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Coupling the Chemical Reactivity of Bimetallic Surfaces to the 
Orientations of Liquid Crystals  
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Nicholas L. Abbottb,*, and Manos Mavrikakisa,* 

The development of responsive soft materials with tailored 

functional properties based on the chemical reactivity of atomically 

precise inorganic interfaces has not been widely explored. In this 

communication, guided by first-principles calculations, we design 

bimetallic surfaces comprised of atomically thin Pd layers 

deposited onto Au that anchor nematic liquid crystalline phases of 

4’-n-pentyl-4-biphenylcarbonitrile (5CB), and demonstrate that the 

chemical reactivity of these alloy surfaces towards Cl2 gas can be 

tuned by specification of the composition of the surface alloy. 

Specifically, we use underpotential deposition to prepare 

submonolayer to multilayers of Pd on Au and employ X-ray 

photoelectron and infrared spectroscopy to validate computational 

predictions that binding of 5CB depends strongly on the Pd 

coverage, with ~0.1 monolayer (ML) of Pd sufficient to cause the 

liquid crystal (LC) to adopt a perpendicular binding mode. 

Computed heats of dissociative adsorption of Cl2 on PdAu alloy 

surfaces predict displacement of 5CB from these surfaces, a result 

that is also confirmed by experiments revealing that 1 ppm Cl2 

triggers orientational transitions of 5CB. By decreasing the 

coverage of Pd on Au from 1.8±0.2 ML to 0.09±0.02 ML, the 

dynamic response of 5CB to 1 ppm Cl2 is accelerated 3X.  Overall, 

these results demonstrate the promise of hybrid responsive 

materials designs based on atomically precise interfaces formed 

between hard bimetallic surfaces and soft matter. 

Introduction 

A key challenge underlying the design of responsive materials 

with desired functions is to understand how atomic-level 

structure and composition of interfaces impact functional 

properties.1–5 Liquid crystals (LCs), which combine key 

properties of crystalline solids (long-range order) and of 

isotropic liquids (molecular mobility), are a promising class of 

chemoresponsive materials because the orientations of 

molecules (mesogens) within LCs, termed the director, can be 

controlled by the interaction between mesogens and 

functionalized surfaces.6 For example, LCs adsorbed on metal 

salt surfaces can be displaced by preferential adsorption of 

organophosphates, triggering orientational transitions of the 

supported LCs.7 Analogously, orientational transition of LCs can 

be triggered by surface redox reactions that modulate the 

binding strength of mesogens to surfaces decorated with metal 

cations.8 However, these past studies have focused on 

functional surfaces comprising metal salts that can reorganize 

upon contact with LCs and thus are difficult to manipulate 

precisely.  

 In contrast, studies in the field of heterogeneous catalysis, 

where adsorption, reaction, and desorption are key elementary 

processes, has led to a range of metal nanostructures with 

tunable chemical reactivity.9–13 That understanding serves as a 

fertile source of inspiration for design of LC systems that amplify 

surface reactions into macroscopic scale optical changes. In 

particular, a recent study shows that dehydrogenation of 

aromatic carboxylic acids doped into nematic films of 4’-n-

pentyl-4-biphenylcarbonitrile (5CB) induce 5CB to adopt a 

perpendicular (homeotropic) orientation on Au(111) and that 

subsequent dissociative adsorption of Cl2 on the Au surface can 

trigger an orientational transition of the LC.14   In this paper, we 

build from this past study to describe the design of reactive 

metal alloy surfaces that, via atomic level control of their 

structure and composition, make possible tuning of the 

chemical responsiveness of LCs without use of dopants.15–17  

 We describe a first-principles-guided design of 

chemoresponsive LCs by tailoring the composition and 

reactivity of bimetallic surfaces via use of underpotential 

deposition. By changing the bimetallic surface composition, we 

modulate the binding strength of mesogens and of specific 

analytes to these surfaces. We illustrate the approach using Cl2 
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as the analyte and its dissociative adsorption on bimetallic PdAu 

surfaces as the driver of the LC orientational transition. More 

broadly, our work demonstrates how insights from 

fundamental surface science and catalysis of bimetallics can 

lead to innovative atomic-scale designs of chemoresponsive LC 

systems. 

Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Calculated Binding Free Energy per unit Area (BFE/A) of PhPhCN in parallel and perpendicular adsorption orientation 

for five model surfaces with varying Pd content. (b) The energetically favored parallel (perpendicular) orientation of PhPhCN on 

1/16 (1/8) ML Pd on Au(111) in a 4x4 unit cell on the left (right). Crossed atoms represent bulk atoms that were not allowed to 

relax during energy minimization. (c) Cyclic voltammograms for Au film in 0.1 M H2SO4 + 0.1 mM H2PdCl4 with a return at 300 mV 

(light blue line) and a return at 530 mV (dark dash line), and in 0.1 M H2SO4 (red solid line). Scan rate: 5 mV/s. (d) X-ray 

photoelectron spectroscopy (XPS) showing Pd and O peaks on ~80 ML of Pd/Au surface. B, S, and O indicate bulk Pd, surface Pd, 

and O covered surface Pd, respectively. (e) Fourier transformed polarization-modulation infrared reflectance absorbance 

spectroscopy (PM-IRRAS) of different MLs of Pd on Au surface before (black line) and after (red line) exposure to a N2 stream 

containing 2% CO for 20 mins. (f) Optical micrographs (crossed polars) of micrometer-thick films of 5CB deposited on gold films 

with 0.04±0.01 ML of Pd and 0.07±0.01 ML of Pd. A schematic representation of the LCs is shown below each optical image.  
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To understand the orientation of 5CB adsorbed on PdAu 

alloy surfaces with different Pd content, we performed periodic 

Density Functional Theory (DFT) calculations.18,19 We built five 

surface models, evaluated their stability under ambient 

conditions, and explored the potential for intermixing Pd with 

Au to form bulk alloys (for details, see Supplementary 

Information (SI)). We found that for high Pd coverage (1 ML or 

above), partial ¼ ML O-coverage is present under ambient 

conditions (see below for experimental evidence). Additional 

studies are needed to exclude the presence of atomic O on 

surfaces with less than 1ML Pd in the Au surface. For the 

purposes of the present study, however, we assumed that there 

was no oxygen adsorbed on sub-monolayer-Pd Au surfaces. In 

addition, we showed by computation that all Pd atoms remain 

on the surface when mesogens are adsorbed on the surface, 

due to the stronger interaction between mesogen and Pd than 

mesogen and Au.  Based on these results, the five models that 

we studied ranged from 0 to several MLs of Pd on Au(111): ¼ 

ML O-precovered Pd(111), 1 ML Pd on Au(111) with the Pd ML 

pre-covered by ¼ ML O, 1/8 ML Pd in Au(111), 1/16 ML Pd in 

Au(111), and Au(111) (for details see the SI). In Figure 1a, we 

show the calculated binding free energy per unit area (BFE/A), 

a descriptor that we use to compare the preferred binding 

modes of adsorbates in different coverages and unit cells (see 

details in the SI).  We used PhPhCN as a surrogate for 5CB for 

reasons detailed in the SI.  We find that the binding of PhPhCN 

in a parallel orientation depends only modestly on the Pd 

content of the surface, with BFE/A ranging between -1.0 to -1.2 

eV/nm2. On the other hand, the binding of PhPhCN in the 

perpendicular orientation changes substantially with increasing 

Pd content, with the BFE/A ranging from -0.10 eV/nm2 for clean 

Au(111) to -3.21 eV/nm2 for ¼ ML O-precovered Pd(111). When 

the perpendicular orientation is preferred (Figure 1b, right), the 

nitrile tail of PhPhCN binds to the top site of Pd atoms though 

dative bonds, an interaction that is sensitive to the amount of 

Pd present on the surface. In contrast, PhPhCN binds to the 

surface in the parallel orientation mainly through dispersion 

interactions (Figure 1b, left) that depend weakly on the atomic 

composition of the surface. An electron density difference plot 

(Figure S3) shows that the dz
2 orbital of Pd interacts with the 

lone pair of the nitrogen atom in PhPhCN and a significant 

charge transfer takes place from the nitrile group to the dz
2 

orbital of the Pd (additional analysis can be found in the SI).  

