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ABSTRACT We report on the development of novel cyano-biphenyl-based thiolate self-assembled monolayers designed to promote
homeotropic alignment of calamitic liquid crystals. The molecules developed contain an ortho-nitrobenzyl protected carboxylic acid
group that on irradiation by soft UV (365 nm) is cleaved to yield carboxylic acid groups exposed at the surface that promote planar
alignment. Using a combination of wetting, X-ray photoelectron spectroscopy, Fourier transform-infrared reflection absorption
spectroscopy, and ellipsometry we show that high photolysis yields (>90%) can be achieved and that the patterned SAMs are suitable
for the controlled alignment of calamitic liquid crystals. This study further shows that such photo-patterned SAMs can be used to
control the formation of focal conic domains (FCDs) in the smectic-A phase in terms of positioning and size confinement on surfaces.
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1. INTRODUCTION

Liquid crystals (LCs) are increasingly finding applica-
tion, beyond their commercial role in display devices
(1-3), in the areas of chemical and biological sensing

(4-7) and photonic devices (8-10). An important parameter
for their application is the ability to control their alignment
at interfaces. There are various methods used for LC align-
ment, such as rubbed or photoaligned polymer films (11, 12),
evaporated oxides (13), and self-assembled monolayers
(SAMs) (14-16). The application of SAMs opens new op-
portunities because of the ease with which they can be
patterned, with nanometer resolution and over macroscopic
areas. LC anchoring can be readily controlled by varying the
functionality of the terminal from high energy, polar, sur-
faces such as carboxylic acid (-COOH) (15, 17, 18) or
hydroxyl (-OH) (15, 18-20) to low energy methyl (-CH3)
(14, 15, 20) or perfluorocarbon (-CF3) (19, 21). Additionally,
it is also possible to display “LC-like” groups, such as cyano
biphephenyl and terphenyl derivatives at the SAM surface
(22-27). Such LC analogues have been shown to be useful
in controlling the alignment in an overlying LC phase,
dependent on the orientation of LC SAM (22). Further, the
use of micropatterning of such SAMs can provide additional
control over the azimuthal alignment (16, 28-30). Current

patterning techniques are microcontact printing (µCP)
(15, 16, 29) and photolithography (19, 31). Most soft UV
methods are based on the photodeprotection of ortho-
nitrobenzyl derivatives generating a hydroxyl (32), amine
(33, 34), or carboxylic acid group at the surface (35-37).
Recently, we have reported a high photodeprotection yield
of ortho-nitrobenzyl (>90%) using an acid catalyst solution
overlayer which led to high quality patterned SAMs (37).

In this paper, we describe a novel LC-based SAM (SAM1),
suitable for the functionalization of gold surfaces, Figure 1.
The SAM forming molecules (reagent 1) contain a cyanobi-
phenyl unit oriented to promote homeotropic alignment in
an overlying LC phase. Upon irradiation with soft UV (365
nm), cleavage at the ortho-nitrobenzyl site occurs with
greater than 90% efficiency to leave a carboxylic acid
functionalized surface (SAM2) (37). Such photopatterned
areas promote planar anchoring, and thus, the photopat-
terning provides contrasting regions of homeotropic and
planar alignment. This is demonstrated using the calamitic
liquid crystal 8-cyanobiphenyl (8CB).

2. EXPERIMENT METHODS
Materials. Dichloromethane (DCM, 99.9%), hydrogen per-

oxide (27.5 wt.%), 4,4′-dithiobutyric acid, -[S(CH2)3-CO2H]2

(DTBA), 1 M hydrochloric acid, and isopropyl alcohol (IPA,
99.9%) were used as received from Sigma-Aldrich. Sulfuric acid
(98%) was supplied by Fisher Scientific. The nematic liquid
crystal used in this study was 4-n-octyl-4-cyanobiphenyl (8CB,
Merck). Glass microscope slides (thickness 0.8 mm) were
purchased from Agar and were cut to approximately three-
quarters of the original length. Millipore Milli-Q water with a
resistivity better than 18.1 MΩ · cm was used throughout. High
purity (99.99%) temper-annealed gold wire (0.75 mm diameter)
was supplied by Goodfellow.
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Synthesis. Reagent 1 was designed to combine three func-
tional segments as shown in Figure 1. Full details of synthesis
and characterization are in the Supporting Information. The
synthesis is outlined in Scheme 1. Vaniline was treated with a
4-fold excess of 1,6-dibromohexane under Williamson’s ether
synthesis conditions in the presence of mild base to yield

