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1. Introduction 

Responsive soft materials change their structure and properties (e.g., mechanical 

[1,2], chemical [3] and optical [4]) upon interaction with their environment. This class of 

soft materials is being widely explored as the basis of a range of emerging technologies, 

including for drug delivery [5], chemical sensors [3,6], and actuators [1,2]. Liquid crystals 

(LCs) [7], which are fluid phases within molecules that exhibit a long-range order, offer 

the basis of a range of designs of responsive soft materials, as LCs are able to amplify 

molecular-level interactions into macroscopic outputs (e.g., changes in shape [8], surface 

topography [9], rheological properties [10], and optical properties [4,11,12]). 

This paper focuses on the design of LCs that respond to their chemical environment. 

One strategy for the design of chemically-responsive LCs is based on surface-driven an-

choring transitions [13]. For example, micrometer-thick films of nematic LCs have been 

oriented on the surfaces of tailored solids via hydrogen bonding [14], metal cation-ligand 

coordination interactions [15,16] and bonding to metals, which involves (dissociative ad-

sorption) [17]. Disruption of these interactions via competitive binding [16,18], acid-base 

reactions [19], or redox-reactions [20] by targeted analytes has been shown to lead to LC 

anchoring transitions. An alternative strategy pursued for the design of chemically re-

sponsive LCs involves programming changes in bulk properties of LCs via interactions 

with analytes. For example, cholesteric LCs formed using reactive chiral dopants have 

been designed to undergo changes in the helical pitch upon reaction with targeted ana-

lytes, resulting in changes to Bragg reflections, which can be detected by the naked eye 

[4,11]. 

Of particular relevance to the approach reported in this manuscript is a previous re-

port of the use of a hydrogen-bonded cholesteric LC polymer films to detect volatile 

amines [11]. To make the LC polymer network responsive to volatile amines, polymeriz-

able benzoic acid derivatives and a dicarboxylic acid chiral dopant, which induced for-

mation of the cholesteric phase, were incorporated into the polymerized film. When tri-

methylamine (TMA) penetrated the LC polymer film, an acid-based reaction triggered a 

change of pitch, thus changing the reflection band and color of the cholesteric film. The 

authors demonstrated a detection limit of anhydrous trimethylamine (TMA) of 2% (two 

parts per hundred) after exposure for 120 min (these conditions led to a 7% reduction of 

the reflection band measured using a UV/Vis spectrophotometer). The dynamic response 

to TMA accelerated in the presence of water vapor, with a 10% reduction of the reflection 

band occurring within 10 min when using 2% TMA in water-saturated air. Inspired by 

this prior work, here we report a study of low molecular weight mesogens containing 

carboxylic acid groups that form a room temperature nematic phase via dimerization of 

the carboxylic acids. We show that an acid-based reaction between the LCs and volatile 

amines triggers a phase transition from a nematic to an isotropic phase that is accompa-

nied by a distinct optical response. This approach yields a LC that responds to volatile 

amines at the parts per million concentration level within one minute. 

Our design of a LC phase formed through hydrogen bonding was guided by past 

reports [21,22] that benzoic acids dimerize through intermolecular hydrogen bonding, 

leading to the formation of supramolecular mesogenic species that form LC phases [21–
23]. In addition, a range of benzoic acid derivatives have been explored, including mix-

tures with pyridyl or aliphatic groups, and many were shown to form hydrogen bonding 

LCs through dimerization [24–27]. However, the nematic temperature ranges of all these 

hydrogen bonded LCs were much higher than room temperature (90–140 °C) [28]. Alt-

hough cyclohexyl-based carboxylic acids were synthesized and shown to have lower ne-

matic temperature ranges (50–100 °C) [29], the nematic temperature range still lies well 

above ambient (during both heating and cooling cycles), limiting their utility for the de-

sign of chemoresponsive LC phases that respond at ambient conditions. 

The first goal of our study was to determine if it was possible to prepare hydrogen-

bonded LCs containing carboxylic acids that exhibited a nematic phase at room tempera-

ture. Motivated by the proposal that mixtures of mesogen can lead to a lowering of phase 
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transition temperatures [30], we investigated mixtures of trans-4-pentylcyclohexanecar-

boxylic acid (C5CA) [29] and 4-butylbenzoic acid (C4BA) [28], which are two known hy-

drogen bonding LCs. We report characterization of the phase behaviors of mixtures of 

these two LCs using differential scanning calorimetry (DSC) and polarized optical micros-

copy (POM). Insights into intermolecular interactions (e.g., homodimer versus heterodi-

mer formation) that underlie the phase behavior are obtained using Fourier Transform 

Infrared Spectroscopy (FTIR) and first-principles calculations. 

The second goal of our study was to determine if it was possible to take advantage 

of the hydrogen bonded LCs formed using carboxylic acids to report the presence of or-

ganoamines that undergo acid-base reactions. We used triethylamine (TEA) in our exper-

iments as a model base because TEA is commonly used as a simulant of key volatile 

amines emitted by spoiled fish or meat [31,32]. We report TEA to trigger nematic-to-iso-

tropic phase transitions at room temperature and use both experimental methods and 

electronic structure calculations to test the hypothesis that TEA triggers the phase transi-

tion by disrupting hydrogen bonding. We also characterize the complex kinetic pathway 

that we observed to underlie the phase transition with the longer term goal of using de-

scriptors of the spatiotemporal patterns to develop machine-learning approaches to ana-

lyze the response of the LC [33,34]. 

The third goal of our study was to explore the chemical specificity of the above-de-

scribed phase transition induced by TEA, with a particular focus on water due to its ubiq-

uitous presence in contexts relevant to food safety. We sought to determine if hydrogen 

bonding interactions between water (and or other hydrogen bonding species) and the car-

boxylic acid groups of the LC would impact the phase behavior of the LC. As a proof of 

concept experiment, we also explored the response of the LC to complex mixtures of vol-

atile amines, such as cadaverine and putrescine (diamines), emitted by rotting fish [35]. 
We sought to determine if these organoamines triggered phase transitions of the hydro-

gen bonded LC reported in our study. 