 Figure 1a shows that the energetically preferred orientation 

of PhPhCN changes with increasing Pd coverage of the Au(111) 

surface.  The parallel orientation is favored in the case of 

Au(111) and 1/16 ML Pd on Au(111); perpendicular orientation 

is preferred on ¼ ML O-precovered Pd(111), ¼ ML O-precovered 

1 ML Pd on Au(111), and 1/8 ML Pd on Au(111). These results 

predict that at a Pd coverage between 1/16 and 1/8 ML, the 

orientation of the mesogen film will change from a planar to 

perpendicular orientation and that at higher Pd coverages a 

clear preference for the perpendicular alignment is predicted.  

To test these computational predictions, we electrochemically 

deposited Pd on vacuum-deposited Au films (predominantly 

Au(111)) from an aqueous solution containing 0.1 M H2SO4 + 0.1 

mM H2PdCl4 (see SI for details). Cyclic voltammetry (CV) was 

first performed to confirm that Pd underpotential deposition on 

the Au film occurred at 575 mV and that Pd bulk deposition 

started at 530 mV (see Figure 1c), consistent with prior reports.7  

Past studies using scanning tunneling microscopy and scanning 

electron microscopy show that Pd is deposited 

electrochemically on Au(111) without forming bulk Pd-Au 

alloys, while Pd is found to form alloys with Au when Pd is 

deposited through vapor deposition in ultra-high vacuum (UHV) 

studies.20,21 To confirm the presence of O on Pd covered 

surfaces exposed to air, we first deposited 80 ML (calculated 

from the Coulombic charge) of Pd on Au to eliminate the 

contribution of O on the Au surface in x-ray photoelectron 

spectra. As shown in Figure 1d, the measured ratio between the 

O and Pd surface signal was approximately 0.20, consistent with 

prior reports of O coverage on Pd(111) surfaces in air at room 

temperature.8 As shown in Figure S4, with a decrease in 

Figure 2. (a) Calculated Binding Free Energy per unit area 

(BFE/A) of PhPhCN in parallel and perpendicular orientation for 

five Cl-precovered model surfaces with varying Pd content. (b) 

Top and side views of the energetically favored parallel 

orientation of PhPhCN on ½ ML Cl-precovered 1/8 ML Pd on 

Au(111) (left), on ½ ML Cl-precovered 1 ML Pd on Au(111) 

(middle), and on ½ ML Cl-precovered Pd(111) (right). These 

three surfaces preferred perpendicular PhPhCN adsorption in 

the absence of Cl on the surface. 
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thickness of the Pd deposited onto Au, the Au signal increases 

while the Pd signal decreases, confirming deposition of Pd on 

top of the Au. Additionally, the measured binding energies of 

340.7 eV for Pd 3d 5/2 and 340.1 eV for Pd 3d 3/2 correspond 

to pure Pd and indicate the absence of alloy formation.22–24  

Infrared spectroscopy performed using CO as a probe molecule 

(Figure 1e) yielded peaks from 2000 to 1900 cm-1 corresponding 

to CO bound at bridge sites of Pd, and indicating that the 

samples comprising 0.07±0.01 ML and 0.44±0.10 ML Pd on Au 

present islands of Pd (in contrast, if the Pd was atomically 

dispersed on the 0.07±0.01 ML sample, the CO would be able to 

bind only to top sites of the Pd atoms).25   

 Next, we characterized the orientations of micrometer-thick 

films of nematic 5CB supported on gold films and Pd containing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Optical micrographs (crossed polars) of micrometer-thick films of 5CB supported on 0.09±0.02 ML Pd on Au surface 

exposed to 1 ppm Cl2. (b) Tilt angles from surface normal for films of 5CB across the diagonal of the square of TEM (along the 

yellow arrow in (a)). (c) Schematic (cross-sectional view) representation of the LCs of the intermediate state shown in (a). (d) 

