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ABSTRACT 

Liquid crystals (LCs), when interfaced with chemically functionalized surfaces, can amplify a 

range of chemical and physical transformations into optical outputs. While metal cation-binding 

sites on surfaces have been shown to provide a basis for the design of chemoresponsive LCs, the 

cations have been found to dissociate from the surfaces and dissolve slowly into LCs, resulting in 

time-dependent changes in the properties of LC-solid interfaces (which impacts the reliability of 
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devices incorporating such surfaces). Here, we explore the use of surfaces comprised of metal-

coordinating polymers to minimize dissolution of metal cations into LCs, and characterize the 

impact of the interfacial environment created by the coordinating polymer on the ordering and 

time-dependent properties of LCs. In particular, by combining theoretical (electronic structure 

calculations) and experimental (polarization-modulation infrared reflection-adsorption 

spectroscopy) results, we determine that the pyridine groups of a thin film of poly(4-vinylpyridine-

co-divinylbenzene) (P(4VP-co-DVB)) coordinate with Ni2+ when Ni(ClO4)2 is deposited onto the 

film. We provide evidence that the Ni2+-pyridine coordination weakens the binding of Ni2+ with 

4’-n-pentyl-4-biphenylcarbonitrile (5CB), a room-temperature nematic LC, as compared to 

Ni(ClO4)2 supported on glass, although binding is still sufficiently strong to induce a homeotropic 

(perpendicular) orientation of the LC. Exposure of the 5CB films supported on Ni(ClO4)2-

decorated P(4VP-co-DVB) substrates to parts-per-million vapor concentrations of 

dimethylmethylphosphonate (DMMP) was found to trigger orientational transitions (to planar 

(parallel) orientations) in the LC films. In contrast, 5CB supported on Ni(ClO4)2-decorated glass 

surfaces exhibited no response, even though displacement of 5CB by DMMP is predicted by 

computations to be thermodynamically favored in both cases. We propose that the distinct LC 

responses measured on glass and the coordinating polymer substrates are governed by the kinetics 

of displacement of 5CB by DMMP, a proposal that is supported by measurements performed with 

increasing temperature. Importantly, by using Ni2+ supported on P(4VP-co-DVB), we measured 

the ordering of 5CB to be stable and long-lived (>7 days), in contrast to unstable LC ordering (<14 

hours) when using Ni2+ supported on glass under dry conditions and at room temperature. We 

further demonstrate the stability of Ni(ClO4)2 supported on P(4VP-co-DVB) towards higher 

temperatures and humidity using E7 as the LC. Overall, these results demonstrate that metal-
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coordinating polymer films are a promising class of substrates with which to fabricate robust and 

long-lived chemoresponsive LCs.  

INTRODUCTION 

Chemically-responsive (chemoresponsive) materials1,2 have broad potential applications, 

including as sensors,3 actuators,4 and for delivery of therapeutics.5 Liquid crystals (LCs) provide 

the basis of a particularly promising class of chemoresponsive materials6–17, as they are fluid 

phases within which the molecules (mesogens) exhibit long-range ordering that can be controlled 

by their chemical environment.18,19 The responsiveness of LCs to chemical environments has 

been explored using a number of strategies, including (1) changes in the mesoscale organization 

of bulk LC phases (e.g., cholesteric LCs20,21, liquid crystal droplets and emulsions22–27 and 

chemically sensitive chiral dopants28–36) and (2) surface-induced changes in LC ordering3,37–44 

upon exposure to targeted chemical species. Here, we build on the second strategy motivated by 

the observation that LCs can be triggered to undergo ordering transitions in response to specific 

atomic-scale events at interfaces.45,46 

One surface-based approach that has shown particular promise for the design of 

chemoresponsive LCs combines the use of surfaces that present metal ions with mesogens 

possessing ligands capable of coordinating with the metal ions.3,47–49 The competitive binding of 

the mesogens and targeted chemical species (e.g., dimethylmethylphosphonate, DMMP) with the 

metal ions couples the ordering of the LC to the absence/presence of the targeted chemical 

species.3 For example, previous experimental studies have demonstrated surface-driven ordering 

transitions (from homeotropic ordering to planar ordering) of 4’-n-pentyl-4-biphenylcarbonitrile 

(5CB, Scheme 1a) when DMMP vapors partition into LC thin films (~20 µm thick) supported on 
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metal perchlorate salts (e.g., Al(ClO4)3, Cu(ClO4)2, and Zn(ClO4)2).3,50–57 While a number of 

substrates (e.g., self-assembled monolayers3,50,56–59 and glass microscope slides37,52–55,60) have 

been used to support the metal salts, the time-dependent dissolution of the metal salts into the LC 

has been observed to generate time-dependent changes in the ordering of the LC (e.g., loss of 

homeotropic ordering within 7-hours of equilibrium of 5CB on the Al(ClO4)3-coated surface58). 

To address this problem, here we explore the use of metal-coordinating polymer films as a class 

of supports for metal cations that prevent minimize dissolution of the metal cations into LCs and 

investigate the consequence of the coordinating interfacial environment on the ordering and 

time-dependent properties of the supported LCs. 

Our approach was inspired by prior studies that have reported formation of coordination 

complexes between the nitrogen lone pairs on poly(4-vinylpyridine) (P4VP) and metal ions (e.g., 

Ni2+, Cu2+, Fe3+, and Zn2+ in acetate salts).61–65 To generate pyridine-containing thin-film 

substrates for chemoresponsive LCs, we utilized an all-dry synthesis technique called initiated 

Chemical Vapor Deposition (iCVD).66 This technique deposits smooth, conformal films atop 

substrates of interest,67 and can be performed with a range of methacrylate- or vinyl-based 

monomers to enable precise control of the composition and physicochemical properties of 

polymer films.68 Fabrication of P4VP thin films by iCVD has been previously reported,69–72 and 

incorporation of the crosslinker poly(divinylbenzene) (PDVB) was shown to permit tuning of 

mechanical strength70 and glass transition temperature.73 For the design of chemoresponsive 

LCs, we fabricated thin films (~200 nm thick) of poly(4-vinylpyridine-co-divinylbenzene) 

(P(4VP-co-DVB)) on glass microscope slides using iCVD and controlled the cross-linker, DVB, 

to be 18 mol%. This made pyridine the dominant chemical group (82 mol%) at the surface of the 
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polymer film and led to desirable mechanical properties for metal salt coating (e.g., prevented 

surfaces from delamination during metal-salt coating using alcoholic solutions).  

In this paper, we report the use of electronic structure-based theoretical methods37,52–54,74–77 and 

experiments to explore (i) how the binding of metal cations with coordinating polymers 

modulates their interactions with LCs, including the displacement of LCs by other chemical 

species (i.e., DMMP); (ii) whether these influences can be understood in terms of 

thermodynamic or kinetic factors; and (iii) whether the interfacial environment of the metal-

coordinating polymer exhibits time-independent properties in comparison to metal salts 

deposited onto glass substrates (silica). 

 

 

METHODS 

Computations 

Density functional theory (DFT) calculations were performed using Gaussian09 version D.01.78  

Geometry optimization was carried out at the PBE-D3/def2-SVP level of theory.79–81 Electronic 

energies were then obtained from a single-point calculation at the M06-2X-D3/def2-TZVP82 

level of theory using the optimized structures. Free energy contributions were obtained from the 

PBE-D3/def2-SVP level of theory using a pressure of 1 atm and a temperature of 298 K. We 

modeled Ni(ClO4)2 using the Neutral Anion Model (NAM), which we have described in detail 

and established as a good predictor of LC ordering on metal salts in previous publications.37,52,53 

Within the context of the NAM, Ni(ClO4)2 coordinated with hydroxylated silica (SiO4H4), 

pyridine or ethanol was used to represent the surface when the metal salt is coordinated with the 
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glass slide, polymer film, or washed by ethanol, respectively. Hydroxylated silica was used so 

that the silicon atom has a similar coordination environment (4 oxygen atoms) to what it would 

have in the bulk structure, and the hydrogen atoms were added to balance the charges. 