2. Materials and Methods 

2.1. Materials 

The 4-n-butylbenzoic acid (C4BA) and trans-4-n-pentylcyclohexanecarboxylic acid 

(C5CA) were purchased from Combi-Blocks (San Diego, CA, USA). Triethylamine was 

bought from Sigma-Aldrich (Milwaukee, WI, USA). Nitrogen gas (99.998% purity) was 

purchased from Airgas (Radnor Township, PA, USA). Fischer’s Finest glass slides were 

purchased from Fischer Scientific (Pittsburgh, PA, USA). We used SU-8 2050 and devel-

oper, both of which were obtained from MicroChem (Westborough, MA, USA). Spacers 

(glass fibers with diameters of 5 μm) were obtained from EM industries, Inc (Hawthorne, 

NY, USA). All solvents were commercial-grade and used as purchased. All aqueous solu-

tions used in this study were prepared using deionized water possessing a resistivity 

greater than 18.2 MΩ. 

2.2. Representative Procedure used to Synthesize the H-bonded Liquid Crystal Mixture 

To a 5 mL sample vial fitted with a magnetic stirrer, we added the two carboxylic 

acid components in a desired molar ratio, and then added 2 mL of ethyl acetate to dissolve 

the mixture. The mixture was kept under vacuum at room temperature for 12 h to remove 

the solvent. 

2.3. Preparation of LC Thin Films on Glass Substrates 

Polymeric microwells (200 μm in diameter and 5 μm in depth) were fabricated using 
previously reported procedures [36]. Approximately 2 μL of LC was micropipetted into 
each microwell. A microcapillary was touched to the surface of the microwell to remove 

any excess LC. 
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2.4. Fourier Transform Infrared Spectroscopy (FTIR) 

IR spectroscopy was performed in transmission mode using a Bruker Vector 33 FTIR 

spectrometer (Bruker Optics Inc, Billerica, MA, USA). Spectra were acquired at 4 cm−1 res-

olution using 32 scans. OPUS software was used for analysis. The path length of each 

sample was 1 mm. 

2.5. Characterization of LC Phase Behavior 

LC phase behavior was characterized in optical cells prepared from two glass slides. 

Glass spacers with diameters of 5 μm were used to define the distance between the two 

surfaces of the glass slides. The C4BA-C5CA mixture was drawn into the optical cell as an 

isotropic phase (115 °C < T < 120 °C). A polarized light microscope (Olympus BX-60) was 

used to observe the LC phase behavior. 

2.6. Differential Scanning Calorimetry (DSC) 

LC phase behavior was also determined using DSC (2920 Modulated DSC, TA In-

struments Inc., New Castle, DE, USA). The heating/cooling rate was 5 °C/min. Thermal 

Advantage software from TA Instruments was used for analysis. 

2.7. Measurement of Optical Retardance 

The optical retardance (Δr) values of LC films were measured using a Berek compen-

sator (Olympus, Melville, NY). Values were measured at five locations in each sample and 

were averaged. We calculated the effective birefringence (Δneff) as Δneff = Δr/Δd, where the 

film thickness is Δd. The tilt angle (θ, measured from the surface normal) was calculated 

using [37] 

Δr ≈ no ne/(no2sin2(θ) + ne2cos2(θ))0.5 − no, (1) 

where ne and no are the extraordinary and ordinary refractive indices of the LC, respec-

tively. 

2.8. Phase Transitions Triggered by TEA 

A stream of nitrogen containing TEA was flowed across LC hosted in microwells 

using the set-up shown in Figure S1 [38]. A stream of nitrogen containing 120 ppm TEA, 

a concentration that was confirmed by gas chromatography (Figure S2), was generated 

using a bubbler (bubbling of N2 through liquid TEA), and diluted to 12 ppm using nitro-

gen. The gas flow rate was set at 1000 mL/min by using rotameters (Aalborg Instruments 

& Controls, Inc., Orangeburg, NY, USA). 

2.9. Computational Methods 

All calculations were carried out using Gaussian 09 version D.01 [39]. We employed 

the Perdew-Burke-Ernzerhof (PBE) density functional [40] and def2-SVP basis set [41] for 

geometry optimization while final energies were obtained using the M06-2X functional 

[42] with def2-TZVP basis set [41] using the previously optimized geometries. Previously, 

we applied this strategy to reduce computational cost but maintain high accuracy and 

successfully described LC-based systems in agreement with experiments [16,20,43–46]. 

We used Grimme’s D3 empirical dispersion correction in all calculations to correct the 

known limitation of density functionals to describe dispersion interactions [47]. Addition-

ally, Truhlar’s Solvation Model D (SMD) was employed to account for the effect of the 
liquid phase using parameters developed for acetic acid [48]. Therefore, the overall com-

putational method can be abbreviated as M06-2X-D3(SMD = acetic acid)/def2-TZVP//PBE-

D3(SMD = acetic acid)/def2-SVP. Additionally, counterpoise correction was employed in 

all reaction energy calculations. IR calculations were performed using the optimized ge-

ometries at the same level of theory. Calculated IR frequencies are often shifted from ex-
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(a) (b) 

Figure 3. FTIR spectra of (a) C5CA, C4BA, and C4BA/C5CA (50/50 mol%) and (b) TEA, and mixtures of C5CA/TEA, 

C4BA/TEA and C5CA/C4BA/TEA. 

The formation of carboxylic acid homodimers was further validated by first-princi-

ples calculations, which confirmed that the C=O stretching peaks of dimerized C1CA (sur-

rogate of C5CA) and C1BA (surrogate of C4BA) lie at 1693 and 1680 cm−1, while C=O 

stretching peaks of monomeric C1CA and C1BA lie at 1747 and 1765 cm−1, respectively. 

Additionally, we note that both experiments and simulations show that the stretching fre-

quency of the C=O group of C5CA is higher than that for C4BA by 13 cm−1. 