monobromo compound 3 in 60% yield. This monobromo
compound was nitrated using nitric acid to obtain the nitro
derivative as reported previously (34). This nitro compound 4
was further treated with 4-hydroxy-4-cyanobiphenyl under
Williamson’s ether synthesis conditions to yield the compound
5 in good yield. The aldehyde functionality of compound 5 was

FIGURE 1. Schematic showing the structure of reagent 1 (a) and its possible orientation within SAMs of this compound (b) as formed and (c)
after photocleavage based on ellipsometric and FTIR-reflectance studies (see below). Reagent 1 comprises (i) a surface binding group with
protected-COOH unit (brown color); (ii) a photocleavable group (blue color); and (iii) liquid crystal analogue head group (red color). Reagent
1 forms SAM1 on gold and can be photocleaved under soft UV irradiation to reveal the -COOH functionalized SAM2.

Scheme 1. Synthesis of Reagent 1a

a Reagents and conditions. (i) Anhydrous K2CO3, DMF, Br(CH2)6Br, 60%; (ii) HNO3, 79%; (iii) 4-hydroxy cyanobiphenyl, K2CO3, DMF, 87%; (iv)
NaBH4, THF, 74%; (v) CH3SO2Cl, TEA, THF, 87%; (vi) Cs2CO3, CH3OH, 5 h; (vii) -[S(CH2)3CO2Cs]2, DMF, 76%.
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reduced to the alcohol by sodium borohydride to obtain com-
pound 6. Compound 6 was treated with methane sulfonyl
chloride in the presence of triethylamine to obtain the mesylate
7. This mesylate ester was treated with the cesium salt of
dithiobutyric acid 9 to obtain the reagent 1 (36).

Substrate Preparation. Glass microscope slides were cleaned
by ultrasonication for 15 min in a 10% solution of Decon90 in
Milli-Q water followed by a thorough rinsing in Milli-Q water and
then dried under a stream of nitrogen. The slides were ultra-
sonicated in dichloromethane for 15 min, removed, and dried
in a stream of zero grade nitrogen, rinsed under Milli-Q water,
and immersed in piranha solution (70:30, v/v, H2SO4/H2O2) for
10 min. The substrates were then rinsed in Milli-Q water, dried
under nitrogen, and placed in an Edwards Auto 306 thermal
evaporator. A 150 nm gold layer was thermally deposited (at a
rate of 0.1 nm s-1) onto a chromium adhesion layer (5 nm
thick), at a base pressure of approximately 1 × 10-6 mbar. The
gold-coated samples were cleaned immediately prior to use by
placing them in freshly prepared piranha solution for 2 min,
followed by a rinse with Milli-Q water.

SAM Adsorption. Reagent 1 and DTBA SAMs were formed
by immersing the gold-coated slides in 0.5 mM solutions of the
corresponding material, in DCM, for 16 h, at 23 °C. The samples
were then removed from solution, rinsed with DCM, dried with
a nitrogen stream, rinsed with Milli-Q water, and again dried.

UV Irradiation. Soft UV (365 nm) light obtained from fluo-
rescence microscope with a power (at sample) of 40 mW cm-2

was used to irradiate samples for wetting, ellipsometry, and
X-ray photoelectron spectroscopy (XPS) studies and in the
photo-patterning process. The UV light obtained from the
microscope is controlled using UV pass filter which allows
wavelength between 318 and 404 nm with the maximum
transmission peak at 365 nm. A 365 nm UV lamp (Blak-Ray
Model B100 AP) with a nominal power (at the sample) of 3.5
mW cm-2 for 2 h (25.2 J cm-2 UV dose) was used for only
Fourier transform-infrared reflection absorption spectroscopy
(FT-IRAS) studies to provide a larger illumination spot size. After
the UV irradiation, samples were rinsed with DCM, followed by
Milli-Q water, and finally dried under a stream of nitrogen.