Binding free energies (GBE) for adsorbate molecules were calculated using the equation 𝐺𝐵𝐸 =

 𝐺𝑀𝑜𝑑𝑒𝑙+𝐴𝑑𝑠 − 𝐺𝑀𝑜𝑑𝑒𝑙 − 𝐺𝐴𝑑𝑠, where GModel+Ads is the free energy of the adsorbate molecule 

bound to the cluster model of the surface (NAM + any coordinating molecules such as pyridine), 

GModel is the free energy of the cluster model of the surface, and GAds is the free energy of the 

adsorbate molecule in the gas phase. We use benzonitrile (PhCN, Scheme 1b) as a surrogate 

molecule for 5CB.55 In past studies, we have found that a negative GBE of PhCN with a NAM 

cluster was a reliable predictor of homeotropic anchoring.52,53 We calculate the displacement free 

energy (GDE) of 5CB by DMMP using the equation 𝐺𝐷𝐸 =  𝐺𝐵𝐸−𝐷𝑀𝑀𝑃 − 𝐺𝐵𝐸−𝐿𝐶, where GBE-

DMMP is the binding free energy of DMMP with a NAM cluster model of the surface, and GBE-LC 

is the binding free energy of PhCN with the same NAM cluster model.  

Experimental Section 

Materials. Detailed information regarding the sources of materials used in this study can be 

found in SI. 

Synthesis of polymer thin films. A custom-built iCVD reactor was used to deposit polymer thin 

films onto glass slides, silicon (Si) wafers or gold (Au)-coated silicon wafers. Detailed 

information regarding procedures used for synthesis of the polymer thin films used in this study 

can be found in SI.  The final polymer film thickness was measured on the Si wafer using a 

Woollam alpha-SE ellipsometer at incident angles of 65°, 70° and 75°. Measurements were 

collected using incident light with wavelengths ranging from 380 to 900 nm and analyzed using 



7 
 

a Cauchy-Urbach model.83 The copolymer compositions were determined by Fourier-transform 

infrared spectroscopy (Figure S3). The polymer thin films used in this study consisted of 82 

mol% 4VP and 18 mol% DVB (see details in SI for other P(4VP-co-DVB) films with different 

4VP-DVB ratios). 

 

Scheme 1. Chemical structures of (a) 5CB, (b) PhCN, (c) DVB, (d) 4VP, (e) TBPO, (f) P(4VP-

co-DVB).  

Coating of metal salts on substrates. Glass slides or silicon wafers were rinsed with copious 

amounts of ethanol and then dried under a stream of nitrogen. P(4VP-co-DVB) thin films were 

deposited as described above. Metal ions were deposited onto glass surfaces or polymer thin 

film-coated glass substrates by spin coating ethanolic solutions of metal salts at specified molar 

concentrations (0.5-1.5 mM) at 3000 rpm for 30 s (WS-400A-6NPP/Lite, Laurell Technologies).  

The mole density of metal ions deposited on the glass surfaces or polymer films was quantified 

by using inductively coupled plasma-optical emission spectroscopy (ICP-OES), as detailed in SI.   

(a) (b)

(c) (d)

(e) (f)
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Fourier transformed polarization-modulation infrared reflectance absorbance 

spectroscopy (PM-IRRAS). Substrates used in the IR measurements were prepared by 

sequential deposition of 20 Å of Ti and 200 Å of Au onto Si wafers using an electron beam 

evaporator. Films of P(4VP-co-DVB) (with thickness of 44 nm) were deposited on top of the Au 

films. IR spectra of the supported polymer films before and after being decorated with metal salts 

were obtained using a Nicolet Magna-IR 860 FT-IR spectrometer with a photoelastic modulator 

(PEM-90, Hinds Instruments), synchronous sampling demodulator (SSD-100), and a liquid N2-

cooled mercury cadmium telluride (MCT) detector. All spectra (700-4000 cm-1) were recorded at 

an incident angle of 83o with the modulation centered at 1500 cm-1. For each sample, 1000 scans 

were taken at a resolution of 4 cm-1. Data were collected as differential reflectance vs. 

wavenumber. All IR results presented were analyzed by OMNIC software. 

Formation of thin films of LC anchored on metal salt-decorated surfaces. An 18 μm-thick 

copper transmission electron microscopy (TEM) grid (Electron Microscopy Sciences) was 

placed on a metal salt-decorated surface. The TEM grid had an overall diameter of 3 mm and 

was composed of square slots with lateral dimensions of 285 μm. The slots were filled with 0.1 

µL LC using a microcapillary. The excess LC was removed from the grids by wicking it into an 

empty capillary tube. In other experiments, the LC films were confined by two metal salt-

decorated surfaces using a sandwich structure. Fiber spacers with diameters of 20 μm were 

dispersed into Norland Optical Adhesive 65 (Norland Products, Inc.). The perimeters of two 

surfaces were coated with the adhesive, and the surfaces were adhered together by UV exposure 

for 30 minutes. A drop of 5CB, heated into its isotropic phase (35.5 oC < T < 40 oC), was then 

drawn by capillarity into the cavity between the two surfaces of the sandwich cell. The cell was 

subsequently cooled to room temperature. 
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Characterization of orientations of LCs in an optical cell during gas exposure. LC samples 

hosted within TEM grids supported on metal salt-decorated glass or polymer surfaces were 

exposed to a stream of nitrogen containing 10 ppm DMMP within a flow cell that was 

constructed to direct the gaseous flow across the LC samples while permitting observation using 

a polarized-light microscope (CH40, Olympus). A detailed description of the flow cell can be 

found in a prior publication.50 White light illumination was used to perform the microscopic 

observations. The flow rate of each gas stream was controlled using a rotameter (Aalborg 

Instruments and Control). The total flow rate was maintained at 500 mL/min at atmospheric 

pressure.  Unless stated otherwise, the experiments were performed at room temperature (24oC). 

RESULTS AND DISCUSSION 

Interactions of metal cations with coordinating polymer films 

Previously, we reported experimental observations of homeotropic (perpendicular to the surface) 

anchoring of 4’-n-pentyl-4-biphenylcarbonitrile (5CB, a room-temperature LC) on Ni(ClO4)2-

decorated glass surfaces.52,74 These observations were correctly described by density functional 

theory (DFT), revealing strong binding (negative binding free energy) of the nitrile group in 5CB 

with Ni2+. Motivated by these prior observations, in our initial experiment, we sought to use a 

poly(4-vinylpyridine-co-divinylbenzene) (P(4VP-co-DVB)) thin film as a substrate for 

coordination with Ni2+. We evaluated the binding strength of 5CB with the Ni2+-coordinating 

polymer film and compared it to Ni2+-decorated glass surfaces using DFT calculations.    

