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ABSTRACT: We report the use of computational chemistry methods to design a chemically responsive liquid crystal.  Specifically, 
we used electronic structure calculations to model the binding of nitrile-containing mesogens (4’-n-pentyl-4-biphenylcarbonitrile) to 
metal perchlorate salts (with explicit description of the perchlorate anion), which we call the Coordinately Saturated Anion Model 
(CSAM). The model results were validated against experimental data. We then used CSAM to predict that selective fluorination can 
reduce the strength of binding of nitrile–containing nematic LCs to metal salt-decorated surfaces and thus generate a faster reordering 
of LC in response to competitive binding of DMMP.  We tested this prediction via synthesis of fluorinated compounds 3-fluoro-4’-
pentyl[1,1’-biphenyl]-4-carbonitrile and 4-fluoro-4’-pentyl-1,1’-biphenyl, and subsequent experimental measurements of the orien-
tational response of LCs containing these compounds to DMMP. These experimental measurements confirmed the theoretical pre-
dictions, thus providing the first demonstration of a chemoresponsive LC system designed from computational chemistry.

INTRODUCTION 
Materials that can be programmed to respond to targeted 

chemical species, such as toxic industrial chemicals or chemical 
warfare agents, hold enormous potential in the context of de-
signing new classes of actuators and sensors (e.g., wearable sen-
sors). 1-7 Liquid crystals (LCs) form the basis of one such prom-
ising approach, as they can be triggered to undergo ordering 
transitions in response to exposure to a range of targeted chem-
ical species.4,8-16 Specifically, by supporting micrometer-thick 
films of LCs on surfaces decorated with metal cations,4,17 we 
and others have demonstrated that the competitive binding of 
the mesogens forming LCs and targeted chemical species with 
the cations can trigger LC ordering transitions. These LC order-
ing transitions are readily transduced by using optical and elec-
trical methods.18-20   

While experimental efforts over the past decade have realized 
chemoresponsive LCs that can report the presence of specific 
chemical targets, such as organophosphonates21-33 or H2S34 in-
troduced via partitioning from gas phases, one of the challenges 
underlying optimization of the design of chemoresponsive LC 
systems is exploration of the large number of experimental var-
iables that define the LC materials and surface chemistries that 
lead to systems that respond sensitively and specifically to an 
analyte of interest. To address this challenge, as reported in this 
paper, we are exploring the integration of cycles of computa-
tional chemistry, organic synthesis, and physical property eval-
uation to efficiently design new chemoresponsive LCs. 

Past experimental and computational studies have shown that 
the alignment of LCs supported on metal salt-decorated sur-
faces is dependent on coordination interactions between spe-
cific functional groups of the mesogens and the metal 
salts.21,25,30 These studies revealed that both the identity and sur-
face density of the metal cations (atoms per unit area or binding 
sites per unit area) are key design variables that influence the 

responsiveness of the LCs.  For example, Yang et al.21 found 
that nematic LC phases of 4’-n-pentyl-4-biphenylcarbonitrile 
(5CB) supported on perchlorate salts of metal cations with high 
electron affinities, such as Cu2+, Zn2+, Cd2+, Ni2+, Co2+, La3+, 
Al3+, Eu3+ or Fe3+, assume a homeotropic (perpendicular to the 
surface) orientation, whereas 5CB supported on salts of metal 
cations with low electron affinities, including Mn2+, Mg2+ and 
Na+, assume a planar or tilted orientation. The experimental 
studies also provided infrared spectroscopic evidence that com-
petitive binding of organophosphonates (e.g., dimethylme-
thylphosphonate) to the metal cations could trigger surface-
driven ordering (anchoring) transitions in the LC films. More 
recently, these ideas were validated35 by using electronic struc-
ture calculations to evaluate the thermochemical binding ener-
gies (BEs) of benzonitrile (PhCN, a surrogate molecule for 
5CB) to metal cation centers.  In addition, the magnitude of the 
difference in binding energies (ΔBE) of DMMP and PhCN to 
metal cations was shown to define a thermodynamic driving 
force for the experimentally observed anchoring transitions in-
duced by DMMP: large magnitudes of ΔBE correlated with 
rapid anchoring transitions. More broadly, this past study vali-
dated the use of computational chemistry to describe existing 
chemoresponsive LCs and suggested that an opportunity exists 
to computationally-guide the design of new responsive material 
systems via (1) modification of the mesogen structure and (2) 
choice of surface metal cations.  It is this opportunity that we 
address in the study reported in this paper.  