Wetting Measurements. Contact angles were measured
using a First-Ten-Angstrom 2000 goniometer under ambient
conditions. Milli-Q water droplets were advanced and receded
across the surface from a microsyringe needle. Images of at
least five advancing and receding droplets were analyzed on
both sides of each droplet to give a minimum of five values per
surface.

X-ray Photoelectron Spectroscopy. XPS spectra were ob-
tained using a Thermo Electron Corporation ESCA Lab 250 with
a chamber pressure maintained below 1 × 10-9 mbar during
acquisition. A monochromated Al KR X-ray source (15 kV, 150
W) irradiated the samples, with a spot diameter of approxi-
mately 0.5 mm. The spectrometer was operated in Large Area
XL magnetic lens mode using pass energies of 150 and 20 eV
for survey and detailed scans, respectively. The spectra were
obtained with an electron takeoff angle of 90°. High resolution

spectra were fitted using the Avantage (Thermo VG software
package) peak fitting algorithms. All spectra have been cor-
rected such that the C 1s peak occurs at 284.5 eV to account
for small variations in surface charging.

Fourier Transform-Infrared Reflection Absorption Spec-
troscopy. FT-IRAS spectra were obtained using a Bruker IFS-
66 spectrometer equipped with a liquid nitrogen cooled MCT
detector. The optical path was evacuated. A p-polarized beam
at an incident angle of 80° to the surface normal was used for
the Fourier transform infrared spectroscopy (FTIR) measure-
ments. The spectra were taken at a 2 cm-1 resolution, and 1000
interferograms were co-added to yield spectra of high signal-
to-noise ratio. The reference spectrum was taken from a freshly
cleaned gold surface.

Ellipsometry. A Jobin-Yvon UVISEL spectroscopic ellipsom-
eter was used to measure the thickness of the SAMs. The
wavelength was varied between 300 and 800 nm, in steps of
10 nm. DeltaPsi2 software was used to model and fit the
acquired data assuming a simple three-layer system. Values for
the base layer (gold support) were obtained from a freshly
cleaned gold substrate. The SAM was modeled as a transparent
thin film using the Cauchy approximation, n(λ) ) A + B × 104/
λ2 + C × 109/λ4 and k(λ) ) 0, where λ is the wavelength in units
of nanometers and A, B, and C are the Cauchy parameters
dependent on optical properties of the material. Parameter A
was restricted to a value of 1.45, and parameters B and C were
allowed to vary between 0 and 1 nm2 and 0 and 0.2 nm,
respectively. The ambient air was assumed to have n ) 1 and
k ) 0. At least six ellipsometric measurements were made per
sample on two or more samples of each type.

Liquid Crystals Studies. LC cells were constructed with CF3

terminated SAMs, a homeotropic aligning surface, as the upper
surface, and with a patterned SAM1 lower surface. Cell thick-
nesses of 23 µm were achieved using thin strips of polyethylene
terephthalate (PET) film (Goodfellow, UK). The samples were
heated above the nematic-isotropic transition temperature of
the LC to be investigated, and a small amount of LC was placed
on the patterned surface before the upper surface was placed
on top. The samples were then slowly cooled (0.1°C min-1) into
the nematic and smectic phase and viewed under a polarizing
microscope.

3. RESULTS AND DISCUSSION
Table 1 describes the surface properties of SAM1 before

and after photolysis using soft UV (365 nm), in 0.1 M HCl/
isopropanol solution. The static contact angle (θstatic) of fresh
SAM1 is in agreement with the results observed for SAMs
containing a cyano group conjugated by biphenyl and ter-
phenyl rings (22). The large water contact angle hysteresis
(θadvancing - θreceding ) 32°) on the surface is likely due to
increased disorder and chemical heterogeneity. Post UV
irradiation, the advancing contact angle of SAM1 (75°( 3°),

Table 1. Surface Properties of SAM1 and DTBA SAMs before and after Soft UV Irradiation
water contact angles/degrees