We first evaluated the binding free energy (GBE) of Ni(ClO4)2 to P(4VP-co-DVB) or glass 

surfaces by performing calculations with Ni(ClO4)2 coordinated with pyridine or a hydroxylated 

silica cluster, respectively (see details in Methods and SI). We evaluated the formation energies 
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of Ni(ClO4)2-pyridine complexes containing different numbers of the pyridine group (Figure S1) 

and found that the most thermodynamically stable structure is Ni(ClO4)2 coordinated with a 

single pyridine molecule (Figure 1a). Inspection of Figure 1a reveals that Ni2+ binds to the 

pyridine group more strongly (-1.44 eV) than to a hydroxylated silica cluster (-0.94 eV). The 

strong binding of Ni2+ with pyridine is consistent with prior experimental observations of the 

formation of Ni2+-pyridine complexes in solution, which have been characterized by infrared 

(IR) spectroscopy.84–86 To provide experimental characterization of the coordination of 

Ni(ClO4)2 with the pyridine group of P(4VP-co-DVB) films, we performed polarization-

modulation infrared reflectance absorbance spectroscopy (PM-IRRAS).87 Inspection of the IR 

spectrum of the bare P(4VP-co-DVB) (82 mol% 4VP and 18 mol% DVB) thin film (Figure 1b 

(red) with assignments of IR peaks in Table 1) reveals peaks corresponding to the vibrational 

modes of the pyridine group (1599, 1557, 1453, and 1415 cm-1).88 Next, we spin-coated 

Ni(ClO4)2 with a surface density of 8.2±0.4 pmol/mm2 on the P(4VP-co-DVB) thin film. The 

surface density of 8.2±0.4 pmol/mm2 is close to ~ 1 ML Ni(ClO4)2 salt coverage (8.4 pmol/mm2 

is 1 ML Ni(ClO4)2).52 The black line in Figure 1b shows that additional IR peaks appear after 

Ni(ClO4)2 coating. Specifically, we observed the appearance of a broad peak at 1140-1070 cm-1 

(marked with a diamond in Figure 1b), which is assigned as the vibrational mode of ClO4
-.89 The 

broad peak at 1670-1640 cm-1 and the peak at 1618 cm-1 (marked with asterisks in Figure 1b) are 

shifted relative to the C=N stretch of uncoordinated pyridine at 1599 cm-1, and are weaker in 

intensity (from red to black at 1599 cm-1). Comparable shifts to higher wavenumbers (>1610 cm-

1) for the C=N stretch of pyridine have been reported for complexes of P4VP with Zn2+ 84 and 

Ru2+.85,90 A similar set of observations and conclusions applies to the peak at 1415 cm-1 of the 

bare polymer and the peak at 1445 cm-1 of the Ni(ClO4)2-decorated polymer for the C=N 
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stretch.85 Overall, these results are consistent with the formation of Ni2+-pyridine complexes, as 

reported in past studies,85,86,90,91 and a strong coordination interaction of Ni2+ with pyridine, as 

predicted from our electronic structure calculations.  We note also that our IR results suggest that 

uncoordinated pyridine remains on the surface after treatment with Ni(ClO4)2. 

 

Figure 1. (a) Side view of Ni(ClO4)2 bound with a hydroxylated silica cluster, pyridine, or 

ethanol molecule (left to right). (b) PM-IRRAS of P(4VP-co-DVB) thin films before (red) and 
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after (black) being decorated with 8.2±0.4 pmol/mm2 Ni(ClO4)2, and then being rinsed using 

ethanol (green). The characteristic IR peaks assigned for vibrational modes of the pyridine group 

coordinated with Ni2+ are marked above the peaks with asterisks, and the characteristic IR peak 

for the vibrational mode of ClO4
- is marked above the peak with a diamond. 

Table 1. Vibrational frequency (cm-1) assignments for peaks in Figure 1b. 

 
pyridine ring pyridine coordinated with Ni2+ 

(marked with asterisks) 

ClO4
- (marked 

with a diamond) 

measured 1599 1557 1453 1415 1670-1640 1618 1445 1140-1070 

reported84,

85,90,92 

1595 1556 1450 1415 >1610 1430 1200-1000 

calculated 1595 1564 1495 1432 1620 1445 1098 

 

Next, we evaluated the predicted (see calculations above) stronger binding of Ni2+ to pyridine 

(GBE=-1.44 eV) than to hydroxylated silica (GBE=-0.94 eV) by examining whether the Ni2+-

pyridine or Ni2+-hydroxylated silica coordination can be disrupted by solvent such as ethanol. 

We calculated the GBE of Ni(ClO4)2 to ethanol to be -1.07 eV (Figure 1a; less negative than -1.44 

eV for the GBE of Ni2+ to pyridine), leading us to predict that ethanol would not displace pyridine 

from binding to Ni(ClO4)2. We tested this prediction by measuring the IR spectra of the 

Ni(ClO4)2-decorated P(4VP-co-DVB) thin films before and after being rinsed with copious 

amounts of ethanol. Inspection of the green line in Figure 1b reveals no significant change in the 

spectra after ethanol rinsing, indicating that Ni(ClO4)2 remains coordinated with the polymer 
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surface. In contrast to the coordinating polymer surface, the removal of Ni(ClO4)2 by ethanol is 

predicted on the glass surface (-0.94 eV for GBE of Ni2+ to hydroxylated silica; less negative than 

-1.07 eV for the GBE of Ni2+ to ethanol). As detailed in the SI, we found that Ni(ClO4)2 salts were 

removed by ethanol from silica surfaces based on the IR measurements (Figure S5), consistent 

with the computational predictions. When combined with the result in Figure 1b (black and 

green), we conclude that Ni2+ binds more strongly to the P(4VP-co-DVB) surface than glass. 

Effect of coordinating polymer film on anchoring of 5CB 

To evaluate the effects of the substrates (glass and P(4VP-co-DVB)) on the anchoring of 5CB, 

we performed DFT calculations with benzonitrile (PhCN, a surrogate molecule for 5CB, Scheme 

1b). We calculated a GBE of -0.70 eV for the interaction between the nitrile group of PhCN and 

the Ni2+ cation in the Ni(ClO4)2-hydroxylated silica complex (“salt+SiO2” in Table 2 and Figure 

2a left). The negative GBE suggests that 5CB prefers to bind with the metal salt via the nitrile 

group, consistent with the past observation of a homeotropic orientation of 5CB on Ni(ClO4)2-

decorated (≤ 1ML) glass surfaces.52 The GBE evaluated with the hydroxylated silica cluster in the 

model, however, is less negative (indicating weaker binding) than that calculated without the 

hydroxylated silica cluster (-1.04 eV; see past studies52 and “salt only” in Table 2) due to 

electron donation from hydroxylated silica to Ni2+. This suggests that binding of Ni2+ with a 

substrate can modulate the binding strength of Ni2+ with the LC. Based on this finding, we 

speculated that the stronger coordination interaction of Ni2+ with pyridine (-1.44 eV in Figure 1a) 

would further decrease the binding strength of the Ni2+ with PhCN, a prediction that was 

confirmed by DFT calculations (-0.57 eV for “salt+Pyr” in Table 2 and Figure 2a right). 

However, the GBE of -0.57 eV of PhCN with Ni2+ in the Ni(ClO4)2-pyridine complex is still 

strong enough (< 0 eV) to lead us to predict that 5CB would assume a homeotropic orientation 
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on the Ni(ClO4)2-decorated (≤ 1ML) P(4VP-co-DVB) surface based on previous benchmark 

studies.52,55 

Table 2. Calculated GBE of PhCN or DMMP or water to Ni(ClO4)2 (salt only), Ni(ClO4)2 

coordinated with a hydroxylated silica cluster (salt+SiO2) and Ni(ClO4)2 coordinated with a 

pyridine group (salt+Pyr), and calculated displacement free energy (GDE) of PhCN by DMMP 

and by water. All values are in eV. 

