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The highlights of the research are as follows:
1. The copper ions are coated on the surface of substrates directly without 

self-assemble, the cost is dropped remarkably.
2. Optical images are characterization by MATLAB, which provide a base for

quantitative analysis in further experiment.
3. The proposed film is simple and can detect DMMP with good reversibility.
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ABSTRACT
A homeotropic ordering film of nematic liquid crystal (LC) induced by copper ions (Cu2+)
had been developed. The Cu(ClO4)2 was directly spin-coated on the glass substrate 
without any other chemical modification. A homeotropic orientation of LC thin-film was 
generated by the interfacial chemical interaction between nitrile-containing LC and 
copper ions on the surface. Results showed that an appropriate density of Cu2+ could 
shorten the response time of orientation, but a shelf-time was prolonged. The LC film 
fabrication not only offered a simple process, but also presented a great repeatability to 
detect organophosphonates (DMMP). This study provided guidance for the design of LC 
films responding to organic molecules as a biosensor.
Keywords
Liquid crystal; homeotropic orientation; copper ions; surface 

1. Introduction
Nematic Liquid Crystal (LC) possesses a series of excellent properties such as

fluidity, which is similar to the isotropic liquid, and unique orientational ordering of 
optical anisotropy (birefringence). The orientation of LC provided on the surfaces of solid 
substrates can be greatly changed when a slight change of topography or chemical 
composition occurs on these surfaces of solid substrates. Furthermore, this orientation 
transition can be rapidly propagated to 100 μm away in LC bulks within tens of 
milliseconds. With the development of LC study [1], the special material began to be 
used in chemical and biological areas--biosensors. The key issue to design a biosensor
[2-4] was to obtain an uniform and stable orientation film. In the LC biosensor 
production, the orientation of LC [5] molecular determines the sensitivity and the 
stability index of the sensor. Therefore, in the application of LC biosensor, researchers [6, 
7] use physical and chemical method of surface treatment to obtain a vertical or 
horizontal orientation on the substrate. Recently, Abbott [8] had presented a chemical 
sensor regarding the orientational transition of LC. The sensing response to the present
sensor transduced chemical binding events occurring on the surface into an amplified 
orientation transition of LC. This sensing method is extremely suitable to field 
monitoring because it can provide rapid, label-free and highly sensitive detection results. 
Furthermore, the results can be observed directly through naked eyes without any 
expensive and sophisticated instruments. In the past decades, LC-based chemical sensors 
have been exploited to detect a variety of toxic organic matters including glutaraldehyde
[9], organicamine [10], thiol [11], and organophosphonate [12-16].
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In the LC-based chemical sensors for organophosphonate detection, the LC thin-film 
modified by chemical molecules (called as orientation molecules) presented an original 
homeotropic orientation through intermolecular forces between chemical molecules and 
LC molecules [17]. In the presence of target analyte on the surfaces of glass slides, the 
binding events between the orientation molecules and the analyte can disturb the original 
homeotropic orientation, and result in the orientation transition of the LC thin-film. This 
difference can easily be observed by the cross-polarlized lens. Therefore, in order to 
obtain an uniform homeotropic orientation, the chemical modification of the surface of
the glass slides is the crucial process. Recently, several strategies of surface treatments to 
orient LC perpendicularly had been proposed [18]. Although the resultant sensors 
adopting these surface treatments possess numerous advantages including selectivity, 
sensitivity and repeatability, there are still some shortcomings and limitations on
preparing sensors. Yang [19] reported that DMOAP could successfully induced LC 
molecular to an uniform orientation, however, it was a complicated and difficult process. 
The Abbott group [20] proposed that copper ions (Cu2+) coordinated with LC on the 
modified glass of self-assembled monolayers. The results indicated that the film had more 
advantages in orientation effect and stability, while the drawback was the cost. Therefore, 
a simple method of generating LC molecules homeotropic alignment with great stability 
has become the direction of our research.

