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Tuning Hydrogen-Bonding with Amide Groups for Stable
Columnar Mesophases of Triphenylene Discogens
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Chengdu, China
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Mesophase Technology Research Group, Special Division for Human
Life Technology, National Institute of Advanced Industrial Science and
Technology, AIST-Kansai, Midorigaoka, Ikeda, Osaka, Japan

Tuning hydrogen-bonding of discotic liquid crystal can result in more ordered
columnar mesophases and higher charge carrier mobility materials. In this paper,
triphenylene derivatives with one, two and three amide groups with structure of
C]gHg(OR)/;(OCHgCONHBM), CI&H6(0C5H1])4(OCHZCONHBM)2 and Symmetrical
and asymmetrical C;sHg(OR)3(OCH;CONHBu); (R = C,Hs, , ;, n = 4-9) respect-
ively were designed and synthesized. The results showed that each intra-columnar
H-bond forming amide (—CONH-) group caused an average increase of 22°C in
clearing point from the non-H-bonding ester group (—COO-) triphenylene anal-
ogous. This was the first quantitative result of H-bonding on the stabilization of
columnar mesophase.

Keywords: anchorage of columnar phase; columnar mesophase; discotic liquid crystal;
intermolecular hydrogen-bonding; supramolecular liquid crystal; Triphenylene
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INTRODUCTION

Discotic liquid crystals (DLCs) consist of an aromatic core and several
peripheral flexible alky chains. The n—n interactions of aromatic
cores and the van de Waals interactions of alkyl chains enable DLC
to self-assemble into highly ordered columns, and charges and
energies can transfer along the column due to the aromatic = orbital
overlapping. These properties have made DLCs useful candidates as
molecular-scale wires in nano-technology.

Present research on discotic liquid crystals showed that charge
carrier mobility was related to the size of aromatic core and the order
of discotic columnar phase [1-3]. So the molecular designing strategies
of new DLCs are concentrated on two aspects [4—7]: one is synthesiz-
ing bigger aromatic system, such as hexabenzocoronene derivatives,
and the other is modifying peripheral chains by introducing extra
intermolecular interaction. The later strategy was widely used in
preparation of triphenylene-based discogens. Substitution of one chain
with bulky group [8] suppressed intra-columnar molecular dynamic
properties and got more ordered Col phase. Using B-oxygen effect
[9,10], fluorophobic effect [11,12], hydrophilic-hydrophobic effect
[13,14], donor-acceptor interaction [14-16], ionic interaction [17,18]
successfully anchored and stabilized columnar mesophases. Hydro-
gen-bonding [19-24] has been extensively studied in DLC materials
and the results showed that H-bonding had improved the order of
Col mesophases and higher charge carrier mobility materials were
prepared. In this paper, we used one, two and three amide (—CONHR)
containing chains in place of alkyl chains of 2,3,6,7,10,11-hexaalkoxy-
triphenylene and hopefully tuned the H-bonding (intra-columnar
intermolecular force) and therefore got more stable and higher ordered
columnar phase materials.

RESULTS AND DISCUSSION
Molecular Designing and Synthesis

Ivanov [22] reported series of six-fold H-bonding hexaazatriphenylene
derivatives which showed the smallest inter-disk distance of 3.18A,
while most of other measured intra-columnar disk-disk distance value
was 3.5A. One of the derivatives displayed higher charge mobility of
0.08cm? V~'s~1. Paraschiv [21] synthesized a discotic liquid crystal
with three triphenylene moieties attached on 3-fold H-bonding amide-
containing benzene ring through spacer and it exhibited the highest
charge mobility of 0.12cm?V s ! in all triphenylene derivatives.
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Shinkai [23] and our results showed that six-fold H-bonding triphe-
nylene C1gHg(OCH,CONHR)g, R = C4Hg and C;3Hgs did not possess
thermotropic liquid crystal properties. It was obvious that six-fold
H-bonding was too strong for triphenylene derivatives to show meso-
phases. Therefore in this paper’s molecular designing, the number of
amide groups around triphenylene core decreased. To tune the
strength of inter-molecular interaction, mono-, di- and tri-amide con-
taining triphenylene derivatives were designed and prepared. The
molecular structures and the columnar hydrogen-bonding diagrams
are drawn in Figure 1. Scheme 1 listed the synthetic route of these
triphenylene derivatives.