 

GBE of 

PhCN 

GBE of DMMP GDE by DMMP GBE of H2O GDE by H2O 

salt -1.04 -1.51 -0.47 -0.92 0.12 

salt+SiO2 -0.70 -1.11 -0.41 -0.82 -0.12 

salt+Pyr -0.57 -0.96 -0.39 -0.71 -0.14 

 

Next, we performed experiments to characterize the anchoring of 5CB on the Ni(ClO4)2-

decorated P(4VP-co-DVB) surface by confining 5CB between two metal salt-decorated surfaces 

under two crossed polarizers. We found 5CB to exhibit a dark optical appearance when confined 

by the P(4VP-co-DVB) surfaces decorated with 6.2±0.4 pmol/mm2 Ni(ClO4)2 (Figure 2b, right 

column), consistent with a homeotropic orientation of 5CB and predictions of the above-

described DFT calculations. To evaluate the prediction of a weaker binding of 5CB to Ni(ClO4)2 

on the P(4VP-co-DVB) surfaces as compared to the glass surfaces, we performed experiments in 

which we decreased the surface density of Ni2+ binding sites on the P(4VP-co-DVB) surfaces 
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(see SI for experimental methods). Specifically, we sought to determine the lowest surface 

density (LSD) of metal cation binding sites for which homeotropic anchoring of the LC was 

observed.52 This experiment was motivated by our proposal that homeotropic anchoring can be 

induced by a small number (low LSD) of very strongly bound mesogens or, conversely, a large 

number (high LSD) of weakly bound mesogens on a surface. Inspection of the experimental 

results in Figure 2b reveals that the LSDs of Ni(ClO4)2 for glass and P(4VP-co-DVB) surfaces 

are 4.6±0.4 pmol/mm2 and 6.2±0.4 pmol/mm2, respectively. The measured ranking of the LSDs 

correlated inversely with the predicted GBE values (glass: -0.70 eV and polymer: -0.57 eV). This 

result suggests a weaker binding of 5CB to the Ni(ClO4)2-decorated P(4VP-co-DVB) surface as 

compared to the Ni(ClO4)2-decorated glass surface, consistent with our DFT calculations. 
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Figure 2. (a) Side view of the binding structure of PhCN with a Ni(ClO4)2 molecule coordinated 

with a hydroxylated silica cluster (left) or a pyridine molecule (right). (b) Cross-polarized images 

of 5CB films supported on Ni(ClO4)2-decorated glass and on polymer surfaces. The values of the 

surface density of Ni2+ are inserted in the images. The scale bars represent 100 μm. (c) 

Schematic illustration of the director profile of 5CB when it is sandwiched between two metal 

salt-decorated surfaces for homeotropic (left) and planar (right) LC anchoring. 

Motivated by the results above, we then compared time-dependent changes in the ordering of 

5CB supported on Ni(ClO4)2-decorated glass or P(4VP-co-DVB) surfaces (Figure 3). In these 
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experiments, 5CB was hosted in transmission electron microscopy (TEM) grids to leave one side 

of the LC film exposed to a gaseous environment. When using the glass substrate to support the 

TEM grid, within 14 hours of equilibration of the LC in a dry N2 environment, we observed the 

initial dark optical appearance of the LC (Figure 3a, 3b, left column) to disappear, indicating the 

loss of homeotropic anchoring of the LC (to tilted states) on the glass surface decorated with 

8.5±0.5 pmol/mm2 Ni(ClO4)2. A similar observation was reported previously for 5CB supported 

on carboxylic acid-terminated self-assembled monolayers decorated with 14.4 pmol/mm2 

Al(ClO4)3 (7 hours), an observation that was shown to be caused by dissolution of the salt into 

the LC.58 In contrast to the glass substrate, we did not observe the optical appearance of 5CB 

supported on the P(4VP-co-DVB) surface decorated with 8.2±0.4 pmol/mm2 Ni(ClO4)2 to 

change over 7 days of incubation (Figure 3d, 3e right column). These results support our 

prediction that cations can be displayed in a stable manner at the surfaces of coordinating 

polymers to orient LCs.  
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Figure 3. Cross-polarized images of 5CB films supported on (a),(b) Ni(ClO4)2-decorated glass or 

(d),(e) Ni(ClO4)2-decorated polymer surfaces stored under dry N2 environment.  (c) Schematic 

illustration of dissolution of Ni(ClO4)2 from glass to bulk 5CB which leads to a planar anchoring 

of 5CB.  (f) Schematic illustration of homeotropic anchoring of 5CB on Ni(ClO4)2 on polymer 

under dry nitrogen. The scale bars represent 200 μm.   

 

Effect of coordinating polymer film on adsorbate-driven change in anchoring of 5CB 

To predict whether the LC would respond to DMMP, we calculated the change in free energy 

accompanying displacement (GDE) of 5CB by DMMP from a complex of Ni(ClO4)2 with 

hydroxylated silica or pyridine. Our calculations predict GDE of 5CB by DMMP to be -0.41 eV 

or -0.39 eV for the complex with hydroxylated silica or pyridine, respectively, indicating that 

displacement by DMMP is a thermodynamically favored process in both environments (Table 2 

and Figure 4a). In our past work, we observed that a threshold value of GDE of -0.4 ~ -0.5 eV 

correlated with the onset of experimentally observed displacement processes.52,53,55 The 

existence of the threshold, which likely reflects kinetic effects but remains to be fully 

understood, makes prediction of the outcome of experiments performed on silica and pyridine 

surfaces uncertain based on the above-calculated values of GDE.  

To address this uncertainty, we performed experiments to characterize the response of 5CB on 

the Ni(ClO4)2-decorated glass or P(4VP-co-DVB) surfaces by quantifying the optical appearance 

of 5CB to exposure to 10 ppm DMMP. As shown in Figure 4b (open black squares), 5CB 

supported on the glass surface decorated with 8.5±0.5 pmol/mm2 Ni(ClO4)2 (~1ML coverage) 
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exhibited no measurable orientational response upon exposure to 10 ppm DMMP for 1 hour. A 

similar observation was reported previously when using Ni(ClO4)2 with a surface density of 

~100 pmol/mm2 (multiple layers of salts).52 When using P(4VP-co-DVB) as the substrate for 

8.2±0.4 pmol/mm2 Ni(ClO4)2 (solid squares in Figure 4b), however, we observed a dynamic 

orientational transition of 5CB to start within 10 mins of exposure to DMMP. The optical 

response of the 5CB film concluded 25 mins after the onset of exposure (set the normalized light 

intensity as 1; bright optical appearance shown in the inset of Figure 4b). The change in optical 

appearance of the LC film was reversed upon subsequent exposure to dry N2 (red squares), and 

further reversed over several subsequent cycles of DMMP and N2 exposure. The observation of a 

5CB response to DMMP on the coordinating polymer substrate but an absence of response on 

the glass substrate is interesting in light of the similar GDE values (-0.39 eV and -0.41 eV, 

respectively) predicted by our DFT calculations. This result raises the possibility that the distinct 

response of the LC on glass and the coordinating polymer surface reflects the kinetics, rather 

than the thermochemistry, of the displacement reaction at the surface.  
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Figure 4. (a) Calculated potential energy diagram of the displacement of PhCN by DMMP on 

Ni(ClO4)2 only (blue) or on Ni(ClO4)2 coordinated with a hydroxylated silica cluster (black) or a 

pyridine molecule (red). The energies of bound PhCN states are set to 0 eV. The boxed insets are 

the minimum-energy binding structures (side view) associated with the states (horizontal lines) 

near them. The boxes are color-coded to correspond to the relevant potential energy diagram. (b) 

Normalized intensity of polarized light transmitted through 5CB supported on the P(4VP-co-

DVB) surface decorated with 8.2±0.4 pmol/mm2 Ni(ClO4)2 during cycles of exposure to 10 ppm 

DMMP (solid black squares) and N2 (solid red squares). The insets are the optical micrographs 