To evaluate the thermodynamic driving force for the formation of homodimers from 

monomers, we carried out DFT calculations, which revealed that dimerization of C1BA or 

C1CA (C4BA or C5CA surrogates) is energetically favored by −47 or −45 kJ/mol, respec-

tively. We note that a difference of 6 kJ/mol in reaction energy corresponds to a one order 

of magnitude difference in equilibrium constant at room temperature. Therefore, the cal-

culated ~−46 kJ/mol reaction energy suggests that all monomers form homodimers in the 

pure LC. 

Next, we performed IR measurements of the LC mixture containing 50/50 mol% of 

C5CA/C4BA. Inspection of Figure 3a reveals that the C=O group has a transition dipole 

moment at 1687 cm−1, which lies between the peak positions at 1680 and 1693 cm−1 for 

homodimers of C4BA and C5CA, respectively, indicating formation of heterodimers be-

tween C5CA and C4BA (Scheme 1). Additionally, the full width at half maximum 

(FWHM) of the C=O vibration for LC mixtures is 38 cm−1, which is between the FWHM of 

C5CA homodimer (34 cm−1) and C4BA homodimer (44 cm−1), thus confirming the for-

mation of heterodimer. To validate this interpretation, calculations were carried out for 

the C=O group in the C1CA/C1BA heterodimer. In agreement with experimental peak 

position of 1687 cm−1 measured using the C5CA/C4BA mixture, simulation shows that the 

peak corresponding to C=O group of C1CA/C1BA heterodimer lies at 1689 cm−1. Thus, 

both experimental and computational IR results support formation of heterodimers of car-

boxylic acids in C5CA/C4BA mixture. 

We also calculated the formation energy of the heterodimer (C1BA and C1CA) from 

monomers to be −46 kJ/mol. While, as we discussed above, formation of C1BA (C1CA) 

homodimers is −47 (−45) kJ/mol. Thus, the overall formation energy of heterodimers from 

homodimers is energetically neutral. However, our calculation does not capture collective 

effects such as the entropy of mixing, which would favor the formation of heterodimers 

over homodimers. Therefore, our results lead to the proposal that heterodimer formation 

is an entropy-driven process. Overall, our combined experimental and computational re-

sults above provide support for the conclusion that C5CA and C4BA largely form hetero-

dimers in 1:1 mixtures, as shown in Scheme 1. 
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Table 1. Vibrational frequency (cm−1) assignments for peaks in Figure 3. [52–54] Computational 

results are listed in parentheses. 

Frequency C4BA C5CA C4BA + C5CA TEA 

ν(C=O) 1680 (1680) 1693 (1693) 1687 (1689)  

ν(C-C)ring 1610, 1576  1608, 1573  

β(O-H) 1425 1425 1421  

νas(COO−) 1545 (1541) 1558 (1562) 1547  

β(C-H) 1465, 1454 1469, 1448 1463, 1450 1469, 1448 

ν(C-N)    1381 

ν: indicates stretching, β: indicates bending, “as”: indicates asymmetric. 

3.2. Experimental Characterization of Influence of TEA on the Hydrogen-Bonded LCs 

Acid-base reactions of amines and carboxylic acids have been widely characterized 

in isotropic phases [55]. We explored the influence of TEA on the LC phase behavior ex-

hibited by a 1:1 mixture of C5CA and C4BA guided by the hypothesis that TEA would 

undergo an acid-base reaction with the carboxylic acid dimers that formed the LC. Past 

studies [56] have also reported that the thermodynamic driving forces for acid-base reac-

tions are sufficiently large that they can disrupt hydrogen bonding interactions. Accord-

ingly, we speculated that TEA would react with the carboxylic acids of the C5CA/C4BA 

mixture, thus breaking the hydrogen bonding that leads to the formation of the mesogenic 

species and causing a transition to an isotropic phase. To test this proposal, we first de-

posited nematic C5CA/C4BA mixtures into microfabricated wells (depth of 5 μm) with a 
borosilicate substrate. We observed that a largely uniform director profile across the entire 

film thickness could be induced by shearing the top surfaces of the LC within the mi-

crowells with a pipette tip (vertical in Figure 4a). The uniformity of the director profile 

induced by this treatment was determined by analyzing optical images of the LC while 

rotating the sample between crossed polars. Specifically, as shown in Figure 4a, we ob-

served extinction of the transmitted light when either the polarizer or analyzer was orien-

tated parallel to the shearing direction (vertical for Figure 4a) of the LC mixture; at other 

relative orientations of the sample and polars, we observed transmission of light. At the 

edge of the microwells, we observed the LC to exhibit a bright appearance even when the 

polarizer was oriented along the shearing direction, indicating that the LC was strained 

locally by interaction with the side-walls of the microwells. 

Next, we characterized the LC within an optical cell formed by two borosilicate sur-

faces (Figure 4c). Inspection of Figure 4c reveals the presence of dark brushes, which cor-

respond to regions of the LC where the relative orientations of the LC director and crossed 

polars lead to the extinction of transmitted light. Accordingly, in these regions, the direc-

tor lies either parallel or perpendicular to the polarizer or analyzer. The points where two 

brushes meet correspond to line disclinations of strength m = ±1/2 (Figure 4c). The pres-

ence of defects with strength m = ±1/2 indicates that the anchoring of the LC mixture at 

the borosilicate surface is planar. We measured the retardance of the LC film to be 503 ± 

53 nm. Accordingly, the birefringence (Δn) of the LC mixture was calculated to be 0.10 ± 

0.01 from the ratio of the measured retardance and thickness of the LC film (5 μm). For 
comparison, 4-(trans-4-pentylcyclohexyl) benzonitrile, which also contains one phenyl 

and one cyclohexyl ring, exhibits a birefringence of 0.12 at room temperature [57]. 

To characterize the anchoring of the hydrogen bonded LC at the LC-air interface, the 

LC mixture was deposited into a TEM grid supported on a borosilicate surface. The top 

surface of the LC was exposed to air with 30% relative humidity (RH). We measured the 

optical retardance of the LC film (Δn × d, d = 20 μm) to be 1744 ± 97 nm, which corresponds 

to a birefringence of 0.09 ± 0.01, and is thus consistent with planar anchoring at the LC-air 

interface. We also investigated whether the humidity of the air influenced the optical re-

tardance of the LC film. We found there to be no measurable change in optical retardance 

when the LC film was exposed to 30% RH and 0% RH. We note the appearance of a line 
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We interpret the change in color of the film (under white light illumination) to arise from 

a change in optical retardance. By comparing Figure 5i,j, we conclude that the change in 

optical retardance starts first at the leading edge (11 s after exposure) of the LC film within 

the microwell. Specifically, Figure 5i shows that the initial change in optical retardance 

occurs after 11 s of exposure to 12 ppm TEA, with a corresponding change in color from 

blue (corresponding to a retardance of 600 ± 50 nm) to orange (retardance of 480 ± 50 nm). 