Normalized intensity of polarized light transmitted through 5CB supported on Pd/Au surfaces and then exposed to 1 ppm of Cl2. 

(e) XPS showing (I) Cl 2p peaks at 197.4 and 199.0 eV on 8±0.5 ML Pd on Au surface following exposure to Cl2 gas for 15 mins, and 

(II) spectrum collected prior to exposure to Cl2. (f) Linear fitting of the response time of 5CB, supported on 0.09±0.02 ML Pd on 

Au, to 10, 1, 0.5 and 0.2 ppm Cl2. The error bar of the point near the origin is smaller than the size of the symbol. 
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Au films using polarized light microscopy (transmission mode). 

Nematic 5CB exhibited planar anchoring on the Au surface as 

reported in our previous work14 while increasing the amount of 

Pd on Au led to a change in anchoring of the LC.  Specifically, we 

observed the anchoring of 5CB to change from planar 

(confirmed by the optical colors generated by white-light 

illumination) to homeotropic (confirmed by conoscopic 

polarized light microscopy, showing dark cross overlying 

concentric rings) between 0.04±0.01 ML and 0.07±0.01 ML of 

Pd on Au (see Figure 1f). This experimental finding is in good 

agreement with our computational results. 

 To study the effect of Cl2 on the interaction of 5CB with AuPd 

bimetallic surfaces, we first used DFT calculations to predict that 

Cl2 dissociatively adsorbs on all five ¼ ML PhPhCN covered 

model surfaces (see detailed discussion in the SI). In addition, 

we found that ½ ML Cl coverage can form on the model surfaces 

in the absence of PhPhCN under experimentally relevant 

conditions (1 ppm Cl2 at ambient).  Accordingly, to describe the 

surface environments when exposed to Cl2, we adopted the 

following model surfaces: ½ ML Cl-precovered Pd(111), ½ ML Cl-

precovered 1 ML Pd on Au(111), ½ ML Cl-precovered 1/8 ML Pd 

on Au(111), ½ ML Cl-precovered 1/16 ML Pd on Au(111), and ½ 

ML Cl-precovered Au(111) (details in SI). 

 Figure 2a shows the calculated BFE/A values for the binding 

of PhPhCN in parallel and perpendicular orientation on all five 

½ ML Cl-precovered model surfaces, revealing that the parallel 

orientation is favored in all cases.  The preferred parallel binding 

of PhPhCN is shown in Figure 2b for ½ ML Cl-precovered 1/8 ML 

Pd on Au(111) (left), ½ ML Cl-precovered 1 ML Pd on Au(111) 

(middle), and ½ ML Cl-precovered Pd(111) (right), because 

these surfaces were predicted and showed experimentally to 

exhibit a preference for perpendicular PhPhCN orientation 

before exposure to Cl2. This change in preferred orientation 

originates from the destabilization of the perpendicular 

adsorbed state induced by the presence of coadsorbed Cl. The 

calculated BFE/A is similar for the parallel adsorbed state before 

and after introducing  ½ ML Cl coverage (see Figure 1a and 2a; 

