homeotropic areas (layers paratielthe substrate surface) witbdational oily streaks, due to

defects, thus indicating a uniaxial satic phase (see inset in Fig. 2a).

5 10 15 20

Figure 2. The SmA+ phase of compouBd’. (a) Texture al = 120 °Cas observed between
crossed polarizers, showing the fan-texture in planar alignrtten inset shows the texture
after shearing, being homeotropigaaligned, thus appearing dark with birefringent defects
(oily streaks); (b) XRD patterof a surface aligned sample thie same temperature after
subtraction of the scattering pattern in thergoic liquid state; (c) scan over the original
scattering pattern (see Fig. S10) and (d) mod#éi@phase structure, blue = glycerols, gray =
terphenyls and the white ellipses indicate the disordered domains of the latdrahalkg;

for XRD data of compound/5, see Fig. S9.

In the XRD patterns of surface aligned samfl€-ray beam parallel to the horizontal
surface) the wide angle diffractios diffuse with a maximum at = 0.46 nm (using Bragg
equation) and located on the meridian (Figb). This indicates a LC phase with the
terphenyl long axes predominantly paralleltb@ surface (planar alignment). In the small
angle region there are sharp difftion arcs on the equator, iperpendicular to the direction
of the diffuse wide angle scattering, with a distadce 2.1-2.2 nm (Fig. 2b)d; is close to
the molecular length as measured betweertvtbesecondary OH groups of the glycerol units

(Lmormin = 2.3 nm; see Fig. S21a). Henak, can be assigned to the layer spacing of a

6
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monolayer lamellar structure where the terpl®iaye organized on average perpendicular to
the layer planes (SmA). The slightly reducddalue compared to the length of the fully
extended molecule is mainly attributed to the reduced orientational order parameter (some
random tilt of the terphenyls) due the distortion of parallel alignment by the lateral chains
(Fig. 2d). In addition the partial intercalatiah the glycerols can deice layer frustration
caused by the lateral separationtloé terphenyls by the intered¢d alkyl side-chains. The
scattering intensity of the layer reflection is comparatively weak, due to thel&miron
density difference between glyceralad terphenyls (see Figs. 3d and 48§}.There is an
additional diffuse small angle @&ttering blob with a maximum dt= 2.5 nm on the meridian,

l.e. in the direction of the We angle scattering maximum (F&p,c). This scattering indicates

an additional short range -plane periodicity which is assumed to arise from local
aggregation of the alkyl chains tethered to the aromatic cores, as previously proposed for
lamellar phases with strongly distorted layers and termed SmA+ phase (Ff§®‘Zehe

alkyl chain domains are still ranaiy distributed (random mesh pha¥gshence the small

angle scattering is diffuse.
2.4 Coled/c2mm phase - rhombic honeycomb

Compound?2/8 forms a highly birefringent spherulitld<e texture (Fig. 3a) as typical for
columnar phases, suggesting that the nanaegatgd alkyl chain domains now adopt a long
range 2D periodic ordeln the SAXS pattern of an aligdesample (Fig. 3a) the wide angle
scattering is still diffusend has its maximum dt= 0.46 nm. In the following this value is
used as the heighh) of the unit cell. The SAXS pattern can be indexed to a centred
rectangular 2D latticecmm) with the lattice parametess= 3.9 andb = 3.8 nm (see Fig. 3e).
There is thus only a slight distortion from a sguiattice. The lattice parameters are close to
—2XLmolmax Where Limoimax = 2.6-2.7 nm is the molecular length in the most stretched
conformation between the ends of the primary @élps (see Fig. S21b). This is in line with

a honeycomb formed by rhombic cells wharandb are the long and the short diagonal of
the rhombus. Such structureasrroborated by the electronrgdty (ED) map shown in Fig.
3d. The high ED areas containing tpderphenyls and glycerols (blue, purple) form a
honeycomb with the resulting rhombic prismatiells filled by the low ED alkyl chains
(red/yellow/green). As the calculated noen of molecules per “unit cell” with = 0.46 nm
thickness i = 8.4 (Table 1, for calculation see Table S6), there are about 4 molecules

forming the walls around each prismatic calhd therefore, two back-to-back arranged
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terphenyls form one “brick” or onstratum of each of the four wallsw = 2.1; “double
walls”, see Fig. 3e,f and Tables 1 and S6). TAmm phase can be considered as derived
from the SmA+ phase by establishment of long-range order caused by the expansion of the

alkyl domains and their coales@eninto nano-segregated coluffii(ig. 3e, f).