The study reported in this paper leads to two important ad-
vances.  First, the study further advances the computational de-
scription of chemoresponsive LCs by explicitly including the 
effects of metal salt anions in the calculations.  This advance is 
motivated by past experimental observations that revealed that 
the choice of the salt anion (e.g., nitrate versus perchlorate) can 
influence the interaction of nitrile-containing mesogens with 
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in response time seen in Figure 7b is consistent with this com-
putational prediction (see Figure 4d).  We attribute the faster 
response observed in the experiments with the FCB+5CB mix-
ture to the weaker binding of FCB molecules to the metal salt 
surface, and the preferential displacement of the bound FCB 
molecules by DMMP. We suggest that displacement of bound 
FCB triggers the optical transition observed in the experiments. 
Future studies will build from this successful demonstration of 
design methodology to identify additional modifications of 
5CB that will modulate further the binding strength of the nitrile 
group to metal cations.  More broadly, the application of theo-
retical models such as CSAM has the potential to lead to facile 
methods to design chemoresponsive LC materials because they 
minimize the need for slow and laborious experiments while 
also providing fundamental insights into the chemical interac-
tions underlying functional properties. 

CONCLUSIONS 
This study describes the development of a methodology that 

permits the design of new chemoresponsive LC systems based 
on the integration of computational chemistry, organic synthe-
sis, and physical characterization. By using a new model for 
metal cation binding sites that incorporates the presence of the 
perchlorate anions, we found that a thermodynamic driving 
force calculated as the difference in binding energies between 
an analyte (DMMP) and a mesogen (5CB) to metal cations cor-
related with the experimentally measured analyte-induced LC 
response dynamics.  By using the validated model, we identi-
fied new fluorinated molecules that were predicted to have 
promise as chemoresponsive LC materials. We synthesized the 
molecules, and then verified by experiments that ortho-fluorine 
modification of 5CB increases the rate of response of a mixture 
of FCB and 5CB to DMMP. In contrast, a control compound 
called F1 was predicted by computations and verified experi-
mentally to have no effect on the response time of LCs contain-
ing mixtures of F1 and 5CB. Overall, our approach demon-
strates how computational chemistry can lead to the develop-
ment of improved chemoresponsive systems based on LCs, in-
cluding by providing guidance regarding the selection of metal 
salts and molecular structures of mesogens. 

ASSOCIATED CONTENT  
Fabrication of polymeric microwells, DSC results for 5CB, F1, and 
FCB, Phase transition temperature measurements of F1+5CB and 
FCB+5CB mixtures, Measurements of homeotropic ordering of 
5CB, F1+5CB mixtures, and FCB+5CB mixtures, 1H, 13C, and 19F 
NMR spectra of FCB and F1. This material is available free of 
charge via the Internet at http://pubs.acs.org.  
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Fabrication of polymeric microwells. Polymeric wells with diameters of 200 µm were fabricated 

by photolithography to create LC films supported on metal salt surfaces (as detailed below). A 

schematic illustration of the steps to fabricate the microwells is presented in Fig. S1. SU-8 2005, 

which contains 45 wt% bisphenol A novolac epoxy, was made by adding cyclopentanone to SU-