The study represents a simple and useful design of the homeotropic alignment film 
regarding Cu(ClO4)2 directly spin-coated on the glass substrate without any chemical 
modification, which enables surface-induced orientations of 5CB. The proposed film is 
applied successfully on DMMP detection. As shown in Fig.1B, when the 5CB thin-film 
deposited on the glass substrate with Cu2+ spin-coating, LCs adopted a homeotropic 
orientation as a consequence of weak coordination interactions between Cu2+ and nitrile 
group (-CN) in 5CB molecule, and the resultant optical appearance appeared black under 
the crossed polarizer (Fig.1E). Upon exposure to dimethyl methyl phosphonate (DMMP) 
vapor, the original homeotropic orientations of 5CB thin-film were disrupted because of 
the stronger binding ability between DMMP and Cu2+, and the 5CB was displaced from 
the Cu2+. This event occurring on the surface resulted in 5CB assuming planar or tilted 
orientation (Fig.1C) and the resultant optical appearance appears bright (Fig.1F).
2. Materials and Methods
2.1. Reagents and materials

The copper perchlorate hexahydrate (Cu(ClO4)2
.6H2O) and DMMP were purchased 

from Sigma-Aldrich (St. Louis, USA). LC 4-cyano-4’-pentylbiphenyl (5CB) was 
obtained from Huajing Scientific and Technological Development Co.,Ltd (Hebei, China). 
Copper grid was obtained from Zhongjingkeyi Technology Co., Ltd (Beijing, China). 
Glass slides were provided by Xinhua Laboratory Glassware Company (Haimen, China). 
All the reagents were used as received without further purification.
2.2 Preparation process of film
2.2.1 Cleaning of glass substrates

The glass slides were firstly cut into size of 2 cm × 2 cm square, and then immersed in
freshly prepared piranha solution (70% H2SO4, 30% H2O2) at 80 °C for about 2h. The 
slides were rinsed sequentially in copious amount of deionized water, ethanol, and 
acetone. Finally, the slides were dried under a stream of Nitrogen (N2), and then, heated
at 110 °C at least 3h.
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2.2.2 Deposition of Cu2+

Cu(ClO4)2
.6H2O was firstly dissolved in ethanol and prepared to different 

concentrations. Two coating methods were described as follows.
Dip coating, clean glass slides were immersed in copper solution for hours, these slides 

were then heated in a drying oven at 110℃ for 90 min and stored at room temperature.
Spin coating, the copper solution was deposited on clean glass slides using a spin 

coater (Chemat Limited Company, model CE 100). Copper solution was dispensed from 
a pipette on the substrate with 20 seconds at 200 rpm. After that, turning spin rate to 800 
rpm for another 45 seconds’ coating. The prepared slides were finally heated in a drying 
oven at 110℃ for 90 min and stored at room temperature.
2.2.3 Fabrication of LC cells

A clean copper grid (20 μm) was placed on the prepared substrate, the grid was filled 
with LC using a microcapillary tube as described in other reports[21]. After that, a clean 
glass was carefully covered on it to form an LC layer of 20μm in thickness.
2.3 Data acquisition
2.3.1 Measurements of the surface density of Cu2+

  To measure the surface density of Cu2+, first, we dissolved the copper perchlorate salt 
on the surfaces into 2% nitric acid, and then the mixture was vortexed to extract salt. The 
concentration of Cu2+ was measured using ICP-ES. The surface density of copper ions
was calculated with ICP-ES data.
2.3.2 Imaging of the optical appearance of LC

Optical appearance of LC was examined using a XP-201POL microscope (Shanghai 
Changfang Optical instrument Co., Ltd.) equipped with a Power Shot A640 Canon digital 
camera. The whole process was performed using a crossed polarizer in transmission 
mode. The average grey value of images was evaluated using MATLAB.
3. Results and discussion
3.1. Effects of copper ions on LC orientation