The target molecules of amide-containing triphenylenes were
synthesized from key intermediates of hydroxytriphenylene.
C1s8Hg(OC,Hy,, . 1)6_x(OH), (x =1, 2, 3) reacted with butyl 2-chloro-
acetate getting ester, which further reacted with butyl amine on heat-
ing leading the amide-containing triphenylenes. 2-Hydroxy-3,6,7,10,
11-pentaalkoxytriphenylene [25], 2,7-dihydroxy-3,6,10,11-tetrapenty-
loxytriphenylene [26], 2,6,10-trihydroxy-3,7,11-trialkoxytriphenylene
and 2,6,11-trihydroxy-3,7,10-trialkoxy-triphenylene [27] were pre-
pared according to reported methods.

Mesomorphism

The thermal stability of synthesized compounds was tested with TGA
analysis, and the results showed that all these compounds have good
thermal stability up to 300°C, which are well above the clearing points
of the mesophases.

All prepared triphenylene compounds with ester and amide func-
tional groups were investigated with differential scanning calor-
imeter (DSC) and polarizing optical microscopy (POM). Figure 2
was the typical microphotograph of these compounds. Judged from
DSC analysis results, textures of POM and molecular structural
characteristics, the mesophases of these compounds were assigned
as discotic columnar (Col) phase and plastic columnar phase (Coly).
These mesophases should be further investigated with X-ray diffrac-
tion analysis.

Tables 1-5 listed the phase transition temperatures and transition
enthalpies of all these triphenylene compounds. Figures 3, 5, and 6
showed the DSC traces of mono-amide, di-amide, tri-amide tripheny-
lenes. Figures 4 and 7 displayed the phase diagrams of mono-amide
series and tri-amide series triphenylene discogens. Figure 8 showed
the influence of molecular symmetry of tri-amide triphenylenes on
the order of Col phase.
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FIGURE 1 Sketches of triphenylene discotic columnar H-bonding and the
molecular structures. (a) mono-amide H-bonding stabilized column and the
triphenylene molecular structure. (b) di-amide H-bonding stabilized column
and the triphenylene molecular structure. (c) symmetrical tri-amide H-bonding
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SCHEME 1 (a) Synthesis of mono-amide triphenylenes and their mono-ester
analogues. (b) Synthesis of di-amide triphenylene and its di-ester analogues.
(¢) Synthesis of symmetrical and asymmetrical tri-ester and tri-amide
triphenylenes.
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FIGURE 2 Optical textures of amide-containing triphenylenes, indicative
of Col phase observed wupon cooling from the isotropic state.
a: C18H6(OC4H9)5(OCHQCONHBH), 100°C. b: C18H6(OCQH19)5(OCH200NHBU),
100°C. e¢: S-C18H6(0C4H9)3(OCHQCONHB11)3, 160°C. d: a-C18H6(004H9)3
(OCH;CONHBu);, 148°C.

TABLE 1 Phase Transition Temperatures and Transition Enthalpies of
Mono-Ester Triphenylenes C,gHg(OC,H,, , 1)5(OCH,COOBu)*

Heating T/°C Cooling T/°C
n (AH, kJ/mol, in parenthesis) (AH, kJ/mol, in parenthesis)
4 K 70(55.27) Col 132(16.15) Iso Iso 132(15.88) Col
5 K 52(34.98) Col 132(10.75) Iso Iso 131(10.68) Col
6 K 24(29.09) Col 119(9.35) Iso Iso 118(9.33) Col
7 K 28(37.27) Col 114(9.61) Iso Iso 114(9.37) Col —9(28.16) K
8 K 41(54.42) Col 102(5.68) Iso Iso 104(6.54) Col 6(44.29) K
9 K 28(46.37) Col 100(7.21) Iso Iso 101(8.13) Col —1(38.46) K

“DSC data measured with heating and cooling rate of 10°C/min under N, atmosphere.
K, crystal. Col, columnar phase. Iso, isotropic liquid.
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TABLE 2 Phase Transition Temperatures and Transition Enthalpies of
Mono-Amide Triphenylenes C1gHg(OC,Hs, ; 1)5(0OCH,CONHBu)*