SAMs θstatic θadvancing θreceding ellipsometric thickness/Å expected thicknessc/Å

fresh SAM1 75 ( 4 84 ( 1 52 ( 3 19 ( 2 19 (25)
SAM1 + UVa for 5 min 63 ( 4 70 ( 3 20 ( 2 6 ( 1 >5.6 (7.2)
SAM1 + UVb for 15 min 69 ( 4 75 ( 3 22 ( 2 7 ( 1 >5.6 (7.2)
fresh DTBA <5 <5 <5 6 ( 1 5.6 (7.2)
DTBA + UV for 15 min 71 ( 3 80 ( 2 19 ( 3 5 ( 1 5.6 (7.2)

a 365 nm, dosage ) 12 J cm-2. b 365 nm, dosage ) 36 J cm-2. c Expected thickness of SAM using the length of a single molecule estimated
from molecular modeling (HyperChem program, semi-empirical (AM1); values given in brackets) and assuming a tilt angle of 39° with respect to
the surface normal.
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approached, within error, that obtained from DTBA SAM
after treatment in the same way (80° ( 2°). The higher
advancing contact angles of photocleaved SAM1 and irradi-
ated DTBA compared to fresh carboxylic acid SAMs are most
likely caused by the adsorption of adventitious contamina-
tion and possibly re-organization of monolayer in the case
of SAM1. This leads to larger hysteresis of SAM1 (53°) and
DTBA (61°) after UV exposure. We note that root mean
square (rms) surface roughness is 2 nm both before and after
irradiation and is, therefore, not a major source of the
hysteresis. The ellipsometrically determined SAM thickness
of 19 ( 2 Å indicates that the average molecular tilt from
surface normal is significant. The over-simplistic diagram in
Figure 1 shows a molecular configuration consistent with the
determined ellipsometric thickness, in which the alkyl groups
are tilted ∼39° and the cyano functionalized mesogenic
groups are tilted ∼69° with respect to the surface normal.
A possible reason for large tilt angle of this cyano-biphenyl
group is the minimization of electrostatic interaction be-
tween CN groups, which has been observed in thiol SAMs
by Frey et al. on both Au and Ag surfaces (38).

The molecules used to form SAM1 have distinctive vibra-
tional modes between 2300 and 2200 cm-1 for the cyano
group and 1600 and 1800 cm-1 for the phenyl and carbonyl
vibrations, which in principle make it possible to estimate
the orientational arrangement of these groups and possibly
to infer something about the molecular arrangement. Figure
2a shows the experimentally obtained SAM spectrum to-
gether with that calculated from the KBr spectrum of the bulk
material for an isotropic film of thickness 19 Å (39-42). The
tilt angle of the CtN stretching mode (∼2229 cm-1)
(22, 24, 43-46) can be estimated from comparison of the
observed and calculated spectra (Iobs/3Icalc ) cos 2θ) which
gives a tilt angle of 69° ( 2° which is in good agreement
with the value found on the basis of the ellipsometry. Similar
analysis of the CdO vibration (∼1742 cm-1) (36, 42, 47)
indicates bond orientation of 54.7° with respect to the
surface normal which also compares well with the model
shown in Figure 1. Unfortunately, the overlap of absorption

bands in the region between ∼1600 and 1000 cm-1 make
it difficult to use these to obtain information regarding
orientation. The peaks at 1606 and 1497 cm-1 correspond
to C-C stretching of phenyl rings (44, 46, 48). The strong
band at 1525 cm-1 and the weaker one between 1358 and
1335 cm-1 are associated with the asymmetric and sym-
metric stretching modes of aromatic NO2 group, respectively
(36, 49). Below 1300 cm-1, there are numerous bands
associated with the photocleavable unit and hydrocarbon
backbone.

After soft UV exposure (Figure 2b; 25.2 J cm-2), the peaks
associated with the photo-removable moieties almost disap-
pear leaving only the band at 1745 cm-1, which is associated
to the stretching mode of carboxylic acid terminal groups
of SAM product and which is similar to the spectrum
obtained for SAMs of DTBA (Figure 2b, lower trace). Follow-
ing irradiation, the ellipsometric thicknesses of SAM1 de-
creased substantially (Table 1) and approached the expected
thickness (∼5.6 Å).

