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Evaluation of 4-alkoxy-40-nitrobiphenyl liquid
crystals for use in next generation scattering LCDs†

Richard J. Mandle, * Stephen J. Cowling and John W. Goodby

We have prepared nine members of the 4-alkoxy-40-nitrobiphenyl family of liquid crystals and evaluated

their thermal behaviour by a combination of polarised optical microscopy, differential scanning

calorimetry and small angle X-ray scattering, as well as in single pixel scattering devices for use in

backlight free liquid crystal displays (LCDs). Whereas homologues with shorter terminal aliphatic chains

are nematogenic, those with longer aliphatic chain lengths exhibit an additional smectic A phase,

identified as the subtype SmAD by SAXS with all materials having a D/L ratio (smectic layer spacing

divided by molecular length) of 1.4. When doped with 0.1 wt% hexadecyltrimethylammonium perchlorate

we observed that the SmAD phase of compound 9 could be switched with a relatively low voltage (58

VRMS, roughly half that required for the analogous nitrile). This apparent reduction in threshold voltage,

which occurs as a consequence of switching from a nitrile- to a nitro- group, provides a new impetus to

study alternative polar terminal groups when designing host materials for smectic A scattering devices.

Introduction

Smectic A scattering devices are a broad class of liquid crystal

displays that utilise the lamellar smectic A phase as opposed to

the nematic based display technology currently in use. Scat-

tering devices offer advantages over nematic based displays; as

the device scatters incident light a backlight is not required and

thus power consumption is low, and as both the ‘on’ and ‘off’

states are bistable the display is therefore persistent.1–8 In

addition to nding use in displays this technology could also be

used in smart windows,1 e-paper,9 and so on. Broadly speaking,

this type of scattering device works by having a small quantity

(�0.1 wt%) of a soluble ionic additive in a smectic A host

(ideally with a wide temperature range). A high frequency

(>1 kHz) AC electric eld is then applied with sufficient ampli-

tude to align the liquid crystalline materials with the eld to

give a clear state; however if a low frequency (<50 Hz) AC electric

eld is applied the movement of the ionic additive disrupts the

smectic layers leading to a scattering texture.

The exploitation of such devices is stymied by a lack of

suitable host materials, with existing SmA materials, such as

4-undecyloxy-40-cyanobiphenyl (11OCB, Fig. 1), requiring large

driving voltages to switch (ca. 100 V).11,12 It has been demon-

strated previously that positioning a bulky groups,11,13–21 or

halogens22,23 at the end of one (or both) terminal chains can lead

to signicant reductions in melting points with only minimal

change in the clearing point. However, the incorporation of

bulky groups does not reduce the driving voltage of the resulting

smectic A phase and so there is still a need for materials with

superior behaviour under applied elds. Our motivation was to

Fig. 1 (a) Cartoon depicting of the molecular organisation within the

interdigitated smectic A phase (SmAD) where the layer spacing is

approximately 1.4 times the molecular length.10 (b) The molecular

structures and transition temperatures of 11OCB, tBu11OCB and

SiOSiO11OCB (taken from ref. 11).
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explore if polar terminal groups other than cyano could (a) lead

to wide temperature range smectic A phases and (b) offer

reductions in the driving voltage, relative to nitriles. In this

present work we report on the synthesis and characterisation of

nine members of the 4-alkoxy-40-nitrobiphenyl series of

materials.

Experimental

4-Hydroxy-40-nitrobiphenyl was prepared as described previ-

ously,24 in accordance with the method of Jones.25 Bro-

moalkanes were obtained from commercial suppliers and used

without further purication. Solvents were purchased from

Fisher scientic UK. Full experimental details, including details

of instrumentation used, are given in the ESI† to this article.

Computational chemistry was performed in Gaussian G09 rev

d01,26 selected output les were rendered using Qutemol.27 For

the probe of conformational space a Python script was used to

generate output les with the required dihedral angles, the

resulting Gaussian output les were read by a Matlab script

which extracted molecular lengths and energies.