In contrast, Figure 5j reveals that a change of optical retardance in the center of the LC 

film was evident after 13 s of exposure to TEA, with a change in color from magenta (1100 

± 50 nm; the larger initial retardance value recorded at the center of the sample as com-

pared to the edge reflects the convex shape of the meniscus of the film) to orange (950 ± 

50 nm) to yellow (800 ± 50 nm) to cyan (680 ± 50 nm) from 13 to 21 s. As discussed above, 

we expect that the TEA reacts rapidly with the carboxylic acid dimers to form an isotropic 

ammonium carboxylate phase. For this reason, we speculate that the decrease of optical 

retardance described above is due to the formation of an isotropic film rich in ammonium 

carboxylate that overlies the LC film. We cannot, however, also rule out that some TEA 

diffuses into the LC film, and locally lowers the orientational order of the nematic phase. 

Inspection of Figure 5i,j also reveals, following the initial and spatially uniform 

change in interference color, the formation of small and randomly dispersed domains. 

These domains were evident first at the leading edge of the LC film (18 s) and then at the 

center (21 s) of the microwells. The domains located at the center of the sample were ob-

served to have a lower retardance (blue, 600 ± 50 nm) than the surrounding film (cyan, 

680 ± 50 nm). Since the product of the reaction between the LC mixture and TEA is an 

isotropic phase, we interpret these domains to comprise isotropic phases. Additional ob-

servations (see domains within dashed circles in Figure 5j) revealed that the domains were 

mobile, and that they coalesced with each other when they were larger than about 2 μm 
in diameter. The process of coalescence was observed to continue until the domains were 

sufficiently large, so that they spanned the film and assumed a dark appearance. We also 

observed the isotropic domains to migrate towards the edge of the sample, thus creating 

a net flux of the isotropic phase towards the edge of the microwells (Figure 5e,f). As iso-

tropic domains accumulated at the edges of the microwells, the nematic regions in the 

center of the microwells decreased in size (Figure 5g). The final state of the mixture was a 

uniform isotropic phase, as described above. Overall, these observations reveal that the 

LC mixture is able to amplify an acid-base reaction from the atomic-scale into the optical 

changes via a complex hierarchy of spatial and temporal processes. 

3.3. Selectivity and Reversibility 

Next, we sought to determine if the phase transition described above (and shown in 

Figure 5) was selective to TEA. Specifically, we aimed to determine if hydrogen-bonded 

species such as water can compete with dimer formation to trigger phase transitions 

within the nematic phase. As shown in Figure S5a, exposure of the LC mixture to a stream 

of air with 80% RH at 1000 mL/min did not trigger a phase transition after one hour of 

exposure. As shown in Figure S5b, the DSC trace obtained after humid air exposure is the 

same as that shown in Figure 1c. This result is consistent with the low solubility of aro-

matic carboxylic acids in water, such as C4BA and C5CA. For example, benzoic acid has 

a solubility in water of only 3 g/100 g [58]. Additionally, past studies show that dimeriza-

tion of carboxylic acids is energetically favored in aqueous solution [59–61]. 

We also performed DFT calculations to explore the effect of water on carboxylic acid 

dimerization. We found that the interaction energy between C1BA (C1CA) and a water 

molecule is only −24 (−22) kJ/mol, while the water dimer formation energy is −12 kJ/mol, 

and the C1BA (C1CA) dimer formation energy is −47 (−45) kJ/mol. Thus, we conclude that 

the carboxylic acid dimer formation is still energetically favorable even if water is present 

in the system. Overall, both experiments and computations demonstrate that water cannot 

break the hydrogen bonding in the LC. 
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We investigated the selectivity of our LC-based system to TEA relative to other chem-

ical species such as gaseous N2, dimethyl methylphosphonate (DMMP), ethylene oxide, 

and formaldehyde (the concentrations of the latter three gases were 10 ppm). None of the 

selected gases triggered a phase transition of the LC mixture. This result is consistent with 

a selectivity based on an acid-base reaction. 

To test if the phase transition triggered by TEA was reversible, we exposed a TEA-

treated (isotropic) sample of C5CA/C4BA to a gaseous nitrogen stream. We observed the 

isotropic film to undergo a phase transition from the isotropic phase back to a nematic 

phase after 5 min. To confirm that the phase transition from the isotropic to nematic phase 

was due to diffusion of TEA out of the mixture, we measured the FTIR spectrum of the 

C5CA/C4BA mixture after N2 exposure. The IR spectrum was the same as that shown in 

Figure 3a (C5CA + C4BA). The C=O stretching peak blue-shifted back to 1687 cm−1 and the 

COO- peak at 1547 cm−1 disappeared, indicating that the carboxylic acids reformed dimers 

via hydrogen bonding. 

3.4. Response to Complex Mixtures of Amines from Rotting Fish 

TEA is used as a simulant of key volatile amines (Figure 6a), such as trimethylamine 

(TMA) and diamines (cadaverine and putrescine), emitted by spoiled fish or meat 

[31,32,35]. To determine the relevance of the findings reported in this paper to the design 

of responsive LCs with potential utility for monitoring the freshness of fish, we placed 2 

grams of fresh Tilapia fish and the LC mixture in the same chamber and recorded the 

optical appearance of the LC mixture. We observed no change in the optical appearance 

of the LC over 30 min (Figure S6a). Next, we stored 2 grams of Tilapia fish at ambient 

temperatures for 2 days and then exposed a LC sample to the fish. As shown in Figure 6, 

we observed the LC to undergo an almost immediate response to volatiles emitted from 

the fish. In contrast to the LC response to TEA, however, the initial response evident in 

the LC was not a color change but the formation of domains of isotropic mixture. The 

isotropic domains appeared at the edge of the sample within 7 s of exposure to the fish. 