Past research [15] demonstrated that copper ions induced vertical orientation of 5CB
with SAM molecules modified through Cu2+-carboxy interaction. We then considered 
how this mechanism might be applied without SAM modification. To test this idea, we 
established two groups, one group with 10 mmol/L Cu(ClO4)2, while the other group 
without, both of them were made into LC cells and observed through polarizing 
microscope. As described in the picture (Fig.2), under orthoscopic light mode, there were
significant schlieren texture in the two polarized images (Fig.2A and Fig.2B), which
suggested that 5CB assume non-homeotropic orientation. In contrast, after 16 minutes, a 
uniform dark region appeared, the brightness of the birefringent domains spots decreased 
in short periods, the process continued for 16 min to a uniform dark ground in Fig.2D and 
a black cross  existed under conoscopic light mode (the upper right in Fig.2D), which 
indicated that the LC molecular was presented in a homeotropic orientation. As to the 
control group, the phenomena did not happen after 24h in room temperature (Fig.2E). 
The brightness of birefringent changed little, what’s more, the cross did not appear in 
conoscopic mode(the upper right in Fig.2E), which reflected that the LCs were presented 
in a random arrangement. Since the copper ions coordinated with LC molecule on the 
surface of substrate, the reaction between Cu2+ and –CN listed the LCs order[14, 20]. The
ClO4

2- was used because copper was a weakly coordinating ion, and perchlorate 
counterion allowed the LCs and organophosphonates to coordinate with copper ions. 
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Previous experimental study[22] has revealed that the intermolecular interactions of LC 
molecules induced its orientation within 100μm thick and remained stable. In this study, 
the thickness of copper grid was 20μm, the LC molecular layers would be presented in 
vertical arrangement. The process was characterized by the optical images of LC cells 
changed from birefringent to dark with a cross appeared in conoscopic mode. These 
results strongly indicated that the process of SAM in fabrication of LC cells is not 
essential for homeotropic orientation of LCs thin-film. 

Based on these results, a comparison of two normal coating techniques-- dip coating 
(Fig.2C) and spin coating (Fig.2F), had been conducted. The thicknesses and density of 
the copper layers were measured by spectroscopic ellipsometer and elemental analysis. 
Results showed that in the same concentration, spin coating had a better uniformity than 
dip coating method. Although there was not a great deal of difference between the two 
methods, some irregularly domains could be observed in part of the image(Fig.2C), 
which would affect the result. Results showed that a better uniformity of a homeotropic 
orientation LCs supported on the spin coating surfaces than the other, which may owe to 
the coverage uniformity of Cu2+. Thus, we chose spin coating method to avoid 
interference.
3.2. Measurements of the saturated solubility of copper ions in LC

Previous study [21] has reported that the surface-induced ordering of 
nitrile-containing LC molecules at interfaces presenting metal salts could coordinate with 
the nitrile group of the LC molecules. Metal salts dissolved in 5CB were greatly affected
the orientation of 5CB as to the formation of electric double layer between LC bulk and 
the surface.To determine the solubility of copper ions in the LC, the Cu(ClO4)2 were 
added to 200μL of 5CB in a eppendorf  tube and store for days.  The solubility of 
samples was measured by atomic absorption spectrometer, which was shown in Table.1. 
Result showed that the solubility of Cu2+ increased as the aging time, while this 
phenomenon stopped after 16 days at a concentration of 0.68 mmol/L. This was lower 
than another transition metal ion, aluminum, which saturated solubility was 1.7 mmol/L. 
From the point of view of results, the copper ions dissolved were very slowly, it would 
take about half month to finish this process. Therefore, the amount of Cu2+ might be one 
of the factors to influence the storage and sensitivity of the film.
3.3. Optical responses and stability of LC to copper ions

Copper ions samples were prepared with different concentrations of Cu(ClO4)2, and 
the response time of LC orientation with different concentrations of Cu2+ was observed 
through crossed polarizer microscope. The copper ions could induce arrangement of LCs 
was confirmed by the results. Moreover, higher concentrations of copper ions had more 
effect on the inducing ability of LC alignment, the perfectly ordered LC was formed in a 
few seconds. This was obviously due to the copper ions on the surface of substrates, the 
reaction between Cu2+ and –CN listed the LCs order. The formation of Cu- CN complex 
became faster as the copper concentration increased, that produced more intermolecular 
interactions, and shorter response time. Images captured were analyzed by MATLAB, the 
average gray values represented the brightness of birefringent domains (Fig.3). Result 
showed that the average gray values deceased with time went by (7, 6, 4, 2.5 min) with 
Cu2+ concentrations of 0.16, 0.71, 1.12 and 2.58 ng/mm2, after longer time (60, 16, 7, 5 
min), a complete black ground was obseved. High Cu2+ concetration on the surface were 
sufficient for the bond of Cu2+-CN, moreover, a higher Cu2+ concentration was more 
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likely dissolved in 5CB bulks faster, which accelerated the formation of electric double 
layer to assume a homeotropic orientation.