8 2050, which contains 71.65 wt% bisphenol A novolac epoxy, to decrease the viscosity of the 

photoresist. Then, a thin film of SU-8 2005 was deposited on a cleaned glass surface by spin-

coating at 500 rpm for 10 s followed by 3,000 rpm for 30 s. The polymer-coated surface was 

subsequently prebaked on a hot plate at 95 °C for 5 min and then cooled to room temperature for 

10 min. After prebaking, a photomask with 200 µm-diameter dark circular patterns was placed on 

the polymer coated surface and exposed to UV for 70 s (λ = 254 nm, UV crosslinker, Spectronics, 

Westbury, NY). After UV exposure, the sample was post-baked for 7 min at 95 °C. The polymer 

film was placed into a desiccator to which 25 µl of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-

trichlorosilane was added (adjacent to the polymer film). A vacuum was then pulled in the 

dessicator for 20 min, during which time the organosilane formed a vapor and reacted with the 

surface of the polymer film.  After the surface treatment, the sample was placed in a SU-8 

developer (1-methoxy-2-propyl acetate) and sonicated for 15 s to dissolve the regions of the SU-8 

film that were not exposed to UV light.  The sample was then washed with a copious amount of 

isopropanol and dried with under a gaseous flow of nitrogen.  The depth of the polymeric 

microwells fabricated using the abovementioned procedure was determined to be 5µm by surface 

profilometry.1  
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Figure S1. Process for the fabrication of microwells and preparation of LC thin films supported 
on metal salts within microwells 
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Figure S2. Differential scanning calorimetry of (a) 5CB, (b) F1, and (c) FCB. The 5CB exhibits a 

phase transition from nematic to isotropic phase at 35.5 °C. F1 changes from solid to liquid phase 

at 39 °C, but it does not have a LC phase. FCB is a liquid state at room temperature and there is 

no phase change between 20 °C and 100 °C, and it does not have a LC phase. As the arrows 

indicate the bottom line corresponds to heating while the upper line corresponds to cooling. DSC 

scan rate 2 °C/min.  
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Figure S3. Phase transition temperature between nematic and isotropic phase of F1 or FCB 
mixed with 5CB. Error bars are smaller than the symbols indicating the measured results. 
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Figure S4. Five optical images of pure 5CB held between two symmetric iron salt deposited 
substrates using 0.5 mM, 0.2 mM or 0.1 mM Fe(ClO4)3 solutions.  
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Figure S5. Five optical images of F1 mixture (95 wt% 5CB + 5 wt% F1) held between two 
symmetric iron salt deposited substrates using 0.5 mM, 0.2 mM or 0.1 mM Fe(ClO4)3 solutions.  
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Figure S6. Five optical images of FCB mixture (95 wt% 5CB + 5 wt% FCB) held between two 
symmetric iron salt deposited substrates using 0.5 mM, 0.2 mM or 0.1 mM Fe(ClO4)3 solutions.  
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Figure S7. (a) Optical images of pure 5CB, F1 mixture (95 wt% 5CB + 5 wt% F1) and FCB 
mixture (95 wt% 5CB + 5 wt% FCB) supported on Fe(ClO4)3 salts within microwells. The salts 
were deposited on the bottom of microwells using 0.2 - 10 mM Fe(ClO4)3 solutions. (b) Intensity 
of optical images of 5CB, 5CB doped with 5 wt% F1 (5CB+F1), and 5CB doped with 5 wt% FCB 
(5CB+FCB) supported on Fe(ClO4)3 salts hosted within arrays of wells according to the 
concentration of bulk solutions.  

 

 

(b) 

(a) 
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Figure S8. 19F NMR spectrum of FCB. 

 

Figure S9. 1H NMR spectrum of FCB. 
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Figure S10. 13C NMR spectrum of FCB. 

 
Figure S11. 19F NMR spectrum of F1. 
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Figure S12. 1H NMR spectrum of F1. 

 

Figure S13. 13C NMR spectrum of F1. 
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