S

Heating T/°C
(AH, kJ/mol, in parenthesis)

Cooling T/°C
(AH, kdJ/mol, in parenthesis)

© 00 30 Utk

K 93(32.40) Col 147(6.66) Iso
K 70(31.06) Col 151(7.97) Iso
K 69(34.23) Col 142(6.98) Iso
K 61(43.63) Col 141(7.51) Iso
K 52(47.84) Col 135(7.24) Iso
K 47(46.63) Col 128(6.85) Iso

Iso 143(6.51) Col 68(29.96) K
Iso 151(7.82) Col 45(28.54) K
Iso 141(7.05) Col 57(39.46) K
Iso 140(7.52) Col 43(39.26) K
Iso 134(7.19) Col 38(46.53) K
Iso 129(6.78) Col 28(47.05) K

“DSC data measured with heating and cooling rate of 10°C/min under N atmosphere.
K, crystal. Col, hexagonal columnar phase. Iso, isotropic liquid.

TABLE 3 Phase Transition Temperatures and Transition Enthalpies of
Di-Ester and Di-Amide Triphenylenes 2,7-C1gsHg(OC5H11)4(OR’)*

Heating T, °C Cooling T, °C

R’ (AH, kJ/mol, in parenthesis) (AH, kJ/mol, in parenthesis)
CH,COqEt K 81.0(43.5) Col 152.4(10.2) Iso Iso 152.3(9.80) Col
CH,CO,Bu K 40.0(37.4) Col 133.7(10.6) Iso Iso 133.4(10.4) Col — 38.0(4.2) K

CH,CONHBu K 167.7(85.7) Col 185.2(12.1) Iso  Iso 185.2(12.2) Col 137.4(82.1) K

“DSC data measured with heating and cooling rate of 10°C/min under N atmosphere.
K, crystal. Col, columnar phase. Iso, isotropic liquid.

TABLE 4 Transition Temperatures and Enthalpies of Tri-Ester Tripheny-
lenes ClgHg(OCnH2n+ 1)3(00H2002B11)3a

Heating T/°C
(AH, kJ/mol, in parenthesis)

Cooling T/°C

n-symmetry (AH, kJ/mol, in parenthesis)

4-s K 15.5(7.6) Col 138.7(29.9) Iso Iso 134.6(27.4) Col 12.4(7.7) K
4-a Col 128.7(11.6) Iso Iso 128.7(12.0) Col

5-s K 50(10.4) Col 142(19.5) Iso Iso 142(19.6) Col

5-a Col 139(15.6) Iso Iso 140(15.2) Col

6-s Col 138(16.9) Iso Iso 138(16.9) Col

6-a Col 137(14.6) Iso Iso 136(14.2) Col

7-s K —1(0.52) Col 135(16.9) Iso Iso 135(16.9) Col

7-a Col 136(14.1) Iso Iso 136(13.6) Col

8-s Col 129(14.8) Iso Iso 129(14.7) Col

8-a Col 131(13.6) Iso Iso 131(13.3) Col

“DSC data measured with heating and cooling rate of 10°C/min under N, atmosphere.
K, crystal. Col, columnar phase. Iso, isotropic liquid.
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TABLE 5 Phase Transition Temperatures and Enthalpies of Tri-Amide
Triphenylenes ClgH(;(OCnHzn + 1)3(OCHZCONHBU)3a

n-symmetry

Heating
T/°C (AH, kJ/mol, in parenthesis)

Cooling
T/°C (AH, kJ/mol, in parenthesis)

4-s
4-a
5-s
5-a
6-s
6-a
7-s
7-a
8-s
8-a

K 173 (32.5) Iso

K 162 (49.7) Iso

Col, 162(19.3) Col 195(11.9) Iso
Col,, 144(35.7) Col 179(7.7) Iso
Col, 139(11.7) Col 199(12.8) Iso
Col,, 146(39.7) Col 188(7.8) Iso
Col, 117(20.4) Col 206(14.2) Iso
Col,, 138(35.1) Col 187(8.9) Iso
Col, 122(23.6) Col 204(13.9) Iso
Col, 143(37.7) Col 192(10.2) Iso