values in Table S1), whereas the perpendicular adsorbed state 

is severely destabilized when coadsorbed with ½ ML Cl. Figure 

2b shows that when ½ ML Cl is adsorbed, no Pd atoms are free 

of Cl atoms and thus able to promote the perpendicular 

adsorption of PhPhCN. An electron density difference plot (see 

Figure S3) provides additional evidence for the destabilization 

of perpendicular orientation. Figure S3 shows that 

perpendicular adsorption of PhPhCN on ½ ML Cl-precovered 

Pd(111) results in smaller charge transfer from the nitrile group 

to the Pd than the perpendicular adsorption of PhPhCN on 1/4 

ML O-precovered Pd(111), which explains the weaker 

perpendicular binding of PhPhCN on Cl-covered surfaces and 

the change to preferred planar orientation. Overall, our 

calculations predicted that exposure of the PdAu surfaces used 

in our study to Cl2 can lead to a significant Cl-coverage, capable 

of disrupting the interaction of the nitrile group with the 

surface, potentially leading to an observable optical transition 

in a supported LC. 

 To test the computational predictions, micrometer-thick 

films of nematic 5CB were deposited onto PdAu surfaces and 

subsequently exposed to a stream of N2 containing 1 ppm Cl2 at 

1000 mL/min. As shown in Figure 3a, when supported on a 

0.09±0.02 ML Pd on Au and exposed to a nitrogen stream 

containing 1 ppm of Cl2, 5CB transitioned from the initial dark 

to a final pale pink optical appearance.  The changes in optical 

interference colors generated using white-light illumination 

were converted to LC tilted angles (see Figure 3b, see details in 

the section of Experimental Details in SI), revealing a continuous 

change of the orientation of 5CB upon exposure to Cl2. 

Additionally, the orientational transition was evident first in the 

region of LC close to the surface of the metallic grid that was 

used to stabilize the micrometer-thick LC film.  This observation 

is consistent with an orientational response of the LC that 

elastically strains the LC: LC with a parallel orientation near the 

vertical surface of the metallic grid minimizes the elastic energy 

required to initiate the LC response (see Figure 3c and details in 

SI).26 Subsequent exposure of the samples to N2 for 1 hour did 

not result in a change in orientation of 5CB. The irreversible 

optical response of 5CB to Cl adsorption supports our 

conclusion of strong binding of Cl to the PdAu surface.  

 Figure 3d shows that 5CB exhibited a faster anchoring 

transition on the 0.09±0.02 ML Pd/Au than on the 0.4±0.1 ML 

Pd/Au surface. We hypothesized that these dynamics arise 

because Cl2 has to displace more 5CB molecules bound to Pd 

atoms through dative bonds, when more Pd atoms are available 

in the surface. To test the hypothesis of Pd coverage-dependent 

response time, we increased the thickness of Pd deposited on 

Au to 1.8±0.2 ML. Figure 3d shows that in this case, 5CB 

exhibited a slower anchoring transition than when it was 

supported on 0.4±0.1 ML Pd/Au. Finally, to confirm the 

existence of adsorbed Cl on the PdAu surfaces, after exposure 

to Cl2 gas, we performed X-ray photoelectron spectroscopy 

(XPS) measurements both before and after exposure. The 8±0.5 

ML Pd/Au films were coated with micrometer-thick films of 5CB, 

exposed to Cl2, and then rinsed with ethanol to remove the LC 

prior to performing XPS. After exposure, two peaks 

corresponding to Cl 2p at 197.7 and 199.0 eV appears (Figure 

3e-I). In contrast, that peak was not present prior to exposure 

to Cl2 gas (Figure 3e-II). 

 By using 0.09±0.02 ML of Pd on Au to support 5CB, we 

determined that the response time (5% of the normalized light 

intensity) changes linearly with the inverse of the Cl2 

concentration (Figure 3f). To provide insight into this 

observation, as detailed in the SI and elsewhere,27,28 we 

developed a simple transport model that describes the 

characteristic LC response time as 

𝑡𝑡𝑜𝑡𝑎𝑙 =
𝑆𝑃𝑑𝜃𝑡ℎ

2𝐾𝐺𝐶B,𝑁2
+ 𝑡𝑒𝑛 +

𝛿𝑁2
2

2𝐷𝑁2
+

𝛿𝐿𝐶
2

2𝐷𝐿𝐶
           (1) 