(crossed polarizers) of 5CB at t=0 min and t=25 min. The open black squares indicate the 

response of 5CB supported on the glass surface decorated with 8.5±0.5 pmol/mm2 Ni(ClO4)2 

during exposure to 10 ppm DMMP for over 1 hour. (c) Cross-polarized images of DMMP-5CB 

(CDMMP=0.1 mol%) supported on the glass surface decorated with 8.5±0.5 pmol/mm2 Ni(ClO4)2 
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before and after exposure to N2 for 5 mins. (d) Initial response times (the interval of time 

between the introduction of DMMP and measurement of 10% of the normalized light intensity of 

the full response) of 5CB supported on P(4VP-co-DVB) surfaces decorated with 8.2±0.4 

pmol/mm2 Ni(ClO4)2 to 10 ppm DMMP at different temperatures (24oC, 30oC and 34oC) (e) 

Initial response time of 5CB supported on P(4VP-co-DVB) surfaces decorated with various 

surface densities of Ni(ClO4)2 following exposure to 10 ppm DMMP. (f)  Effects of storage on 

the orientations of 5CB supported on P(4VP-co-DVB) surfaces decorated with 8.2±0.4 

pmol/mm2 Ni(ClO4)2 before (black) and after (red) exposure to 10 ppm DMMP.  The samples 

were stored in dry N2 and at room temperature. The scale bars represent 200 μm. 

To address the possible role of kinetics, we considered a simple model for an intermediate state 

of the system during the process of displacement of 5CB by DMMP (Figure 4a). In this model, 

the bound PhCN first desorbs from Ni2+ to generate a free Ni2+ binding site, and then DMMP 

binds to the Ni2+. The energy to break the PhCN-Ni2+ coordination interaction thus provides an 

estimate for the kinetic barrier for displacement, which is estimated as the negative of GBE of 

PhCN. Figure 4a shows that displacement of PhCN by DMMP when using pyridine (red) is 

characterized by an estimated kinetic barrier (0.57 eV) that is 0.13 eV lower than when using 

hydroxylated silica (black) due to the weaker GBE of PhCN to Ni2+ coordinated with pyridine (as 

compared to with hydroxylated silica in Table 2 and Figure 2a). We note that a change in the 

energy of 0.06 eV corresponds to a 1 order of magnitude change in reaction rate at room 

temperature; thus, the considerations described above predict a response to DMMP on the glass 

substrate that is slower by ~2 orders of magnitude as compared to the P(4VP-co-DVB) film. This 

result is consistent with the experimental observation of the absence of any response within 70 
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mins on the glass substrate and an initial response on the P(4VP-co-DVB) substrate within 10 

mins of onset of exposure to DMMP.  

To explore further if the response of 5CB to DMMP is kinetically hindered on the Ni(ClO4)2-

decorated glass substrate, we mixed liquid DMMP with 5CB and then characterized the 

anchoring of the DMMP-5CB mixture on a Ni(ClO4)2-decorated glass substrate. In this 

experiment, we predicted, based on our DFT calculations, that some Ni2+ binding sites would be 

occupied by DMMP molecules when contacted with the DMMP-5CB mixture. Inspection of 

Figure 4c reveals that the DMMP-5CB mixture (CDMMP=0.1 mol%) adopted a planar orientation 

on the glass surface decorated with 8.5±0.5 pmol/mm2 Ni(ClO4)2, consistent with this prediction. 

Additionally, a transition from planar to homeotropic anchoring of the DMMP-5CB mixture 

occurred within 5 mins of exposure of the sample to N2 (Figure 4c). This result further suggests 

that DMMP molecules bound at the Ni(ClO4)2 interface prior to N2 exposure caused the planar 

orientation of the LC. Overall, these experiments support the idea that DMMP binds more 

strongly than 5CB to the Ni(ClO4)2-decorated glass substrate, as suggested by our calculations 

(Table 2), and that the lack of response of 5CB on the Ni(ClO4)2-decorated glass substrate to 

DMMP vapor (Figure 4b, open black squares) is likely due to the kinetics of the displacement 

reaction. 

The results described above support our proposal that the response of 5CB to DMMP is 

governed by the kinetics of the displacement reaction. This led us to predict that the LC response 

to DMMP would be faster at a higher temperature when 5CB was supported on the Ni(ClO4)2-

decorated P(4VP-co-DVB) surface. Motivated by this prediction, we evaluated the LC response 

dynamics as the temperature was increased from 24oC to 34oC (the nematic-to-isotropic 

transition temperature of 5CB is 35oC93). Inspection of Figure 4d reveals that 5CB exhibited a 
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faster response to DMMP at the higher temperature. We also determined the natural log of the 

initial response time to be proportional to the inverse of temperature, consistent with an 

Arrhenius-type expression (the equation in Figure 4d). By using the slope of the linear fit to the 

experimental data, we determined an apparent activation energy of 0.46±0.1 eV for the 

displacement of 5CB by DMMP on P(4VP-co-DVB) surfaces decorated with 8.2±0.4 pmol/mm2 

Ni(ClO4)2. This experimentally determined apparent activation energy is in good agreement with 

the one obtained from our DFT calculations (0.57 eV in Figure 4a). We end by noting that the 

change of the diffusion coefficient of DMMP in air or the LC upon heating from 24oC to 34oC is 

small,94 suggesting that changes in response times in Figure 4d are not likely dominated by mass 

transport.50 Overall, these results provide support for our proposal that the displacement of 5CB 

by DMMP is a kinetically controlled process. 

In the above-described results, we used a surface density of ~8 pmol/mm2 of Ni(ClO4)2. We also 

performed measurements of the response of 5CB to DMMP supported on P(4VP-co-DVB) 

surfaces decorated with lower surface densities of Ni(ClO4)2. Inspection of Figure 4e reveals that 

5CB exhibited a faster orientational transition on the P(4VP-co-DVB) surface decorated with 

6.1±0.4 pmol/mm2 Ni(ClO4)2 than 8.2±0.4 pmol/mm2 Ni(ClO4)2. We hypothesized that these 

dynamics arise because DMMP has to displace more 5CB molecules bound to Ni2+ when using 

the higher density of Ni2+ ions on the surface. To test this hypothesis, we increased the surface 

density of Ni2+ to 10.4±0.3 pmol/mm2 and observed 5CB to exhibit a slower response to DMMP 

than when it was supported on 8.2±0.4 pmol/mm2 Ni(ClO4)2 (Figure 4e). When we further 

increased the surface density to 14.5±0.5 pmol/mm2, however, we did not observe a response of 

5CB to DMMP in 1 hour. We note that the surface density of 14.5±0.5 pmol/mm2 corresponds to 

~1.8 ML metal salt coverage (8.4 pmol/mm2 for 1 ML Ni(ClO4)2). Under these conditions, it is 
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possible that the top layer of Ni2+ ions bound to 5CB are not coordinating with the pyridine 

groups of the polymer substrate. Accordingly, the kinetic barrier for the displacement of 5CB by 

DMMP is large (1.04 eV, Figure 4a blue), above what is kinetically feasible at room 

temperature.   

We next determined if the anchoring transition induced by DMMP changed with the age of the 

metal salt-decorated polymer surfaces. After the 5CB samples were stored for a desired length of 

time (room temperatures; dry conditions), we characterized the LC before and after exposure to 

DMMP. As shown in Figure 4f and reported above, immediately after preparation of samples 

and prior to exposure to DMMP, 5CB exhibited homeotropic anchoring on the P(4VP-co-DVB) 

surface decorated with 8.2±0.4 pmol/mm2 Ni(ClO4)2. The corresponding intensity of light 

transmitted through samples was low (19±3 a.u.). The anchoring transition of 5CB induced by 

exposure to DMMP resulted in an increase in the intensity of light transmitted through samples 

to 87±5 a.u. (the changes in the light intensity were reversed upon subsequent exposure to N2). 