Similar to the TEA response, the domains coalesced with each other to form larger do-

mains, which subsequently migrated to the edge of microwells. The final dark state of the 

LC sample (Figure 6i) was confirmed by conoscopic polarized microscopy to be an iso-

tropic sample. As an additional control experiment, we placed a piece of 2 cm by 2 cm 

paper towel saturated with water in the exposure chamber along with a LC film. As shown 

in Figure S6b, the water that evaporated from the towel did not trigger any optical changes 

in the LC within 30 min. Overall, these initial results suggest that the LC mixture reported 

in this paper responds quickly to volatile species generated by rotting fish. 

We end by noting that both a past study [11] and our study use liquid crystalline 

materials containing carboxylic acid groups to detect volatile amines through acid-base 

reactions. We note two key differences between the two studies. First, the prior study [11] 

uses a polymeric network doped with chiral dicarboxylic acids, whereas our study em-

ployed LCs based on hydrogen bonded dimers (no polymer network). Second, the prior 

study reported an optical response based on a change of pitch of the cholesteric LC, 

whereas the response of the system we have studied is dominated by a phase transition 

from a nematic to an isotropic phase. While the potential merits of using a LC polymer 

network is high in terms of materials integration (e.g., creation of a colorimetric film that 

responds to volatile amines), our results suggest that the polymer network may also in-

hibit the responsiveness of the material. Although there are several key differences be-

tween the designs of the two experimental systems, we note that the LCs based on hydro-

gen bonded dimers respond to 12 ppm of volatile amine within a minute, whereas the 

polymerized LC film responded to parts per hundred concentrations in approximately 10 

min. We comment, however, that additional studies are needed to understand how poly-

mer networks impact the design of chemoresponsive LCs, as recent studies suggest that 

their influence on responsiveness is complex and not easily anticipated [62]. 
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Our results also generate a range of future directions of inquiry. For example, our 

results show that the volatile amines generate information-rich optical outputs from hy-

drogen bonded LCs, responses that involve the nucleation, growth, coalescence and mi-

gration of isotropic domains. We predict that machine learning approaches can likely be 

developed to interpret the spatial and temporal characteristics of these complex responses 

[33] to provide additional information regarding the identity of chemical species present 

and their concentrations. This direction of research is ongoing and will be reported else-

where. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: 

Schematic illustration of the flow cell used to expose a supported LC film to a gas stream at specified 

flow rate, concentration of TEA, Figure S2: Relationship between TEA concentration and gas chro-

matography signal. The red dot indicates the concentration flowing in the F1 stream, Figure S3: 

Differential scanning calorimetry (DSC) plots of a mixture of 25 mol% C4BA and 75 mol% C5CA. 

The upper line corresponds to heating and the bottom line to cooling. DSC scan rate was 5 °C/min, 

Figure S4: Conoscopic polarized light micrographs (crossed polarizers) of (a) a LC film with a uni-

form homeotropic orientation, (b) a film of the isotropic 1:1 mixture after TEA (12 ppm) exposure, 

Figure S5: (a) Optical micrographs of representative microwells containing the C4BA+C5CA mix-

ture after exposure to 80% RH air (same as initial state). (b) Differential scanning calorimetry (DSC) 

plots of 50 mol% C4BA and 50 mol% C5CA mixture after exposure to humid air. The upper line 

corresponds to heating and the bottom line to cooling. Scale bar: 100 μm. DSC scan rate 5 °C/min, 
Figure S6: Optical micrographs (crossed polars) of representative microwells containing the 

C4BA+C5CA mixture (a) after contacting fresh fish (b) after contacting a paper towel saturated with 

water. The final states of both samples were indistinguishable from their initial states, Table S1: 

Transition temperatures (T, °C) and enthalpies (ΔH, J/g) of LCs obtained by DSC in the heating 

cycle. 

Author Contributions: Conceptualization, H.Y., K.W., R.J.T. and N.L.A.; methodology, H.Y., T.S., 

K.W., and N.L.A.; formal analysis, H.Y., T.S., K.W. and N.L.A.; investigation, H.Y., T.S., K.W., N.B., 

K.N. and N.L.A.; writing—original draft preparation, H.Y., T.S., K.W. and N.L.A.; writing—review 

and editing, H.Y., T.S., K.W., M.M., R.J.T. and N.L.A.; supervision, M.M., R.J.T. and N.L.A.; project 

administration, M.M., R.J.T. and N.L.A.; funding acquisition, M.M., R.J.T. and N.L.A. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Science Foundation (DMREF grant: DMR-

1921696, DMR-1921722, and DMR-1921668) and the Army Research Office (W911NF-19-1-0071 and 

W911NF-15-1-0568). Part of the computational work conducted by T.S. and M.M. was carried out 

using computational resources available through the DoD High Performance Computing Modern-

ization Program (US Air Force Research Laboratory DoD Supercomputing Resource Center (AFRL 

DSRC), the US Army Engineer Research and Development Center (ERDC), and the Navy DoD Su-

percomputing Resource Center (Navy DSRC), ARONC43623362), supported by the Department of 

Defense; and the National Energy Research Scientific Computing Center (NERSC) through the U.S. 

DOE, Office of Science under Contract No. DE-AC02-05CH11231. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Conflicts of Interest: NLA has a financial interest in Platypus Technologies LLC, a for profit com-

pany commercializing LC-based analytical methods. The other authors declare no conflict of inter-

est. 

References 

1.  Mirvakili, S.M.; Hunter, I.W. Artificial Muscles: Mechanisms, Applications, and Challenges. Adv. Mater. 2018, 30, 1–28, 

doi:10.1002/adma.201704407. 

2.  Zhang, L.; Naumov, P.; Du, X.; Hu, Z.; Wang, J. Vapomechanically Responsive Motion of Microchannel-Programmed Actuators. 

Adv. Mater. 2017, 29, 1–8, doi:10.1002/adma.201702231. 