The shelf-time of the sensors (LC cell) is essential for commercial applications.To test 
the stability of the homeotropic ordering LCs on copper ions decorated surface, we 
observed these groups of LC cells for 90 days. Result showed that almost all the groups 
presented few dissolved spots as time went by, after a month’s storage, this phenomenon 
developed into a bright domain. The images were analyzed by MATLAB, changes of 
different concentrations were illustrated in a histogram. As shown in Fig.4, lower surface 
density 0.16 ng/mm2 could stay in homeotropic orientation for 6 days, while the highest
surface density 2.58 ng/mm2 maintain a dark ground until the ninetieth day. A middle
concentration of 0.71 ng/mm2 kept a homeotropic orientation for a month but disappear
with longer time. These results might associate with the dissolution of copper ions in LC. 
Lower density of Cu2+, shorter shelf-time. The concentration of 0.16 ng/mm2 was fully 
dissolved in 20μm thick film of 5CB which result in the disappearance of homeotropic 
orientation after a period of time. However, with a higher density of 0.71 ng/mm2 or 2.58 
ng/mm2, which showed a surplus of metal ions could maintain a longer time. This result 
also established that without self-assemblement, copper ions could induce the 
homeotropic ordering of LC molecular, the stability exhibited in a certain concentration 
provided a basic condition in the following experiment. 
3.4. Application

In this study, we used the proposed film to offer the basis of sensitive sensors for 
low molecular weight organic molecules, such as DMMP[23, 24]. Previous study[25, 26]
revealed that the phosphoryl groups of DMMP binded Cu2+ with sufficient affinity that 
they could competitively displaced the – CN of LCs from coordinating with Cu2+. This 
process reflected as an ordering transition in LCs that spread from the copper-coated 
surface across the LC film, with the brightness of LC images increased.  Herein, it must 
be pointed out that this change started at 1 min after LCs exposed to a vapor of DMMP, 
the bright domain grew with time went by. The sensor could response DMMP with the 
concentration of 10 ppb, and the response time was about 30s.The fresh air was then 
inputted when DMMP capacity attains saturation in 90s. Images under polarlized 
microscope were gradually restored to a uniform dark that LC reseted itself into original 
state. Lastly, DMMP was imported again, and same phenomenon observed as the first 
time that the dark ground turned bright gradually, which indicated that the response was 
reversible (Fig.5).  These results established the potential utility of copper-induced LC 
film as the basis of biosensors to detect DMMP.
4. Conclusion

The study reported in this paper developed a film decorated with copper ions that 
could induce the arrangement of 5CB. The capacity of LC could dissolve copper ions in 
certain level, which affected homeotropic orientation of 5CB. We used this film to 
fabricate a biosensor to detect DMMP, and results showed that this film worked well with 
good replicability. The manufacturing process of proposed film was much simple, less 
cost, which applied in organophosphonates assay. The results discussed here also provide 
a valuable insight into the fabrication of chemical sensors for commercial application.