Following storage of the LCs for over 2, 5, and 7 days, we observed the initial homeotropic 

anchoring of the LCs (19±5 a.u.) to be stable and the response to DMMP to occur without 

significant change in dynamics or endpoint (67±6 a.u.). These results demonstrate that metal-

coordinating polymer surfaces represent a promising class of substrates for the design of stable 

and long-lived chemoresponsive LCs (recall that LCs on glass substrates lost their homeotropic 

anchoring in 14 hrs).  
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Figure 5: Cross-polarized images of E7 films supported on (a) 8.2±0.4 pmol/mm2 Ni(ClO4)2-

decorated P(4VP-co-DVB) or (b) 8.5±0.5 pmol/mm2 Ni(ClO4)2 glass surfaces and their response 

to 10 ppm DMMP. (c) Quantification of optical appearance of E7 on 8.2±0.4 pmol/mm2 

Ni(ClO4)2 on P(4VP-co-DVB) before (black) and after (red) exposure to 10 ppm DMMP when 

stored at 37 oC. (d) Quantification of optical appearance of E7 on 8.2±0.4 pmol/mm2 Ni(ClO4)2 
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on P(4VP-co-DVB)  before (black) and after (red) exposure to 10 ppm DMMP when stored 

under 60% RH N2. Scale bar: 200 µm.  

 

Chemoresponse of LC with a wide nematic temperature range  

 5CB is a model LC that is comprised of a single component.  The single component nature of 

the LC is helpful for fundamental studies, but the limited temperature range over which 5CB 

exhibits a nematic phase (22.5 oC-35.3 oC)95 means that it is not a technological LC.  In contrast, 

the LC called E7, which comprises four components (see Figure S13), possesses a nematic phase 

that is stable from -10 oC to 57.8 oC.96   To determine if the use of metal coordinating polymer 

films can also improve the design of chemoresponsive systems based on technological LCs, we 

next evaluated the use of coordinating polymer films formed from P(4VP-co-DVB) in 

combination with E7.  We began an evaluation of E7 by determining if it assumes a homeotropic 

orientation and responds to 10 ppm DMMP when supported on 8.2±0.4 pmol/mm2 Ni(ClO4)2 on 

P(4VP-co-DVB) surfaces as well as on 8.5±0.5 pmol/mm2 Ni(ClO4)2 on glass. Inspection of 

Figure 5a and Figure 5b reveals that E7 does exhibit homeotropic anchoring on these surfaces 

and, similar to 5CB, exhibits a reversible response to 10 ppm DMMP when using Ni(ClO4)2 on 

P(4VP-co-DVB) but not Ni(ClO4)2 on glass (Figure 5b).  

Next, we evaluated the stability of E7 anchoring on 8.2±0.4 pmol/mm2 Ni(ClO4)2 on P(4VP-co-

DVB) and its response to 10 ppm DMMP when stored for a period of 2, 5 or 7 days at an 

elevated temperature (37 oC) or in the presence of 60% RH.   Inspection of Figure 5c (black data 

points) reveals that the light intensity transmitted through E7 on Ni(ClO4)2 on P(4VP-co-DVB) 

before exposure to 10 ppm DMMP was stable with storage at 37 oC and consistent with 
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homeotropic anchoring.  Furthermore, the response of E7 to 10 ppm DMMP also did not change 

over a period of 7 days of storage at 37 oC (after the response, the intensity of transmitted light 

was consistently 110±13 a.u).  Similar levels of performance (stability to storage and consistency 

of response to DMMP) were observed when the E7 samples supported on 8.2±0.4 pmol/mm2 

Ni(ClO4)2 on P(4VP-co-DVB) were stored at 60% RH N2 and then exposed to DMMP (Figure 

5d).   

We further note that E7 is stable to exposure to 60% RH N2 on a 8.2±0.4 pmol/mm² Ni(ClO4)2 on 

P(4VP-co-DVB) substrates whereas 5CB is not stable under these conditions (described in SI 

Figure S11), despite both LCs containing nitrile-terminated mesogens. DFT calculations 

conducted in this study used the PhCN molecule as a surrogate for 5CB and predicted that PhCN 

is displaced by water on Ni(ClO4)2 coordinated with pyridine (consistent with experimental 

observations with 5CB). In contrast, the DFT predictions based on PhCN do not agree with 

experiments performed with E7.  Because E7 is a mixture, we do not know which molecular 

components of E7 dominate the interfacial behavior of the LC.  Our results suggest that PhCN is 

not an appropriate surrogate for predicting the behavior of E7. Overall, however, our experimental 

observations with E7 suggest that the benefits of using metal ion coordinating polymer films for 

the design of chemoresponsive systems extend to technological LCs comprised of mixtures of 

mesogens.  

CONCLUSIONS 

This work reports the design of chemoresponsive LCs using metal-coordinating polymer films 

and explores effects of the coordinating interfacial environment on the ordering and time-

dependent properties of LCs. The design, which was guided by electronic structure calculations, 
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uses pyridine groups in P(4VP-co-DVB) thin films deposited by iCVD to coordinate with metal 

cations. Computational predictions that the metal ion-pyridine coordination interaction would 

weaken the binding of 5CB were validated by experiments in which we compared anchoring of 

5CB supported on glass or P(4VP-co-DVB) substrates. Additionally, we discovered that DMMP 

triggers an orientational transition of 5CB supported on the Ni(ClO4)2-decorated polymer 

substrates, but not on the glass substrates decorated with a similar surface density of Ni(ClO4)2. 

We interpreted the distinct responses to reflect the kinetics of the displacement reaction, an 

interpretation that is supported by temperature-dependent measurements of the dynamic response 

of LCs to DMMP. Importantly, by presenting metal cation binding sites from P(4VP-co-DVB) 

substrates, we measured substantial improvements in the stability of chemoresponsive LCs to 

long-term storage, with a technological LC exhibiting stable orientations and reproducible 

responses to DMMP when stored at elevated temperatures and humidity conditions. Overall, 

these results demonstrate that metal-coordinating polymer films are a promising class of 

substrates for designing chemoresponsive LC-based systems. Our results also generate a range of 

questions: (i) do metal ion-pyridine coordination interactions induce changes in the surface 

morphology of polymer films (e.g., roughness and microscale or macroscale structures97–99) and 

further change the distribution of metal ions on the surface?; (ii) can we use polymers with 

functional groups other than pyridine (e.g., nitrile100 or amine101) to coordinate with metal ions to 

modulate LC/analyte-metal ion interactions and thereby explore further kinetic effects on the 

response of LCs to chemical environment (or other chemical species)? Additionally, our study 

hints that other classes of metal-ion-containing polymers102 or metal-organic frameworks103 may 

be potentially promising substrates for designing chemoresponsive LCs. 
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Additional Computational Details 

Figure S1 shows the Neural Anion Model (NAM) of Ni(ClO4)2 with increasing numbers of pyridine 

molecules coordinated with the Ni2+ ion. The differential binging free energy (ΔG) for the addition of the 

last pyridine molecule in each case is given in Figure S1. ΔG is negative for the addition of a pyridine 

molecule up to four pyridine molecules, with exothermicity decreasing as the number of pyridine molecules 

increases. Because adding the first pyridine group to Ni(ClO4)2 is more exothermic than adding additional 

pyridine groups, the NAM+1Pyr model is most likely the best model to represent our experimental system, 

whereby there is a surplus of the metal salt relative to the number of available pyridine groups from the 

polymer substrate.  