Iso 169 (9.2) Col 150 (17.8) K®
Iso 149 (3.0) Col 144 (36.4) K®
Iso 197 (13.4) Col 144(13.0) Col,
Iso 181(7.5) Col 139(32.8) Col,,
Iso 200(13.1) Col 128(6.9) Col,
Iso 189(7.5) Col 138(36.0) Col,,
Iso 206(14.1) Col 111(19.0) Col,
Iso 191(9.3) Col 136(33.5) Col,,
Iso 204(13.5) Col 114(20.0) K
Iso 192(10.0) Col 138(35.3) Col,

“DSC data measured with heating and cooling rate of 10°C/min under N atmosphere.

b

isotropic liquid.

monotropic Col phase Col,, plastic columnar phase. Col, columnar phase. Iso,
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FIGURE 3 DSC traces of mono-amide triphenylenes C;sHg(OC,Hs, , 1)5
(OCH2CONHBu), n = 4-9 measured with heating and cooling rate of 10°C/min
under Ny atmosphere.
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FIGURE 4 Phase diagram of mono-ester and mono-amide triphenylene discotic
liquid crystals: C;8Hg(OC,Hy,  1)5(OCHyCOOBu) and Ci3Hg(OC,Hg, , 1)5
(OCH,CONHBu), n = 4-9.
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FIGURE 5 DSC traces of di-ester and di-amide triphenylenes:
2,7-C18H6(OC5H11)4(OCHQCOOEt)2, 2,7-018H6(OC5H11)4(OCH2000BU)2, and
2,7-C1gHg(OCsH11)4(OCH,CONHBu); measured with heating and cooling rate
of 10°C/min under Ny atmosphere.
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FIGURE 6 DSC traces of symmetrical tri-amide triphenylene discotic liquid
crystals s-C1gHg(OC,Hs,  1)3(OCH;CONHBu)3, n =4-9 measured with
heating and cooling rate of 10°C/min under N, atmosphere.
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FIGURE 7 Phase diagram of tri-amide triphenylene discotic liquid crystals
C18Hg(OC, Hy, , 1)3(OCH,CONHBu)3, n = 4—8. s: symmetrical; a: asymmetrical.
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FIGURE 8 Phase transition entropies (from Col to Iso) for tri-amide
triphenylenes as a function of n and molecular symmetry: C;gsHg(OC, Hs,, , 1)3
(OCH2CONHBu)3, s: symmetry; a: asymmetry.

Mono-amide and Ester Triphenylenes: C,gHg(OC,H>,, . 1)s5
(OCH,CONHBu) and C,gHg(OC, H,,, , 1)s5
(OCH,COOBu), n = 4-9

All these mono-functionalized triphenylenes showed Col mesophases.
Mono-amide triphenylene derivatives possessed higher melting point
(m. p.) and clearing point (c. p.) than their counterpart. Figure 3 listed
the DSC traces of this series of mono-amide triphenylenes and Figure 4
drew the phase diagram of mono-ester and mono-amide triphenylenes.
The mono-amide triphenylenes displayed average c. p. increase of 22°C
from its ester analogues. The mono-ester triphenylenes had higher c.
p. and broader phase range than its parent compounds 2,3,6,7,10,11-
hexaalkoxytriphenylene C,gHg(OR)g [28]. The stronger dipole—dipole
interaction and less rigidity of ester chain caused the increase of
clearing point.

2,3,6,7,10,11-hexaheptyloxytriphenylene, C;gsHg(OC;H15)s pos-
sessed Coly,, phase between 69°C—93°C, while mono-ester triphenylene
C1sHg(OC;H 5)5(OCH,COOBu) displayed Col phase from 28°C to
114°C, therefore, the mono-ester functional group resulted in c. p.
increase of 21°C. The asymmterical hexaalkyloxytriphenylene
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C1sHg(OCgH3)5(0C7H;5) [29] showed the following phase data: 60°C
Coly, 97°C, its mono-ester analogue C;sHg(OCgH;3)5(OCH;COOBu)
had phase transition data: 24°C Col 119°C. Again the mono-ester
triphenylene had higher c. p. and broader mesophase range.