(20),(02)
l (22) (31)

10 15 20 25 30 35 40 45 50 o
g(nm™)

Diol
groups\A

Figure 3. The rhombic LC honeycomb (Gglc2mm) of compound2/8: a) Texture (crossed
polarizers, direction of polarize@nalyzer shown with arrows) @t= 136 °C; b) XRD pattern
of a surface aligned sample Bt= 135 °C after subtraction dlfie scattering pattern in the
isotropic liquid state (for origal diffraction pattern, see Fig11; c) SAXS powder pattern
(synchrotron source); d) ED map reconstrudiean c) (for details, see Sl); €) molecular
models and f) schematic model showihg organization of the molecules.

2.5 Colg/p4mm phase — square honeycombs

On cooling from the isotropic liquids, compourl9 — 2/11also show sphelitic textures in
areas of planar alignment (columns in sampén@) (Figs. 4c, 5a and S4a). The dark areas,

in which the columns are aligned perpendicutathe surfaces, indicate that the columnar

8



OCoO~NOOR~WNE

OO UIVIUIUUUUUVIUTUDNDMRNDNRNAARNANARNWWWWWWWWWWRNNNNNNNNNNRPRREPRRERRRRP R
ORWONPRPOOCOMNOTROMNROOONOURWNRPOOONOTNRWMNRPOOONOURWNROOONOUDNWNERO

phase is uniaxial, i.e. of e#h hexagonal or square symnyet©n slow cooling the formation
of rectangular 4-star figures can be observedchvis a first indication of square symmetry of
the developing lattice (serset in Fig. 4c). In this mesopha$e birefringence is negative as
confirmed by polarizing microscopy with &retarder plate (see inséats Fig. 5a), meaning
that the mainSconjugation pathway, i.e. the directiontbé terphenyl coress perpendicular

to the column long axis, as is typical for ygbnal honeycomb LCs. The SAXS pattern of this
phase can be indexed to a squahamlattice withasqu = 2.7 nm (see Fig. 4a,b). Notably, the
lattice parameter does not change significamplgn increasing the side-chain length. That the
parameteBsq, is close to the maximum molecular lengthymax= 2.6-2.7 nm in all cases, is
in line with the proposed sguehoneycomb structure. Thesructure was corroborated by ED
reconstruction of high resolution XRD pattefggnchrotron source, see Fig. S8b). As shown
in Fig. 4d there are square shaped low electron density areas (red to green) assigned to the
prismatic cell interior containing the alkyl chai These are framed by a net of high electron
density squares (blue/purple)iieed by terphenyl partition wallsonnected at the vertices by
the glycerol groups. As in temmphase, the walls contain onemsige two terphenyls back-
to-back 6war ~ 2, see Table 1) whicHl@ws all side-chains easy access to the prismatic cell
interior. The viability of the packing model attte efficiency of space filling is confirmed by
molecular dynamics simulation (see Fig. Sid aassociated explanations). Overall, the
structures of the2mmandpdmmphases are very similar, tdd@ference being that the angles
lock in at 90° in the squaghase. The larger volume ofethateral chains of compounéf-
2/11evidently require th&arger volume that a square honeycomb provides.
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T=140°C
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gure 4. Square and rectanguleylinder phases of compou2dll a) temperature evolution

of the powder SAXS curve (synchrotronusce), b) GISAXS pattern of the Gg/pdmm

phase of an aligned sample Bt= 140 °C; c) texture (crosdepolarizers) at the same

10
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temperature; the inset shows the growth stat-figures upon slow cooling from Iso &t
162 °C; d) ED map reconstructed from the powattern (Fig. S8b); eBISAXS pattern of
an aligned sample of the G@lp2mmphase af = 115 °C; (only one ormgation is shown, red
and black lattice represent twornoired domains respectively); tBxture (crossed polarizers)
at the same temperature and g) ED map reaaied from the powdepattern (Fig. S8a); for
data of2/10 see Figs. S3a-d and S13.