X-ray photoelectron spectra of the C 1s region of SAM1
on Au before and after photolysis are shown in Figure 3. The
peaks located at 288.6 and 286.0 eV are related to the CdO
groups (36, 50, 51) and CtN and CsO species (37, 38, 45,
52, 53), respectively. The band at 284.5 eV is associated with
the hydrocarbons CH2 and CHarom (36, 51, 52).

FIGURE 3. X-ray photoelectron spectra of the C 1s region. (a) Fresh
SAM1 on Au; (b) SAM1 after 5 min UV dosage (12 J cm-2); (c) SAM1
after 15 min (36 J cm-2); and (d) fresh DTBA SAM. The dashed lines
indicate the position of the Pseudo-Voigt peak functions (FHWM )
1.2 eV and a Lorenzian to Gaussian mix of 3:7) employed to fit the
spectra.

FIGURE 4. X-ray photoelectron spectra of the N 1s region. (a) Fresh
SAM1 on Au; (b) SAM1 after 5 min of UV exposure (dosage 12 J cm-2);
and (c) SAM1 after 15 min of UV exposure (dosage, 36 J cm-2).

FIGURE 2. (a) FT-IRAS spectra of fresh SAM1 obtained from experi-
mental observation (solid black line) and isotropic calculation for
thin film of thickness 19 Å (dashed line). (b) FT-IRAS spectra of SAMs.
Fresh SAM1 (upper trace solid), estimate from isotropic calculation
(upper trace dashed), SAM1 irradiated in 0.1 M HCl/isopropanol with
soft UV dosage of 25.2 J cm-2 (middle trace); and fresh DTBA SAM
(lower trace).
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After soft UV deprotection for 5 and 15 minutes (Figure
3b,c), the main C peaks decrease and the spectrum ap-
proaches that of the DTBA SAM (Figure 3d). However, some
residue of the starting material or some noncarboxyl product
is also observed, at 286.0 eV, possibly formed from the acid
radical. The broad weak peak at 288.6 eV is due to the CdO
species (37).

Figure 4 shows the XPS data for the N 1s region. The two
peaks, at 405.6 and 399.2 eV, correspond to the -NO2 and
-CN species, respectively (45, 51, 52, 54), and both of which
are removed by exposure to soft UV. The peak areas

obtained from XPS of SAMs in the C 1s and O 1s regions
show reductions of 55% and 66%, respectively, following
photolysis for 15 minutes (Table 2) whilst the N 1s peak is
nearly completely removed (94 ( 2%). These changes are
equivalent to a photoreaction yield of >90%, in agreement
with our previous results on ortho-nitrobenzyl-protected
carboxylic-based SAMs (37). We also note that the normal-
ized peak areas of the C 1s and O 1s, with respect to Au 4f,
of the DTBA SAM do not change during exposure to soft UV
for 15 min, confirming that no degradation of the monolayer
occurs during the photolysis process.

The advancing and receding water contact angles were
measured as a function of UV exposure time and are shown
in Figure 5. It was found that the cosine of the water contact
angles increased monotonically with UV dosage plateauing
after 400 s, equivalent to a UV dosage of 36 J cm-2. The UV
dosage required for achieving a high photolysis yield of
SAM1 (∼94%) was similar to that found for the ortho-
nitrobenzyl-protected carboxylic acid-based SAMs reported
previously (25.2 J cm-2) (37).

The patterned SAM contains two different chemical func-
tionalities, the cyanobiphenyl moiety oriented to promote
homeotropic anchoring and the photocleaved carboxylic
acid that promotes planar anchoring. The liquid crystal 8CB
has a nematic phase between 34 and 39 °C and a smectic-A
phase between 22 and 32 °C (55). Following patterning (with
12 J cm-2), the sample was placed in a 0.5 mM DTBA SAM
solution, in DCM, for 2 h to increase the surface energy in
the photolysed region. This post-treatment was found to
enhance the stability of the LC patterning for multiple cycles
between the isotropic and smectic phases. Figure 6a-f
shows 8CB in the smectic-A phase for stripes of different
widths, on the same sample, confirming the effectiveness
of photolysis of SAM1 under soft UV (365 nm) irradiation
and the ability of the resulting patterned SAM to control LC
anchoring. When stripe sizes are varied, the formation of
focal conic domains (FCDs), in the smectic-A phase, can be
studied.