5. Acknowledgements
The authors would like to thank the National Science Foundation of China (30500125) 



Page 7 of 10

Acc
ep

te
d 

M
an

us
cr

ip
t

7

and National Science Foundation of Chongqing (2008BB5395) for funding this work.
References
[1] B.H. Clare, N.L. Abbott, Orientations of nematic liquid crystals on surfaces presenting controlled 
densities of peptides: amplification of protein-peptide binding events, Langmuir, 21 (2005) 6451-6461.
[2] Z. Hussain, C. Zafiu, S. Kupcu, L. Pivetta, N. Hollfelder, A. Masutani, P. Kilickiran, E.K. Sinner, 
Liquid crystal based sensors monitoring lipase activity: a new rapid and sensitive method for cytotoxicity 
assays, Biosens Bioelectron, 56 (2014) 210-216.
[3] S. Zhong, C.H. Jang, Highly sensitive and selective glucose sensor based on ultraviolet-treated nematic 
liquid crystals, Biosens Bioelectron, 59 (2014) 293-299.
[4] M. Omer, M. Khan, Y.K. Kim, J.H. Lee, I.-K. Kang, S.-Y. Park, Biosensor utilizing a liquid 
crystal/water interface functionalized with poly (4-cyanobiphenyl-4 ′ -oxyundecylacrylate-< i> 
b</i>-((2-dimethyl amino) ethyl methacrylate)), Colloids and Surfaces B: Biointerfaces, 121 (2014) 
400-408.
[5] G.-R. Han, Y.-J. Song, C.-H. Jang, Label-free detection of viruses on a polymeric surface using liquid 
crystals, Colloids and Surfaces B: Biointerfaces, 116 (2014) 147-152.
[6] L. Bitan-Cherbakovsky, A. Aserin, N. Garti, Structural characterization of lyotropic liquid crystals 
containing a dendrimer for solubilization and release of gallic acid, Colloids and Surfaces B: Biointerfaces, 
112 (2013) 87-95.
[7] G.-R. Han, C.-H. Jang, Measuring ligand–receptor binding events on polymeric surfaces with periodic 
wave patterns using liquid crystals, Colloids and Surfaces B: Biointerfaces, 94 (2012) 89-94.
[8] R.R. Shah, N.L. Abbott, Principles for measurement of chemical exposure based on recognition-driven 
anchoring transitions in liquid crystals, Science, 293 (2001) 1296-1299.
[9] X. Bi, K.-L. Yang, Real-time liquid crystal-based glutaraldehyde sensor, Sensors and Actuators B: 
Chemical, 134 (2008) 432-437.
[10] P.-H. WANG, J.-H. Yu, Z.-J. Li, Q.-Y. Zheng, Optical Detection of Organoamine Based on 
Orientation Transition of Liquid Crystal, Chinese Journal of Analytical Chemistry, 5 (2012) 039.
[11] X. Bi, K.-L. Yang, A principle of detecting and differentiating dialdehydes from monoaldehydes by 
using surface reactions and liquid crystals, The Journal of Physical Chemistry C, 112 (2008) 1748-1750.
[12] J.L. Adgate, A. Barteková, P.C. Raynor, J.G. Griggs, A.D. Ryan, B.R. Acharya, C.J. Volkmann, D.D. 
Most, S. Lai, M.D. Bonds, Detection of organophosphate pesticides using a prototype liquid crystal 
monitor, Journal of Environmental Monitoring, 11 (2009) 49-55.
[13] M.L. Bungabong, P.B. Ong, K.-L. Yang, Using copper perchlorate doped liquid crystals for the 
detection of organophosphonate vapor, Sensors and Actuators B: Chemical, 148 (2010) 420-426.
[14] K.D. Cadwell, N.A. Lockwood, B.A. Nellis, M.E. Alf, C.R. Willis, N.L. Abbott, Detection of 
organophosphorous nerve agents using liquid crystals supported on chemically functionalized surfaces, 
Sensors and Actuators B: Chemical, 128 (2007) 91-98.
[15] K.-L. Yang, K. Cadwell, N.L. Abbott, Mechanistic study of the anchoring behavior of liquid crystals 
supported on metal salts and their orientational responses to dimethyl methylphosphonate, the Journal of 
Physical Chemistry B, 108 (2004) 20180-20186.
[16] S. Sridharamurthy, K. Cadwell, N. Abbott, H. Jiang, A microstructure for the detection of vapor-phase 
analytes based on orientational transitions of liquid crystals, Smart Materials and Structures, 17 (2008) 
012001.
[17] K.D. Cadwell, M.E. Alf, N.L. Abbott, Infrared spectroscopy of competitive interactions between 
liquid crystals, metal salts, and dimethyl methylphosphonate at surfaces, the Journal of Physical Chemistry 
B, 110 (2006) 26081-26088.
[18] A. Sen, B.R. Acharya, Alignment of nematic liquid crystals at inorganic salt–liquid crystal interfaces, 
Liquid Crystals, 38 (2011) 495-506.
[19] C.-Y. Xue, K.-L. Yang, Dark-to-bright optical responses of liquid crystals supported on solid surfaces 
decorated with proteins, Langmuir, 24 (2008) 563-567.
[20] K.-L. Yang, K. Cadwell, N.L. Abbott, Use of self-assembled monolayers, metal ions and smectic 
liquid crystals to detect organophosphonates, Sensors and Actuators B: Chemical, 104 (2005) 50-56.
[21] J.T. Hunter, S.K. Pal, N.L. Abbott, Adsorbate-induced ordering transitions of nematic liquid crystals 
on surfaces decorated with aluminum perchlorate salts, ACS Applied Materials & Interfaces, 2 (2010) 
1857-1865.
[22] S. Yang, Y. Liu, H. Tan, C. Wu, Z. Wu, G. Shen, R. Yu, Gold nanoparticle based signal enhancement 