2.6 Coled/p2mm phases of compounds 2/10 and 2/11 — rectangular honeycombs

Compound22/10 and2/11 show an additional phase transitions with a small enthalpy
(0.2 kJ mot') from this square honeycomb to a low temperature LC phase (Table 1). At this
transition the birefringence tiie spherulitic texture increasand the dark homeotropic areas
become birefringent with development of a typi@@f crossed stripe pattern (Fig. 4c,f). There
Is no change in the WAXS, which remains dsiu(see Fig. S13), whereas the SAXS pattern
changes abruptly at this phase transitiomg.(®a). The diffractn pattern of the low
temperature phase @f11, for example, can be indexed @onon-centred reahgular lattice
(Coledp2mm) with parametera = 2.38 nmand b = 3.10 nm (Fig. 4e)a is close to the
molecular length measured between the seggn@al groups in a compact conformation of
the glycerols (momin= 2.3 nm, see Fig. S21a), wherdasxceeds considerably the maximum
molecular lengthl{yo max= 2.6-2.7 nm, see Fig. S21b). However, the area op2hen unit
cell (7.4 nn3) remains almost the same or is even slightly increased compared to that of the
corresponding4dmmphase (7.3 nf), see Table S6. At th@lmm Ap2mmtransition (Fig.
4d,g) the prismatic cells expand aldn@nd shrinks along (Table S6). As the cell volume
does not substantially change at fwenm - p2mm transition thermal expansion/shrinkage
could not be the major reason for this phasedition. It is more likely that the transition
from square to rectangular prismatic cells is caused by an increassttaction of the alkyl
chains at reduced temperature, though thenshaemain in a liquidike fluid state as
confirmed by the diffuse WAXS (Fig. S13). Thesipports an anisotrapiorientation of the
chains with increased preference for them tgéeallel and thusupporting a deformation of
the cells. As the parametier= 3.1 nm exceed the maximumolecular length of 2.6-2.7 nm,
the glycerols units of molecules aloadghave to be intercalatdsktween the polar groups of
the molecules aligned alorty leading to a strongly elliptical shape of the polar columns
involving the hydrogen bonding glycerols (Fi§22). This reduces the parameterand
simultaneously increases the number of molecweanized laterallyside-by-side in the
honeycomb wall along the shorter directanThis enhancement of the walls aloagakes
place on expense of the molecules forming the walls in direbfitmus leading to a slightly

11
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different number of molecules in thedgal cross section of the walls aloagndb ( Fig. 49),
while, the overall average number of moleculesypst cell remains almost the same as in the

p4mmlattice

2.7 The surface induced Cql/p2mm phase of compound 2/9

Compound2/9, being at the boundary between rhoondand square/rectangular prismatic
cells, behaves differently. Similar to compourdd$0 and2/11 a p4mm phase (indicated by
POM and XRD, see Fig. 5) feund at high temperature and artsition from a uniaxial to a
birefringent (biaxial) texture is observed pylarizing microscopy omooling (Fig. 5a,c).
However, in contrast to compoun@$10 and 2/11 this optical texture change is neither
associated with a transition enthalpy (see DSEim S2d-f) nor with a stepwise change in
position of the SAXS peaks in the powder pattexcorded on the bulk material on cooling
(Figs. 5e and S7b); nor is tieeany change in WAXS, which remains completely diffuse (Fig.
S12). However, in GISAXS experiments (Fih,d), where a thin films with predominately
homeotropic alignment was investigated dicen surface, additionaeflections of gp2Zmm
rectangular lattice appear at the transittemperature of 138 °C beside the still strong
reflections of the square latticasdy = 2.74 nm). At 127 the rectangular lattice parameters
area = 3.13 nm andb = 2.41 nm. These parameters are almost the same as measaréq@ for
and2/11 (see Table 1). Howevalt,appears that fd2/9 the pdmm Ap2mmtransition requires
the support by surface @moring, whereas the bulk structure remgsim Obviously, the
shorter chains d?/9 provide a weaker driving force fdeformation of the square honeycomb
and we propose that the high#tmm symmetry could be maintained by some out-of-plane
distortion of the otherwise flat honeycomtbitiize. Various modes of “escape in the third
dimension” have been found iretlsoft LCs on different length aes to resolvéhe effects of
frustration. It would appear that at the sieds the honeycomb could be pinned to the polar

substrate sufficiently by its glycerol groups that the out-of-plane distortion is suppressed

strongly and the square lattice is deformeégoape steric frustration. The improved parallel
alignment of the alkyl chains achieved the rectangulalattice supports th@dmmp2mm

transition.

12



OCoO~NOOR~WNE

OO NI OITAORARBDMBRMDDIDMDIMBIEADLAEDRDDRDNOWWWWWWWWWNNNNNNNNNNRRREPRERPERRERRER
GRWNPFPOOO~NOOUORWNPFPOOONOOURARWNRPFPOOONOUPRWNRPFPOOONOURAWNRPRPOOO~NOOUIAAWDNEO

(b) p4mm

157 °C
p4mm
139 °C
(©) (d) p4mm + p2mm
127 °C
p2mm
(e) 137 °C

(€)

Figure 5. The rectangular LC honeycombs of compouif. a,c) Textural changes as
observed for the Cgj/p4mm phase upon cooling between crossed polarizers, showing the
emergence of birefringence in the opticallptispic areas (columns perpendicular to the
surfaces) due to the transition to Ggp2mm the insets in a) show birefringent domains with
Gretarder plate and the slow axis in the clien SW-NE, indicatinghegative birefringence.
b,d) GISAXS patterns at differetemperatures, showing in b) tpédmm phase and in d) the
coexistence opdmmandp2mmin the surface films; e) temperature dependence of the lattice
parameter in th@dmm phase between 145 and 105 °@) fschematic models of thEimm
andp2mmphases; for additional data, see Figs. S6 and S7.