Table 2. Ratio of the XPS Peak Areas of the C 1s, N
1s, and O 1s Spectra to That of the Au 4f Peak of
SAMs before and after Soft UV Irradiationa

peak area/peak area Au 4f
[normalized, %]

SAMs on Au C 1s N 1s O 1s

fresh SAM1 0.055 [100] 0.009 [100] 0.031 [100]
SAM1 + UV for 5 min 0.033 [60] 0.001 [10] 0.018 [58]
SAM1 + UV for 15 min 0.025 [45] 0.0005 [6] 0.010 [34]
DTBA + UV for 15 min 0.016 [30] 0.000 [0] 0.016 [52]
fresh DTBA 0.016 [30] 0.000 [0] 0.015 [48]

a The numbers in brackets are normalized to the SAM1 values.

FIGURE 5. Variation of the advancing and receding water contact
angles of SAM1 as a function of soft UV irradiation time under 0.1
M HCl/IPA, where θ represents the advancing or receding contact
angles.

FIGURE 6. 8CB liquid crystal alignment on photopatterned SAM1 fabricated under soft UV (365 nm, 12 J cm-2) followed by backfilling with
0.5 mM DTBA in DCM solution for 2 h. These images were taken using a polarizing microscope in the smectic-A phase (T ) 25 °C). (a) Shows
a pattern containing stripes of varying width. (b) Shows the alignment of 8CB liquid crystals on the photopatterned SAM1. The red and black
arrows point to planar alignment on photocleaved and homeotropic alignment on nonreacted SAM1 regions, respectively. The red rods represent
the cyano-biphenyl group in SAM1 and 8CB molecules in the bulk phase. (c-f) Show stripes of different periodicity: (c) 50 µm, (d) 20 µm, (e)
10 µm, and (f) 5 µm.
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The FCDs observed here represent the case in which the
ellipticity of the domains are close to zero. The defects are
known as toroidal focal conic domains (TFCDs) (56). When
confined in a LC cell, if the lower surface promotes planar
alignment and the top surface promotes homeotropic align-
ment, FCDs form so that the smectic layers curve to match
the antagonist boundary conditions. Multiple FCDs of dif-
ferent sizes form inside cells and tile the space to form a
matrix of defects. The FCDs obey Freidels laws of associa-
tion, which state that the FCDs are in tangential contact with
each other (56). For a given anchoring energy, for a particu-
lar LC, on the top and bottom surfaces, and for a set cell
thickness, there is a minimum in the free energy that
determines the size of FCDs observed (57-59). When the
surface is patterned on a scale smaller than this, the pat-
terning geometry determines the size and position of the
FCDs. Previous studies have shown that microcontact printed
patterned SAMs (29) and other patterned surfaces (60) can
be used in this way to control FCDs. Here, we show that a
novel photo-patternable SAM can also be used. In particular,
it was found that the size of FCD could be confined by the
stripe width. The large stripes with widths of 50 and 20 µm
allow multiple FCDs to form whereas small stripes with
widths of 10 and 5 µm could effectively control 8CB mol-
ecules to form a single FCD across stripe the width. Such
control over FCD behavior is of interest (60, 61) for potential
applications in photonics (10) or as templates to control self-
assembly of micro- and nanosystems (62).

4. CONCLUSIONS
A novel cyano-biphenyl-based thiol containing a photocleav-

able group was shown to form self-assembled monolayers on
gold surfaces. Photolysis of the cyanobiphenyl moiety, using
soft UV, led to the production of a carboxylic acid rich surface
with a high reaction yield (>90%). Such binary patterned
surfaces can be used to control the alignment of overlying LC
phases and the positioning of FCD defects. The approach has
the advantage of requiring fewer steps to control the formation
of FCDs, in terms of positioning and size confinement on
surfaces. Further, complex geometries can be explored which
are not accessible with more traditional routes for controlling
LC alignment. Finally, the small stripes with width of 10 µm or
less were shown to control effectively the LC molecules such
that a single FCD across the stripe was formed.
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