Di-Amide and Di-Ester Triphenylene Derivatives:
2,7'C18H6(OC5H11)4(0CH2CO0Et)2,2,7'C18H6(0C5H11)4
(0CH2CO0BU)2, and 2,7'C18H6(0C5H11)4(0CH2CONHBU)2

In this series, one di-amide triphenylene compound,
C1sHg(OC5H11)4(OCH,CONHBu); and two di-ester triphenylenes
ClgHe(OC5H11)4(00H2000Et)2, C18H6(OC5H11)4(OCHQCOOB11)2 were
prepared and exhibited typical texture of columnar mesophases.
Figure 5 drew the DSC traces of three 2,7-di-functional triphenylenes
and Table 3 listed their transition temperatures and transition enthal-
pies. The DSC results showed that the 2,7-substituted di-amide
compound had 51°C higher c. p. than its di-ester analogue. Compared
with its parent compound hexapentyloxytriphenylene [28] possess-
ing Col,, phase between 69°C-122°C, the di-ester discogen
C18H6(OC5H11)4(OCHQCOOEt)2 was 3100 hlgher in c. P.

Symmetrical and Asymmetrical Substituted Tri-Amide
and Tri-Ester Triphenylenes: C,5Hg(OR)3:(OCH,CONHBuU);
and C18H6(OR)3(OCH2cOOBU)3, R from C4H9 to C8H17

DSC results in Table 5 showed the ten tri-amide triphenylene deriva-
tives, except for the two shortest chain members (n = 4) displaying
monotropic Col phase, all derivatives showed Col, phase in low tem-
perature and Col mesophase in high temperatures. Figures 7 and 8
showed that symmetry derivatives possessed higher c. p. and higher
ordered Col phase than the asymmetry ones from the clearing tran-
sition entropy changes, AScq _. 1so-

Crystalline forms of tri-amide triphenylenes were collected from
ethanol. In the first heating run of DSC measurement, K — Col,, tran-
sition, Col, — Col transition, and Col —Iso transition were observed.
In the first cooling run, solid-like Col, phase did not crystallize even
cooled to —50°C. Therefore, tri-amide triphenylenes had very wide
ranges of Col, phase and were suitable for charge carrier mobility
measurement.

The molecular symmetry of three-fold H-bonding tri-amide had
very important influence on mesomorphism: the symmetrical com-
pounds had C3 symmetry, and H-bond forming possibility is higher
than the asymmetrical ones in the molecular rotation of triphenylenes.
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Chain length n increased from 4 to 8, the c. p. gradually increased and
then kept stable. The c. p. of symmetrical tri-amide series was higher
than tri-ester analogues (average higher 66°C), but the asymmetrical
series just had average 51°C c. p. rising than their tri-esters.

The tri-ester triphenylenes C1gHg(OR)3(OCH>,COOBu)3 showed Col
phase, most of them did not crystallize cooled to —50°C from DSC
measurement. Unlike the amide series, molecular symmetry of ester
series had little influence on their melting point, clearing point, and
the order of columnar phase which was judged from the entropy
change of clearing transition (ASg, _ 1s0). Compared with hexahepty-
loxytriphenylene [28], the tri-ester triphenylene C;3Hg(OC;H;s)3
(OCH2COOBu)3 had lower c. p. and higher m. p., and wider range of
Col mesophase: the symmetrical ester with data of —1°C Col 135°C,
asymmetrical ester with c¢. p. 136°C. Hexaheptyloxytriphenylene
C1sHg(OC;H 5)¢ displayed Coly, phase between 69°C to 93°C [28].

CONCLUSION

1. Series of mono-, di-, tri-amide triphenylene discotic liquid crystals
and the their ester analogous were designed and synthesized for
fine tuning the intermolecular force, stability of and order of disco-
tic columnar mesophases.

2. The H-bonding mono-amide series (n = 4-9) displayed average
clearing point increase of 23°C from their ester analogues.

3. The two fold H-bonding di-amide triphenylene showed c. p. raising
of 51°C (only one compound with n = 5) comparing to its ester ana-
log.