2.8 Pentagonal and hexagonal honeycdis of compounds 2/12 — 2/22

For compound®/12 - 2/15 with still larger lateral chas the square honeycombs cannot
accommodate the chain volume and instead foomaf another rectangular columnar phase
is observed, this time witp2gg symmetry. This lattice represting a honeycomb composed
of slightly deformed pentagonal prismatic cells (Fig. 6a% @hile a honeycomb composed
of distorted pentagons can alym a square lattice witpdgm symmetry, when the chains

13
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are not quite large enough il the required space the symmetry is reduced fpgigm to

p2gg”>°® anda andb parameters converge as chain length increases (Table 1).

(@) (b)

p299 p6mm
(© (d)

(e) (f)

p2gg p6mm

Figure 6. The pentagonal and hexagonal honeycorali. Textures; c,d2D-SAXS patterns
of aligned samples with indexation, and esfhematic models of the LC honeycombs. a)
Coledp2gg phase of compoun®/14 atT = 157 °C; c¢) Cqldp2gg phase of2/12at T = 150
°C; b) Cohe/pbmmphase o2/16atT = 165 °C; d) Cok/pébmmphase oR/16atT = 160 °C;

in ¢ and d) alignment is planar; the insetdinshows the WAXS patn of a sample with
homeotropic alignment as obtathepon very slow cooling; imll cases the X-ray beam is
parallel to the substrate. The texture inshpws black areas with homeotropic alignment,
other highly birefringent spherulitic domains a) and b) have planar alignment); for
additional data, see FigS5, S14-S20 and Table S6.

Compounds2/16 - 2/22 with the longest clins form the hexagonal columnar phase
(Fig. 6b,d,f). The hexagonal lattice parameter is aroapd = 4.3 nm for all of these
compounds, corresponding #g.x = -3Lmo as is typical for hexagonal honeycomb LCs. For
the hexagonal phase &f16 the alignment of the honeycombs can be either planar (Fig. 6d)
or, upon very slow cooling (<0.1 K mfj homeotropic, as confirmed by the 2D SAXS

patterns (see inset Fig. 6d and Figs. S1718). This demonstrates that uniform alignment of

14
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macroscopic domains of the polygonal honeycomb LCs, either planar or homeotropic, can be

achieved by changing preparation conditions.
3. Summary and Conclusions

The T-shapedg-terphenyl based bolapolyphil@i show a sequence of six different
LC phases depending on chain length and teatpes. With increasing lateral chain length
the random mesh lamellar phase (SmA+)réplaced by a series of successive LC
honeycombs with rhombic2mm), square/rectangulap4dmnip2mn), pentagonalg2gg) and
hexagonal gémm) cells. However, no triangular honeycomb is found between SmA+ and the
guadrangular heneycombs. The reason might aetkie tight 60° verties in the triangular
cells, if formed by the relatively short p-terphenyls, are difficult to access batdrallalkyl
chains; such corners would likely present entralepletion regions. Oy for longer rod-like
units this effect becomes sufficiently insignificant to allow the formationadflettriangular
honeycomb$*®%"° This unfavourable aceitangle effect might alsexplain why the rhombic
honeycomb ¢2mm) is found in only one homologuené has an almost square shape.
Compared to the biphenyl based bolapolyphillesinvolving shorter asmatic cores (Fig. 1b-
f),282%%here for terphenyls, to keep the equinalarea-to-circumferam ratio, the different
honeycomb types are shifted towards longi&yl chains (e.g. pentagons: from ddl2 to
12 ch dL5; hexagons: frome12 to n<16). The deformation of the square honeycombs to a
rectangular one pmm) is also attributed to inemsing anisotropy due to growing
contribution of straight and parallall-trans segments at lowered temperature. These
rectangular honeycombs represent a new tfjpeC honeycombs, expanding the range of
existing liquid crystalline quadrangular tilings*’* For the two compunds with longer
chains ( = 10,11) the temperature dependent sgusymmetry breaking is spontaneous,
whereas for shorter chains£ 9) it requires additional surface anchoring.

Overall, liquid crystalline square and raagular tiling patternen a sub-3 nm scale
with potential for applicatin in soft nano-lithography werabtained by molecular design.
This work provides a proof of concept byngimodel T-shaped molecules based on a simple
p-terphenyl unit which can be extended to otlSmonjugated systems. These quadrangular
soft arrays ofSconjugated aromatics could also be ofgodial interest for the morphological

design and patterning of self-assendbbeganic electronic materials.
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