3.  Bonanno, L.M.; Delouise, U.A. Integration of a chemical-responsive hydrogel into a porous silicon photonic sensor for visual 

colorimetric readout. Adv. Funct. Mater. 2010, 20, 573–578, doi:10.1002/adfm.200901694. 

4.  Han, Y.; Pacheco, K.; Bastiaansen, C.W.M.; Broer, D.J.; Sijbesma, R.P. Optical monitoring of gases with cholesteric liquid crystals. 

J. Am. Chem. Soc. 2010, 132, 2961–2967, doi:10.1021/ja907826z. 

http://www.mdpi.com/xxx/s1


Materials 2021, 14, x FOR PEER REVIEW 15 of 17 
 

 

5.  Caldorera-Moore, M.E.; Liechty, W.B.; Peppas, N.A. Responsive theranostic systems: Integration of diagnostic imaging agents 

and responsive controlled release drug delivery carriers. Acc. Chem. Res. 2011, 44, 1061–1070, doi:10.1021/ar2001777. 

6.  Kamal, T.; Park, S.-Y. A liquid crystal polymer based single layer chemo-responsive actuator. Chem. Commun. 2014, 50, 2030–
2033, doi:10.1039/C3CC48409B. 

7.  Collings, P.J.; Hird, M.; Huang, C.C. Introduction to Liquid Crystals: Chemistry and Physics. Am. J. Phys. 1998, 66, 551–551, 

doi:10.1119/1.18901. 

8.  Boothby, J.M.; Kim, H.; Ware, T.H. Shape changes in chemoresponsive liquid crystal elastomers. Sensors Actuators, B Chem. 2017, 

240, 511–518, doi:10.1016/j.snb.2016.09.004. 

9.  Liu, D.; Liu, L.; Onck, P.R.; Broer, D.J. Reverse switching of surface roughness in a self-organized polydomain liquid crystal 

coating. Proc. Natl. Acad. Sci. 2015, 112, 3880–3885, doi:10.1073/pnas.1419312112. 

10.  Mezzenga, R.; Meyer, C.; Servais, C.; Romoscanu, A.I.; Sagalowicz, L.; Hayward, R.C. Shear rheology of lyotropic liquid crystals: 

A case study. Langmuir 2005, 21, 3322–3333, doi:10.1021/la046964b. 

11.  Stumpel, J.E.; Wouters, C.; Herzer, N.; Ziegler, J.; Broer, D.J.; Bastiaansen, C.W.M.; Schenning, A.P.H.J. An Optical Sensor for 

Volatile Amines Based on an Inkjet-Printed, Hydrogen-Bonded, Cholesteric Liquid Crystalline Film. Adv. Opt. Mater. 2014, 2, 

459–464, doi:10.1002/adom.201300516. 

12.  Kato, T.; Uchida, J.; Ichikawa, T.; Sakamoto, T. Functional Liquid Crystals towards the Next Generation of Materials. Angew. 

Chemie Int. Ed. 2018, 57, 4355–4371, doi:10.1002/anie.201711163. 

13.  Carlton, R.J.; Hunter, J.T.; Miller, D.S.; Abbasi, R.; Mushenheim, P.C.; Tan, L.N.; Abbott, N.L. Chemical and biological sensing 

using liquid crystals. Liq. Cryst. Rev. 2013, 1, 29–51, doi:10.1080/21680396.2013.769310. 

14.  Park, J.S.; Jang, C.H.; Tingey, M.L.; Lowe, A.M.; Abbott, N.L. Influence of 4-cyano-4′-biphenylcarboxylic acid on the orienta-

tional ordering of cyanobiphenyl liquid crystals at chemically functionalized surfaces. J. Colloid Interface Sci. 2006, 304, 459–473, 

doi:10.1016/j.jcis.2006.08.063. 

15.  Yang, K.L.; Cadwell, K.; Abbott, N.L. Mechanistic study of the anchoring behavior of liquid crystals supported on metal salts 

and their orientational responses to dimethyl methylphosphonate. J. Phys. Chem. B 2004, 108, 20180–20186, 

doi:10.1021/jp0470391. 

16.  Yu, H.; Szilvási, T.; Rai, P.; Twieg, R.J.; Mavrikakis, M.; Abbott, N.L. Computational Chemistry-Guided Design of Selective 

Chemoresponsive Liquid Crystals Using Pyridine and Pyrimidine Functional Groups. Adv. Funct. Mater. 2018, 28, 1703581, 

doi:10.1002/adfm.201703581. 

17.  Yu, H.; Szilvási, T.; Wang, K.; Gold, J.I.; Bao, N.; Twieg, R.J.; Mavrikakis, M.; Abbott, N.L. Amplification of Elementary Surface 

Reaction Steps on Transition Metal Surfaces Using Liquid Crystals: Dissociative Adsorption and Dehydrogenation. J. Am. Chem. 

Soc. 2019, 141, 16003–16013, doi:10.1021/jacs.9b08057. 

18.  Roling, L.T.; Scaranto, J.; Herron, J.A.; Yu, H.; Choi, S.; Abbott, N.L.; Mavrikakis, M. Towards first-principles molecular design 

of liquid crystal-based chemoresponsive systems. Nat. Commun. 2016, 7, 13338, doi:10.1038/ncomms13338. 

19.  Shah, R.R.; Abbott, N.L. Principles for Measurement of Chemical Exposure Based on Recognition-Driven Anchoring Transitions 

in Liquid Crystals. Science 2001, 293, 1296–1299, doi:10.1126/science.1062293. 

20.  Szilvási, T.; Bao, N.; Nayani, K.; Yu, H.; Rai, P.; Twieg, R.J.; Mavrikakis, M.; Abbott, N.L. Redox-Triggered Orientational Re-

sponses of Liquid Crystals to Chlorine Gas. Angew. Chemie Int. Ed. 2018, 57, 9665–9669, doi:10.1002/anie.201803194. 