4. The symmetrical three fold H-bonding tri-amide triphenylenes had
average c. p. increase of 66°C (n = 5-8) and the asymmetrical three
fold H-bonding tri-amide displayed c. p. increase of 50°C (n = 5-8)
from their ester derivatives respectively.

5. H-bonding contribution to stabilization of Col mesophases seems
that it can be added: one H-bonding increase 22°C; two fold
H-bonding, 51°C and three fold H-bonding, 66°C. So each H-bonding
contributed about 22°C clearing point increase from the esters.
This was the first quantitative data of H-bonding on stabilization
of columnar mesophases.

EXPERIMENTAL

The identification of synthetic products was carried out by 'H NMR,
and by elemental analysis. 'H NMR spectra were recorded on a
Brucker Avance 600 spectrometer using Me,Si as an internal standard.
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The elemental analysis was performed with a Carlo Erba 1106 CH
analyzer. The phase transition temperatures and enthalpies were mea-
sured with differential scanning calorimetry (DSC) (TA Instrument,
DSC Q100) and the textures of the mesophasess were observed with
a polarizing optical microscopy (POM) (XP-201) with a hot stage and
a controller (XPR-201). 2-hydroxy-3,6,7,10,11-pentaalkoxytripheny-
lenes [25], 2,7-dihydroxy-3,6,10,11-tetrapentyloxy-triphenylene [26]
and 2,6,10-trihydroxy-3,7,11-trialkoxytriphenylenes and 2,6,11-trihy-
droxy-3,7,10-trialkoxytriphenylenes [27] were synthesized according
to reported methods.

Synthesis of Ester-Containing Triphenylenes

To the mixture of CICH,COOCsHg and KsCOs; in dry DMF,
hydroxytriphenylene was added and heating at 100°C with stirring
for 48 h. After reaction finished, the mixture was poured into ice water
and extracted with CH5Cl,. The organic phase was dried with MgSQOy,,
and evaporated with rotation evaporator. The residue was purified
with column chromatography (SiOs, CH5Cl; and light petroleum).
The crystallization from EtOH resulted in the products in yield of
85%-90%.

Synthesis of Amide-Containing Triphenylenes

The mixture of ester-containing triphenylene and 1-aminobutane was
heating at 120°C with stirring for 24 h. After the reaction finished
which was monitored with TLC, the product was purified with
column chromatography (SiO,, CH3Cl, and light petroleum). The
crystallization from EtOH resulted in the products in yield of
90%-95%. The 'H NMR data of di-ester and di-amide triphenylenes
was listed below.

2, 7'C18Hs(OC5H1 1)4(OCHchOEt)2

'H NMR (CDCls, TMS, 600 MHz) §: 7.86(s, 2H), 7.83(s, 2H), 7.82(s,
2H), 4.85(s, 4H), 4.29-4.35(m, 4H), 4.21-4.28(m, 8H), 1.91-2.00(m,
8H), 1.52-1.60(m, 8H), 1.42-1.50(m, 8H), 1.33(t, J = 7.08 Hz, 6H),
0.98(t, J = 7.38 Hz, 12H).

2,7'C18H6(OC5H11)4(00”20003")2

'H NMR (CDClg, TMS, 600 MHz) : 7.92(s, 2H), 7.84(s, 2H), 7.76(s,
2H), 4.87(s, 4H), 4.19-4.28(m, 12H), 1.91-2.00(m, 8H), 1.62-1.69(m,
4H), 1.53-1.60(m, 8H), 1.42-1.50(m, 8H), 1.32-1.40(m, 4H),
0.95-1.01(m, 12H), 0.88(t, J = 7.38 Hz, 6H).
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2,7'018H6(OC5H11)4(OCHchNHBU)2

'H NMR (CDCl;, TMS, 600 MHz) §: 7.84(s, 2H), 7.83(s, 2H), 7.82(s,
2H), 7.11(s, 2H), 4.73(s, 4H), 4.21-4.28(m, 8H), 3.38-3.44(m, 4H),
1.92-2.00(m, 8H), 1.52-1.63(m, 12H), 1.44-1.52(m, 8H), 1.37—1.44(m,
4H), 0.92-1.02(m, 18H).
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