Results and discussion

The transition temperatures of the 4-alkoxy-40-nitrobiphenyl

series were determined via a combination of polarised optical

microscopy (POM), differential scanning calorimetry (DSC) and

– for materials exhibiting smectic mesophases – small angle X-

ray scattering (SAXS). Details of the instrumentation used are

given in the ESI† to this article.

Transition temperatures and associated enthalpies as

determined by DSC are presented in Table 1. Where literature

data exists we nd our transition temperatures to be in good

agreement: cpd 3 ¼ 74–75 �C;28 cpd 4, MP ¼ 81.0 �C.29 The

assignment of the nematic and smectic A phases was trivial

based on microscopy (Fig. 2), subsequent SAXS data conrms

these assignments and demonstrates the SmA phase to be of the

Table 1 Transition temperatures (�C) and associated enthalpies [kJ

mol�1] for the 4-alkoxy-40-nitrobiphenyl series (compounds 1–9), as

determined via DSC at a heat/cool rate of 10 �Cmin�1. Cr¼ Crystalline

solid, SmAD ¼ smectic A phase (SmA) with interdigitated layers (D), N¼

nematic mesophase, Iso ¼ isotropic liquid

No. R Cr SmAD N Iso

1 C3H7 C 74.1 [26.7] — — — — C

2 C4H9 C 80.6 [24.3] — — — — C

3 C5H11 C 54.7 [27.5] — — — — C

4 C6H13 C 67.6 [24.6] — — (C 35.0) [0.2] C

5 C7H15 C 37.5 [24.6] (C 33.5) [0.1] C 42.5 [0.3] C

6 C8H17 C 49.3 [31.5] C 50.2 [0.1] C 52.6 [0.3] C

7 C9H19 C 56.5 [38.3] C 56.7 [1.4] — — C

8 C10H21 C 70.3 [42.2] (C 63.8) [2.0] — — C

9 C11H23 C 56.6 [37.0] C 66.4 [2.0] — — C

Fig. 2 Photomicrographs (�100) of (a) the nematic phase of

compound 5 at 38 �C, (b) compound 5 cooled to the N-SmA phase

transition at 33.5 �C, (c) focal-conic and parabolic defect textures

exhibited by the smectic A phase of 9 at a temperature of 65 �C.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40480–40485 | 40481
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subtype SmAD (i.e. an interdigitated smectic A phase), and this

will be discussed shortly.

For any given 4-alkoxy-40-nitrobiphenyl the clearing point

(either N-Iso or SmA-Iso) and SmA-N transition temperature

(if present) occur at a lower temperature than for the corre-

sponding nOCB material (Table 2).

The end-to-end molecular lengths of compounds 6–9 were

calculated at the B3LYP/6-311G(d) level of DFT assuming a rigid,

all trans terminal chain. Despite being standard practice this

assumption of an all trans geometry is perhaps unrealistic as it

ignores the exibility of the terminal chain, which at the

temperatures in question will lead to signicant population of

conformers with gauche torsional angles. To illustrate this point

we performed fully relaxed scans on each of the exible torsions

within the terminal chain of compound 6, allowing 3-fold

rotation about each (i.e. trans, �gauche, +gauche). The 3-fold

rotation about each of the 6 torsions leads to a large number of

conformers (36 ¼ 729) and so this calculation was performed

using a semi-empirical method (AM1) rather than using DFT.

We then obtain amolecular length for each conformer as well as

a Boltzmann population allowing us to obtain a probability

weighted average molecular length of 18.4 Å for compound 6,

signicantly smaller than that of the all trans form (Fig. 3). It

must be noted however that as this value is obtained for an

isolated molecule (and therefore will exhibit some difference to

values obtained in a condensed phase of matter) and dispersion

interactions are neglected this analysis will likely underestimate

the population of the all trans form and therefore the molecular

length, however it does serve to highlight the exible nature of

the terminal chain and the impact this has on the molecular

length.