 

 

Figure S1. Geometries of the NAM of Ni(ClO4)2 and the NAM coordinated with one to four pyridine 

molecules. Differential Gibbs free energies of adsorption for the last pyridine molecules in each case are 

provided below each energy-optimized structure. 

 

Table S1 shows the binding free energy (GBE) of PhCN and the displacement free energy (GDE) of PhCN 

by DMMP with each of the five models shown in Figure S1. PhCN binds most strongly to the NAM and 

generally binds weaker as the number of coordinated pyridine molecules increases. The one exception is 

that PhCN binds slightly stronger to the NAM+3Pyr model (GBE=-0.15 eV) than to the NAM+2Pyr model 

(GBE=-0.12 eV). The trend in GDE as the number of coordinated pyridine molecules increases is less clear. 

The NAM and NAM+2Pyr models have similar GDE values (-0.47 eV and -0.49 eV, respectively), and the 

NAM+1Pyr and NAM+3Pyr models have similar GDE values (GDE=-0.39 eV and -0.37 eV, respectively). 

The NAM+4Pyr model has the weakest GDE of -0.29 eV.  
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Table S1. Calculated GBE of PhCN to Ni(ClO4)2-plain-(NAM) and to pyridine-coordinated Ni(ClO4)2 

(NAM+nPyr, n=1-4), and calculated GDE of PhCN by DMMP. All values are in eV. 

 GBE of PhCN GDE of DMMP 

NAM -1.04 -0.47 

NAM+1Pyr -0.57 -0.39 

NAM+2Pyr -0.12 -0.49 

NAM+3Pyr -0.15 -0.37 

NAM+4Pyr +0.40 -0.29 

 

 

Figure S2. Interaction of PhCN with a pyridine molecule. The binding energy of PhCN to pyridine is -0.19 

eV, indicating a weak interaction via hydrogen bonding. 

 

Table S2 shows the GBE of PhCN to the NAM+1Pyr model for several metal perchlorate salts.  In the 

experiments below (Figure S8), 5CB exhibited planar orientations on the P(4VP-co-DVB) surfaces 

decorated with the metal salts highlighted in red (Table S2). Ni(ClO4)2 (green) is the only metal salt that 

induced a homeotropic orientation of 5CB on the P(4VP-co-DVB) surface, consistent with the calculation 

prediction for the strongest binding of PhCN to Ni(ClO4)2 among these metal perchlorate salts. 

 

Table S2. GBE of PhCN to NAM+1Pyr for several metal perchlorate salts. All values are in eV. 

NAM+1Pyr Fe(ClO4)3 Al(ClO4)3 Zn(ClO4)3 Cu(ClO4)2 Mn(ClO4)2 La(ClO4)3 Ni(ClO4)2 

GBE of PhCN -0.34 -0.38 -0.42 -0.44 -0.46 -0.47 -0.57 
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Additional Experimental Details 

1. Materials 

Nickel(II) perchlorate hexahydrate, divinylbenzene (80%), 4-vinylpyridine (95%), and tert-butyl peroxide 

(98%) were purchased from Sigma-Aldrich (Milwaukee, WI). Fischer’s Finest glass slides and starch 

indicator 1% for iodometric titration were purchased from Fischer Scientific (Pittsburgh, PA). Absolute 

ethanol (anhydrous, 200 proof) was purchased from Pharmco-AAPER (Brookfield, CT). All chemicals and 

solvents were of analytical reagent grade and were used as received without any further purification. 

Deionized water possessed a resistivity of at least 18.2 MΩ cm or greater. 5CB was purchased from Jiangsu 

Hecheng Advanced Materials Co., Ltd (Jiangsu, China). DMMP in nitrogen gas at a concentration of 10 

ppm, pure nitrogen gas and pure argon gas were obtained from Airgas (Elmira, NY) and used as received. 

Silicon wafers for P(4VP-co-DVB) characterization were purchased from Pure Wafer (San Jose, CA). 

2. Synthesis of polymer thin films 

All substrates were sealed in the 25 cm diameter and 5 cm tall reactor chamber, which was evacuated to 4 

mTorr by a rotary vane pump (E2M40, Edwards). Divinylbenzene (DVB, Scheme 1c) was heated in a glass 

jar to 65 °C to produce vapors that were metered into the reactor chamber at 0.25 sccm by a heated mass 

flow controller (1152C, MKS Instruments). 4-vinylpyridine (4VP, Scheme 1d) was heated in a glass jar to 

50 °C to produce vapors that were metered into the reactor chamber at 3.10 sccm by a metering bellows 

valve (Swagelok). Argon carrier gas and tert-butyl peroxide (TBPO, Scheme 1e) were delivered to the 

reactor at 0.75 and 0.68 sccm, respectively, by mass flow controllers (GE50A, MKS Instruments, Andover, 

MA). Pressure in the reactor, measured by a capacitance manometer (627B, MKS Instruments, Andover, 

MA), was then controlled to be 0.4 Torr by a throttle valve (235B, MKS Instruments. Andover, MA). The 

temperature of the substrate stage was maintained at 25 °C by a recirculating chiller (Thermo Accel 500 

LT, Waltham, MA). The deposition was activated by the heating of a filament array (55% Cu/45% Ni, 

Goodfellow, Pittsburgh PA) positioned 2 cm above the substrate stage to approximately 230 °C by a DC 

power supply (1715A, B&K Precision, Yorba Linda, CA). Real-time polymer film thickness was monitored 

with an in situ helium-neon laser (633 nm, JDS Uniphase, San Jose, CA), and depositions were terminated 

once the P(4VP-co-DVB) films (Scheme 1f) reached approximately 200 nm by ceasing all vapor flows, 

cooling the filament array, and evacuating the reactor chamber. 

3. Characterization of P(4VP-co-DVB) films 

 



5 
 

Figure S3. Fourier-transform infrared (FTIR) spectrum of 210 nm-thick P(4VP-co-DVB) film using a 

Bruker VERTEX Series V80v spectrometer in transmission mode. Spectra of films on a Si wafer were 

collected by using a mercury cadmium telluride detector in the range of 650-3400 cm-1 and were 

background corrected using a bare Si wafer. The area underneath the peak at 710 cm-1 corresponding to the 

C-C vibration in the phenyl moiety of DVB was normalized by the film thickness and compared with the 

thickness-normalized area under the same peak of a poly(DVB) homopolymer to determine the copolymer 

composition according to established protocols.1 Deposition conditions reported in this study yielded a 

copolymer thin film with 82 mol% 4VP and 18 mol% DVB. 

 

4. Surface density of Ni(ClO4)2 measured by inductively coupled plasma – optical emission spectrometry 

(ICP-OES) 

To determine the density of metal cation binding sites, metal salts deposited on substrates were dissolved 

into a 2% nitric acid solution. The concentration of the metal cations in the solution was measured using 

inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer 4300). The surface 

density of the metal salt was calculated from both the ICP-OES data and knowledge of the area of the 

surface from which the metal salts were extracted. We note that this procedure yields only an apparent 

density of cation binding sites available to the mesogens, as some cations may be buried within the salt 

layer on the surface and thus not accessible to mesogens. 

 

Figure S4. Surface density of Ni2+ coated on glass (black) or P(4VP-co-DVB) surfaces as a function of its 

concentration in ethanolic solution as coating solution. These results show that (1) surface density of Ni2+ 

coated on both surfaces varied linearly with the concentration of Ni(ClO4)2 in the coating solution; (2) this 

linear relationship (slope) is independent of substrate species. 
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5. PM-IRRAS of the SiO2 surface decorated with Ni(ClO4)2 

 

Figure S5. PM-IRRAS of SiO2 thin films (fabricated by using atomic layer deposition) before (red) and 

after (black) being decorated with 8.5±0.4 pmol/mm2 Ni(ClO4)2, and then being rinsed using ethanol (green). 