21.  Miranda, M.D.; Chávez, F.V.; Maria, T.M.R.; Eusebio, M.E.S.; Sebastião, P.J.; Silva, M.R. Self-assembled liquid crystals by hy-

drogen bonding between bipyridyl and alkylbenzoic acids: solvent-free synthesis by mechanochemistry. Liq. Cryst. 2014, 41, 

1743–1751, doi:10.1080/02678292.2014.950048. 

22.  Subhapriya, P.; Vijayanand, P.S.; Madhu Mohan, M.L.N. Synthesis and Characterization of Supramolecular Hydrogen-Bonded 

Liquid Crystals Comprising of p-n-Alkyloxy Benzoic Acids with Suberic Acid and Pimelic Acid. Mol. Cryst. Liq. Cryst. 2013, 571, 

40–56, doi:10.1080/15421406.2012.741338. 

23.  Pongali Sathya Prabu, N.; Madhu Mohan, M.L.N. Characterization of a new smectic ordering in supramolecular hydrogen 

bonded liquid crystals by X-ray, optical and dielectric studies. J. Mol. Liq. 2013, 182, 79–90, doi:10.1016/j.molliq.2013.03.014. 

24.  Paleos, C.M.; Tsiourvas, D. Thermotropic Liquid Crystals Formed by Intermolecular Hydrogen Bonding Interactions. Angew. 

Chemie Int. Ed. English 1995, 34, 1696–1711, doi:10.1002/anie.199516961. 

25.  Bruce, D.W. Liquid Crystals Formed from Specific Supramolecular Interactions. In Supramolecular Chemistry; John Wiley & Sons, 

Ltd.: Chichester, UK, 2012. 

26.  He, W.; Pan, G.; Yang, Z.; Zhao, D.; Niu, C.; Huang, W.; Yuan, X.; Cuo, J.; Cao, H.; Yang, H. Wide blue phase range in a hydro-

gen-bonded self-assembled complex of chiral fluoro-substituted benzoic acid and pyridine derivative. Adv. Mater. 2009, 21, 

2050–2053, doi:10.1002/adma.200802927. 

27.  Saccone, M.; Pfletscher, M.; Dautzenberg, E.; Dong, R.Y.; Michal, C.A.; Giese, M. Hydrogen-bonded liquid crystals with broad-

range blue phases. J. Mater. Chem. C 2019, 7, 3150–3153, doi:10.1039/c8tc06428h. 

28.  Monte, M.J.S.; Almeida, A.R.R.P.; Ribeiro da Silva, M.A.V. Thermodynamic study of the sublimation of eight 4-n-alkylbenzoic 

acids. J. Chem. Thermodyn. 2004, 36, 385–392, doi:10.1016/j.jct.2004.02.001. 

29.  Gray, G.W.; McDonnell, D.G. Liquid Crystal Compounds Incorporating the Trans-1,4-Substituted Cyclohexane Ring System. 

Mol. Cryst. Liq. Cryst. 1979, 53, 147–166, doi:10.1080/00268947908083992. 

30.  Nayani, K.; Rai, P.; Bao, N.; Yu, H.; Mavrikakis, M.; Twieg, R.J.; Abbott, N.L. Liquid Crystals with Interfacial Ordering that 

Enhances Responsiveness to Chemical Targets. Adv. Mater. 2018, 30, 1706707, doi:10.1002/adma.201706707. 



Materials 2021, 14, x FOR PEER REVIEW 16 of 17 
 

 

31.  Cao, L.; Sun, G.; Zhang, C.; Liu, W.; Li, J.; Wang, L. An Intelligent Film Based on Cassia Gum Containing Bromothymol Blue-

Anchored Cellulose Fibers for Real-Time Detection of Meat Freshness. J. Agric. Food Chem. 2019, 67, 2066–2074, 

doi:10.1021/acs.jafc.8b06493. 

32.  Han, J.; Li, Y.; Yuan, J.; Li, Z.; Zhao, R.; Han, T.; Han, T. To direct the self-assembly of AIEgens by three-gear switch: Morphology 

study, amine sensing and assessment of meat spoilage. Sensors Actuators, B Chem. 2018, 258, 373–380, 

doi:10.1016/j.snb.2017.11.127. 

33.  Cao, Y.; Yu, H.; Abbott, N.L.; Zavala, V.M. Machine Learning Algorithms for Liquid Crystal-Based Sensors. ACS Sensors 2018, 

3, 2237–2245, doi:10.1021/acssensors.8b00100. 

34.  Smith, A.D.; Abbott, N.; Zavala, V.M. Convolutional Network Analysis of Optical Micrographs for Liquid Crystal Sensors. J. 

Phys. Chem. C 2020, 124, 15152–15161, doi:10.1021/acs.jpcc.0c01942. 

35.  Hu, Y.; Ma, X.; Zhang, Y.; Che, Y.; Zhao, J. Detection of Amines with Fluorescent Nanotubes: Applications in the Assessment 

of Meat Spoilage. ACS Sensors 2016, 1, 22–25, doi:10.1021/acssensors.5b00040. 

36.  Bedolla Pantoja, M.A.; Abbott, N.L. Surface-Controlled Orientational Transitions in Elastically Strained Films of Liquid Crystal 

That Are Triggered by Vapors of Toluene. ACS Appl. Mater. Interfaces 2016, 8, 13114–13122, doi:10.1021/acsami.6b02139. 

37.  Miller, D.S.; Carlton, R.J.; Mushenheim, P.C.; Abbott, N.L. Introduction to optical methods for characterizing liquid crystals at 

interfaces. Langmuir 2013, 29, 3154–3169, doi:10.1021/la304679f. 

38.  Hunter, J.T.; Abbott, N.L. Dynamics of the chemo-optical response of supported films of nematic liquid crystals. Sensors Actua-

tors B Chem. 2013, 183, 71–80, doi:10.1016/j.snb.2013.03.094. 

39.  Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.; 

Nakatsuji, H.; et al. Gaussian 09 Revision D.01 2009; Gaussian Inc.: Wallingford, CT, USA. 

40.  Perdew., J.P.; Burken, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868, 

doi:10.1103/PhysRevLett.77.3865. 

41.  Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: 

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297, doi:10.1039/b508541a. 