We next subjected compounds 6–9 to study by SAXS; the two

dimensional scattering patterns (see Fig. 4) were radially aver-

aged (0.05� step size) to give plots of intensity versus two theta

for each temperature studied; the d-spacing values of the small

angle scattering peak were obtained by tting the raw scattered

data with a 3-term Gaussian function (see ESI for an example of

tted data in Fig. ESI-1†). The layer spacing of the smectic A

phase of compounds 6–9 was found to be effectively

temperature invariant with only a fractional increase over the

temperature range in question; for compound 9 an increase in

the D/L ratio of 0.09% was observed over the temperature range

studied (Fig. 4). Tabulated layer spacings, molecular lengths

and D/L ratios obtained using the all trans molecular length are

given in Table 3.

The D/L ratio is pertinent for the determination of the sub-

type of smectic A phase: a monolayer phase (SmA1) will have

a value close to 1; a bilayer phase (SmA2) a value close to 2; while

an interdigitated smectic A phase (SmAD) has a value interme-

diate between these two extremes.10 Measurement of the D/L

ratio for 6–9 demonstrates that the smectic phase is of the

subtype SmAD, with little variation in this value as a function of

either temperature or chain length. Using the Boltzmann

weighted molecular length of 6 we obtain a much larger D/L

ratio of �1.57, however as mentioned previously this method-

ology likely underestimates the molecular length as a conse-

quence of underestimating the population of the dominant all

trans conformer.

Previously we demonstrated that despite the large dipole

moment and highly anisotropic polarisability the 4-alkoxy-40-

nitrobiphenyls exhibit anomalously low dielectric anisotropy

due to the increased tendency to form antiparallel correlated

pairs;24 For 4 and 6 D3 z 8.7 whereas for the analogous nitrile

materials (6OCB and 8OCB, Table 2) D3z 10.8. As the dielectric

anisotropy depends primarily on the molecular dipole moment,

polarisability and order parameter it is a fair assumption that

the dipole moment of compounds 7–9 will be comparable in

magnitude to 4 and 6. Using these values of dielectric

Table 2 The transition temperatures (�C) of the nOCB compounds;

values were taken from ref. 30–32

n¼ Cr SmAD N Iso

3OCB 3 C 44.9 — — (C 40.0) C

4OCB 4 C 78.0 — — (C 75.5) C

5OCB 5 C 48.0 — — C 68.0 C

6OCB 6 C 57.0 — — C 75.5 C

7OCB 7 C 54.0 — — C 74.0 C

8OCB 8 C 54.5 C 67.2 C 81.0 C

9OCB 9 C 61.3 C 77.9 C 80.0 C

10OCB 10 C 59.5 C 83.9 — — C

11OCB 11 C 71.5 C 87.5 — — C

Fig. 3 (a) Molecular structure of the all trans ground state of 6; yellow

bands indicate the bonds allowed to undergo 3-fold rotation during

the conformational study, (b) overlaid geometries of the conformers

within 20 kJ mol�1 of the all trans ground state; (c) histogram plot (bin

size 1 Å) showing the distribution of molecular lengths obtained from

AM1 calculations.
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anisotropy and nding solutions to the Maier–Meier equations

using dipole/polarisability values obtained from ab initio

calculations allowed us to demonstrate that 4-alkoxy-40-nitro-

biphenyls exhibit a higher degree of pairing than their cyano

analogues.24 The relatively low positive dielectric anisotropy is

prohibitive to any potential use in nematic based devices,

however, as compound 9 exhibits an enantiotropic smectic A

phase and has a reasonably low melting point we decided to

assess the suitability of this material for use in smectic A scat-

tering devices. A mixture of compound 9 doped with 0.1 wt% of

hexadecyltrimethylammonium perchlorate was prepared and

the sample lled into a glass cell with ITO electrodes (spacingz

50 mm, cells supplied by Halation, Fig. 5a).