Page 8 of 10

Acc
ep

te
d 

M
an

us
cr

ip
t

8

liquid crystal biosensors for DNA hybridization assays, Chemical Communications, 48 (2012) 2861-2863.
[23] Y. Wang, Z. Zhou, Z. Yang, X. Chen, D. Xu, Y. Zhang, Gas sensors based on deposited single-walled 
carbon nanotube networks for DMMP detection, Nanotechnology, 20 (2009) 345502.
[24] J. Xu, Q. Zheng, Y. Zhu, H. Lou, Q. Xiang, Z. Cheng, Gravimetric Chemical Sensors Based on 
Silica-Based Mesoporous Organic–Inorganic Hybrids, Journal of Nanoscience and Nanotechnology, 14 
(2014) 6551-6558.
[25] Y. Yang, H.-F. Ji, T. Thundat, Nerve agents detection using a Cu2+/L-cysteine bilayer-coated 
microcantilever, Journal of the American Chemical Society, 125 (2003) 1124-1125.
[26] Q. Zhu, W.-H. Shih, W.Y. Shih, Enhanced dimethyl methylphosphonate (DMMP) detection sensitivity 
by lead magnesium niobate-lead titanate/copper piezoelectric microcantilever sensors via Young's modulus 
change, Sensors and Actuators B: Chemical, 182 (2013) 147-155.



Page 9 of 10

Acc
ep

te
d 

M
an

us
cr

ip
t

9

Table.1 The solubility of Cu(ClO4)2 in 5CB measured by Hitachi 180-80 type of atomic 
absorption spectrometer.

Store days
Cu2+ concentration in dilutions

（mg / L）
Cu2+ concentration in LC（mg / L）/

（mmol/L）
2 0.102 10.2/0.16
4 0.128 12.8/0.20

10 0.180 18.0/0.28
12 0.201 20.1/0.32
13 0.227 22.7/0.36
15 0.405 40.5/0.64
16 0.429 42.9/0.68
17 0.433 43.3/0.68
18 0.434 43.4/0.68

Fig.1 Schematic illustration of copper-induced LC thin-film for DMMP detection: (A)
random arrangement of 5CB supported on clean glass slides, (B) homeotropic 
orientation of 5CB supported on glass slides coated with Cu2+, (C)DMMP disrupted 
orientation of 5CB, (D,E,F) Photograph under polarized light microscope.

=Cu2+ =DMMP =5CB

A B C

D E F

Fig.2 Optical appearances of LC cells under crossed polarizers with freshly prepared 
(A)10 mmol/L Cu(ClO4)2 and (D) after16 min, (B)control group and (E) after 24 h,
copper ions were(C) dip coating and (F)spin coating after 16min.

A

D

B

E

C

F
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Fig.3 The average gray values of birefringent domains changed with time on the surfaces 
with different surface density of Cu2+ (A) 0.16 ng/mm2, (B)0.71 ng/mm2, (C)1.12 ng/mm2, 
(D)2.58 ng/mm2.
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Fig. 4 Shelf-time under different density of Cu2+ (0.16 ng/mm2, 0.71 ng/mm2, 2.58 
ng/mm2),  from freshly prepared (0 day) to three month (90 days).
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Fig.5 Optical appearances of LCs-based chemical sensor to detect DMMP (A) before 
exposure to DMMP, upon exposure to 10 ppb DMMP with different time: (B)25s, (C)30s, 
(D)50s (E)90s, and fresh air was then inputted for(F)120s, and exposed to DMMP again 
(G)after 90 s.    
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