42.  Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, non-

covalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class 

functionals and 12 other function. Theor. Chem. Acc. 2008, 120, 215–241, doi:10.1007/s00214-007-0310-x. 

43.  Szilvási, T.; Bao, N.; Yu, H.; Twieg, R.J.; Mavrikakis, M.; Abbott, N.L. The role of anions in adsorbate-induced anchoring tran-

sitions of liquid crystals on surfaces with discrete cation binding sites. Soft Matter 2018, 14, 797–805, doi:10.1039/C7SM01981E. 

44.  Szilvási, T.; Roling, L.T.; Yu, H.; Rai, P.; Choi, S.; Twieg, R.J.; Mavrikakis, M.; Abbott, N.L. Design of Chemoresponsive Liquid 

Crystals through Integration of Computational Chemistry and Experimental Studies. Chem. Mater. 2017, 29, 3563–3571, 

doi:10.1021/acs.chemmater.6b05430. 

45.  Wang, K.; Rai, P.; Fernando, A.; Szilvási, T.; Yu, H.; Abbott, N.L.; Mavrikakis, M.; Twieg, R.J. Synthesis and properties of fluorine 

tail-terminated cyanobiphenyls and terphenyls for chemoresponsive liquid crystals. Liq. Cryst. 2019, 1–14, 

doi:10.1080/02678292.2019.1616228. 

46.  Wang, K.; Jirka, M.; Rai, P.; Twieg, R.J.; Szilvási, T.; Yu, H.; Abbott, N.L.; Mavrikakis, M. Synthesis and properties of hydroxy 

tail-terminated cyanobiphenyl liquid crystals. Liq. Cryst. 2019, 46, 397–407, doi:10.1080/02678292.2018.1502373. 

47.  Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104, doi:10.1063/1.3382344. 

48.  Marenich, A. V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum 

Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–
6396, doi:10.1021/jp810292n. 

49.  Website Available online: https://www.tcichemicals.com/AU/en/p/P0944#docomentsSectionPDP (accessed on 22 Oct. 2020). 

50.  Kirsch, P.; Bremer, M. Nematic liquid crystals for active matrix displays: Molecular design and synthesis. Angew. Chemie - Int. 

Ed. 2000, 39, 4216–4235, doi:10.1002/1521-3773(20001201)39:23<4216::AID-ANIE4216>3.0.CO;2-K. 

51.  Rajanandkumar, R.; Prabu, N.P.S.; Mohan, M.L.N.M. Characterization of Hydrogen Bonded Liquid Crystals Formed by Suberic 

Acid and Alkyl Benzoic Acids. Mol. Cryst. Liq. Cryst. 2013, 587, 60–79, doi:10.1080/15421406.2013.821383. 

52.  Otero, V.; Sanches, D.; Montagner, C.; Vilarigues, M.; Carlyle, L.; Lopes, J.A.; Melo, M.J. Characterisation of metal carboxylates 

by Raman and infrared spectroscopy in works of art. J. Raman Spectrosc. 2014, 45, 1197–1206, doi:10.1002/jrs.4520. 

53.  Karabacak, M.; Cinar, Z.; Kurt, M.; Sudha, S.; Sundaraganesan, N. FT-IR, FT-Raman, NMR and UV–vis spectra, vibrational 

assignments and DFT calculations of 4-butyl benzoic acid. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 85, 179–189, 

doi:10.1016/j.saa.2011.09.058. 

54.  Krishnakumar, V.; Mathammal, R. Density functional and experimental studies on the FT-IR and FT-Raman spectra and struc-

ture of benzoic acid and 3,5-dichloro salicylic acid. J. Raman Spectrosc. 2009, 40, 264–271, doi:10.1002/jrs.2118. 

55.  Long, M.; Zhang, T.; Chai, Y.; Ng, C.F.; Mak, T.C.W.; Xu, J.; Yan, K. Nonstoichiometric acid-base reaction as reliable synthetic 

route to highly stable CH3NH3PbI3 perovskite film. Nat. Commun. 2016, 7, doi:10.1038/ncomms13503. 

56.  Bruckenstein, S.; Untereker, D.F. Acid-Base Reactions between Amines and Carboxylic Acids in Hexane. J. Am. Chem. Soc. 1969, 

91, 5741–5745, doi:10.1021/ja01049a007. 

57.  Pan, R.P.; Tsai, T.R.; Chen, C.Y.; Pan, C.L. Optical constants of two typical liquid crystals 5CB and PCH5 in the THz frequency 

range. J. Biol. Phys. 2003, 29, 335–338, doi:10.1023/A:1024485918938. 



Materials 2021, 14, x FOR PEER REVIEW 17 of 17 
 

 

58.  Apelblat, A.; Manzurola, E.; Abo Balal, N. The solubilities of benzene polycarboxylic acids in water. J. Chem. Thermodyn. 2006, 

38, 565–571, doi:10.1016/j.jct.2005.07.007. 

59.  Chen, J.; Brooks, C.L.; Scheraga, H.A. Revisiting the carboxylic acid dimers in aqueous solution: Interplay of hydrogen bonding, 

hydrophobic interactions and entropy. J. Phys. Chem. B 2008, 112, 242–249, doi:10.1021/jp074355h. 

60.  Yamamoto, K.; Nishi, N. Hydrophobic Hydration and Hydrophobic Interaction of Carboxylic Acids in Aqueous Solution: Mass 

Spectrometric Analysis of Liquid Fragments Isolated as Clusters. J. Am. Chem. Soc. 1990, 112, 549–558, doi:10.1021/ja00158a011. 

61.  Ng, J.B.; Shurvell, H.F. Application of factor analysis and band contour resolution techniques to the Raman spectra of acetic 

acid in aqueous solution. J. Phys. Chem. 1987, 91, 496–500, doi:10.1021/j100286a046. 

62.  Yang, Y.; Kim, Y.K.; Wang, X.; Tsuei, M.; Abbott, N.L. Structural and Optical Response of Polymer-Stabilized Blue Phase Liquid 

Crystal Films to Volatile Organic Compounds. ACS Appl. Mater. Interfaces 2020, 12, 42099–42108, doi:10.1021/acsami.0c11138. 

 