The mixture (compound 9 with 0.1 wt% hexadecyl-

trimethylammonium perchlorate) had a clearing point of

62.9 �C, i.e. 3.5 �C lower than neat 9, as determined by

microscopy. Application of electric elds was performed at

a temperature of 55 �C. Using a square waveform the voltage

required to transform the focal-conic texture into the scattering

state was 58 VRMS, with a frequency of 2 Hz. With amplitude of

58 V the scattering state could be transformed to a clear state by

increasing the frequency to 20 kHz. Both the clear and

scattering states appear to be bistable as would be expected

(photomicrographs of the switching process are given in Fig. 5).

We found the voltage required to switch the smectic A phase of

9 is roughly half of what was required by us to switch 4-alkoxy-40-

cyanobiphenyls in a previous publication.11 The smectic A host

Fig. 4 (a) 2D SAXS pattern for the nematic phase of 6 at 51 �C, (b) 2D SAXS pattern for the smectic A phase of 6 at 45 �C, (c) plot of the smectic

layer spacing as a function of reduced temperature for compound 9, where the dashed line corresponds to the clearing point. Additional 2D SAXS

patterns are presented in the ESI† to this article.

Table 3 The average smectic layer spacing (Dmean, Å), molecular

length obtained on geometry optimised at the DFT(B3LYP/6-311G(d))

level (L, Å), and the corresponding D/L ratio for compounds 6–9 ob-

tained from small angle X-ray scattering experiments as described in

the text

No. R Dmean/Å LDFT/Å D/L ratio

6 –C8H17 28.94 20.44 1.42

7 –C9H19 30.64 21.63 1.42

8 –C10H21 32.40 22.99 1.41
9 –C11H23 33.82 24.19 1.40

Fig. 5 Compound 9 doped with 0.1 wt% hexadecyl-

trimethylammonium perchlorate in the smectic A phase at 55 �C and

confined in 50 mm cells with ITO electrodes: (a) photograph of the cell

filled with perchlorate doped compound 9, with the dashed box

showing the location of the ITO electrodes. (b) Photomicrograph

(�100) of the virginal texture of the SmA phase (left) and the scattering

texture (right) induced by application of an electric field (58 VRMS, 2 Hz,

square waveform); (c) photomicrograph (�100) of the unchanged

virginal texture (left) and the clear state (right) induced by application of

an electric field (58 VRMS, 20 kHz, square waveform). Both photomi-

crographs show the same area of the slide; the right sections of both

photomicrographs are within the ITO electrodes and thus respond to

the applied field, whereas the left virginal region is outside of this area.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40480–40485 | 40483
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employed in prototype scattering devices are – to the best of our

knowledge – almost exclusively nitrile based materials.1,4,5,11,33,34

While the nitro group offers reduced clearing points relative to

those of the analogous nOCB compounds (Tables 1 and 2) these

materials remain attractive due to their reduced switching

voltage. This provides a fresh impetus to prepare not only new

nitro-terminated materials (such as those incorporating bulky

terminal substituents) but also to examine other highly polar

functional groups such as –SF5 and –SF4CF3 as well as ortho

uorinated cyano- and nitro-biphenyls.

Conclusions

The 4-alkoxy-40-nitrobiphenyls exhibit reduced transition

temperatures and higher melting points than the analogous

cyano terminated materials (nOCB series, Table 2). Small angle

X-ray scattering was used to demonstrate that the smectic phase

exhibited by the 4-alkoxy-40-nitrobiphenyls is of the same

subtype as the nOCB compounds, i.e. an interdigitated smectic

A (SmAD). The smectic A phase of the nitro terminated material

9, when doped with 0.1 wt% hexadecylammonium perchlorate,

can be switched between a scattering state and a clear state with

a voltage of roughly half of that required for the analogous

nitrile material 11OCB. This suggests that other polar terminal

groups may enjoy signicant advantages over nitriles in terms

of switching voltage when employed as hosts in scattering

devices utilising the smectic A phase.
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