where 𝑆𝑃𝑑  is the surface density of Pd (estimated from a DFT 

derived lattice constant for Pd), 𝜃𝑡ℎ  is the threshold Cl-coverage 

on Pd to trigger optical response of LC, KG is the overall mass 

transfer coefficient, 𝐶B,𝑁2  is the concentration of Cl2 in the bulk, 

and 𝑡𝑒𝑛  is the time needed for Cl2 to travel from the gas cylinder 

to the LC cell. KG is defined as 

𝐾𝐺 = 1/(
𝛿𝑁2

𝐷𝑁2
+

𝐻𝛿𝐿𝐶

𝐷𝐿𝐶
)                                                                                            (2) 
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where δN2 is the thickness of vapor phase boundary layer, δLC is 

the thickness of LC layer, DN2 is the diffusion coefficient of Cl2 in 

N2, DLC is diffusion coefficient of Cl2 in the LC phase, and H is the 

partition coefficient defined as a unit-less ratio of the 

concentration (mol/volume) of Cl2 in the air phase divided by 

the concentration of  Cl2 in liquid crystal phase at equilibrium. 

 Equation 1 captures the linear relationship between 

response time and the inverse of Cl2 concentration indicating 

that the response of the LC film is diffusion limited. From Eq. 1 

and the slope of the line shown in Figure 3f, we conclude that 

θth is ~0.25. Additionally, the intercept of the line through the y 

axis is ~5s, which is similar in magnitude to the last three terms 

(2.6 s) of Equation 1.  In Equation 2, δN2/DN2 = 2 s/cm is two 

orders of magnitude smaller than HδLC/DLC = 369 s/cm, 

indicating that the dynamic of response of LC film is dominated 

by mass transport of Cl2 from the gas-5CB interface to 5CB-PdAu 

interface (see further discussion in SI). 

 Additional experiments revealed that the response time of 

5CB with a 20 µm thick LC film is 4, 8, and 16 mins for 1, 0.5, 0.2 

ppm Cl2, respectively. For context, we mention that the US 

Occupational Safety and Health Administration (OSHA) specifies 

a short-term exposure limit for workers of 15 minutes for 1 ppm 

Cl2, and an 8-hour exposure limit (time-weighted average) of 

500 ppb Cl2.  We also found the chemical selectivity of this 

system to be promising, with no measurable optical response to 

N2, 80% relative humidity in N2 (Figure S9), 10 ppm of DMMP, 

NO2, ethylene oxide, or formaldehyde for exposure times of 1 

hour. Overall, the approach developed in this paper provides 

principles for the design of small, passive and lightweight 

devices that consume no power and can be worn by individuals 

to monitor personal exposure to Cl2.   

Conclusions 

In summary, we have designed a selective chemoresponsive LC 

system using bimetallic PdAu surfaces and demonstrated that 

the response of the system can be tailored by using 

electrochemical deposition to control the Pd content of the 

surface. The LC response at the bimetallic PdAu surfaces were 

predicted by computational chemistry, including the 

observation that 5CB adopts a homeotropic orientation with as 

little as 0.09±0.02 ML Pd on the Au surface. We show that the 

reactivity of the bimetallic surfaces can disrupt the binding of 

the nitrile group to the Pd, thus leading to an orientational 

transition of the LC upon exposure to the reactant species. We 

demonstrated this design principle using the example of 

dissociative adsorption of Cl2. We envision that by capitalizing 

on the rich literature of heterogenous catalysis by bimetallic 

surfaces, the scientific community will be able to efficiently 

design improved chemoresponsive LC systems for a wide range 

of chemical species, starting from first principles. Additionally, 

the results of our study hint at new chemical principles that 

might be harnessed in future designs of photonic devices that 

require controlled switching of LC orientations.29-31  
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