The broad IR peak shown in black corresponds to the vibrational mode for ClO4
-.2 The disappearance of 

the peak in green indicates that Ni(ClO4)2 was rinsed away from the SiO2 surface by ethanol, consistent 

with the computational prediction of the stronger binding of Ni2+ to ethanol (GBE=-1.07 eV) as compared 

to SiO2 (GBE=-0.94 eV) in Figure 1a. 

 

6. Anchoring of 5CB on the P(4VP-co-DVB) surface without Ni(ClO4)2 coating 

  

Figure S6. (a) Optical image (crossed polarizers) of 5CB hosted in a copper grid on the P(4VP-co-DVB) 

surface. The scale bars represent 200 μm. (b) Schematic illustration of the director profile (side view) of 
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5CB in (a). 5CB adopted a tilted/planar orientation on the P(4VP-co-DVB) surface due to a weak binding 

of the nitrile group in 5CB with the pyridine group in P(4VP-co-DVB) (Figure S2). 

 

7. Anchoring of 5CB on ethanol-rinsed surfaces  

 

Figure S7. Optical images (crossed polarizers) of 5CB hosted in copper grids on (a) P(4VP-co-DVB) 

surfaces or (b) glass surfaces decorated with ~8 pmol/mm2 Ni(ClO4)2 before and after being rinsed using 

ethanol (prior to deposition of 5CB on surfaces). The scale bars represent 200 μm. These results indicate 

that a sufficient amount of Ni(ClO4)2 remained on the P(4VP-co-DVB) surface after ethanol rinsing, 

consistent with the IR results in the main text (Figure 1b). For the glass surface, 5CB adopted a tilted/planar 

orientation on the ethanol-rinsed surface due to the lack of Ni(ClO4)2 on the glass surface, consistent with 

the IR results in Figure S5. 

 

8. Anchoring of 5CB on surfaces decorated with other metal perchlorate salts 

 

Figure S8. Optical images (crossed polarizers) of 5CB hosted in copper grids on various metal-salt 

decorated P(4VP-co-DVB) surfaces (with surface densities of ~8 pmol/mm2). The calculated GBE
’s of 5CB 

to metal cations that are coordinated with a pyridine group are listed above images. The scale bars represent 

200 μm. These results reveal that homeotropic anchoring of 5CB was observed only for Ni(ClO4)2 whereas 

Fe(ClO4)3, Al(ClO4)3, Zn(ClO4)2, Cu(ClO4)2, Mn(ClO4)2, and La(ClO4)3 caused tilted/planar anchoring of 

5CB. These results are consistent with our calculation prediction of the strongest binding of PhCN to 

Ni(ClO4)2 among these metal perchlorate salts (Table S2). 

 

9. Effect of 4VP-DVB ratio in P(4VP-co-DVB) on anchoring of 5CB 
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In addition to P(4VP-co-DVB) films with 82 mol% 4VP, we fabricated P(4VP-co-DVB) films with 49 mol% 

or 0 mol% (pure PDVB) 4VP. For P(4VP-co-DVB) with 49 mol% 4VP and pure PDVB samples, DVB 

(Scheme 1a) was heated in a glass jar to 65 °C to produce vapors that were metered into the reactor chamber 

at 0.98 and 1.40 sccm, respectively, by a heated mass flow controller (1152C, MKS Instruments). For the 

sample of P(4VP-co-DVB) with 49 mol% 4VP, 4VP (Scheme 1b) was heated in a glass jar to 50 °C to 

produce vapors that were metered into the reactor chamber at 3.00 sccm by a bellows valve (Swagelok). 

For the sample of P(4VP-co-DVB) with 49 mol% 4VP, the tert-butyl peroxide (TBPO, Scheme 1c) and 

argon flow rates were 0.65 and 0.75 sccm, respectively, and for the PDVB sample they were 0.55 and 0.97 

sccm, respectively. 

 

Figure S9. Optical images (crossed polarizers) of 5CB hosted in copper grids on P(4VP-co-DVB) surfaces 

decorated with ~8 pmol/mm2 Ni(ClO4)2. The concentration of pyridine in polymer is 82 mol%, 49 mol%, 

or 0 mol%. We observed tilted/planar orientations of 5CB on the P(4VP-co-DVB) surface with 49 mol% 

pyridine and PDVB (0 mol% pyridine) decorated with ~8 pmol/mm2 Ni(ClO4)2. These results indicate that 

there were no sufficient amounts of Ni(ClO4)2 at LC-polymer interfaces to induce homeotropic anchoring 

of 5CB supported on the P(4VP-co-DVB) surface with 49 mol% pyridine and the PDVB surface. Ni(ClO4)2 

might be buried in polymers due to the lack of binding (with pyridine) at surfaces. If we assume the surface 

density of Ni(ClO4)2 at the LC-polymer interface (Dsurface) to be the product of the overall surface density 

of Ni(ClO4)2 (8 pmol/mm2) and the molar percentage of pyridine in polymer, Dsurface would be 6.6, 3.9, or 

0 pmol/mm2 for P(4VP-co-DVB) surfaces with 82 mol% or 49 mol% pyridine, or the PDVB surface, 

respectively. From Figure 2b in the main text, we found that the threshold value of Dsurface for homeotropic 

anchoring of 5CB is 6.2×82% = 5.1 pmol/mm2, which is consistent with the observations here. The scale 

bars represent 200 μm. 
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Figure S10. Side view and binding free energy of (a) benzene and (b) ethane each bound to Ni(ClO4)2. 

These molecules are used as a surrogate for the phenyl ring and polymer backbone moieties of the polymer 

chain, respectively. The binding free energies of these two molecules to Ni(ClO4)2 is sufficiently weak that 

these moieties are not expected to play a significant role in altering the chemoresponse of this system. For 

comparison, pyridine binds to Ni(ClO4)2 with -1.44eV (see fig. S1) 

 

 

 

Figure S11. Normalized intensities of polarized light transmitted through 5CB films supported on 

P(4VP-co-DVB) surfaces decorated with 8.2±0.4 pmol/mm2 Ni(ClO4)2 (red) or glass surfaces (black) 

decorated with 8.5±0.5 pmol/mm2 Ni(ClO4)2 during exposure to 60%RH N2.  Inspection of the data 

reveals that 5CB on the Ni(ClO4)2-decorated glass surfaces transitioned to a bright optical appearance 

consistent with a planar anchoring in 14 hrs. This transition is driven by dissolution of metal salt ions into 

the bulk of LC and occurs even under dry nitrogen as described in Figure 3 of the main manuscript. The 

latter response of the LC is, therefore, not an adsorbate-induced transition caused by displacement of 5CB 

by water.  DFT calculations shown in Table 2 of the main text indicate that the GDE (displacement free 

energy) of PhCN by water is approximately -0.14 eV on the pyridine surface.  This value of the GDE 
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indicates a thermodynamically favorable displacement of PhCN by water, consistent with experimental 

observations shown in Figure S11 for 5CB on P(4VP-co-DVB) surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

H2O on NAM of Ni(ClO4)2

Side View Top View

(a)

H2O + Hydroxylated Silica on NAM of Ni(ClO4)2

Side View Top View

H2O + Pyridine on NAM of Ni(ClO4)2

Side View Top View

(b)

(c)
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Figure S12. Side view and top view of H2O bound to (a) NAM of Ni(ClO4)2 (b) hydroxylated silica on  

NAM of Ni(ClO4)2 (c) pyridine on NAM of Ni(ClO4)2. 

 

 

 

Figure S13. Molecular structure of E7 liquid crystal. 
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