
Development of Surface Plasmon
Resonance Instrument for Sensing and

Other Applications

THESIS

Submitted in partial fulfillment

of the requirement for the degree of

Doctor of Philosophy

by

Ashutosh Joshi

Under the supervision of

Prof. Raj Kumar Gupta

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE - PILANI

2023

http://www.bits-pilani.ac.in/


Certificate

This is to certify that the thesis entitled,

“Development of Surface Plasmon

Resonance Instrument for Sensing and Other Applications”

submitted by Ashutosh Joshi ID No. 2017PHXF0035P for award of Ph.D. Degree of the

Institute, embodies original work done by him under my supervision.

Supervisor

Prof. Raj Kumar Gupta

BITS Pilani, Pilani Campus

Date: 20 June 2023

i



Abstract

Sensors are ubiquitous in most of the technological devices. The field of medical diagnostics

and point-of-care devices relies on efficient biosensors and bio-analysis devices. There is an

enormous amount of research and development in these fields. An optical phenomenon like

surface plasmon resonance (SPR) offers a label-free measurement with very high sensitivity

and resolution. Essentially using the SPR technology, a minuscule change in refractive index

(RI) due to molecular interaction is measured with great accuracy. These characteristics have

made the SPR phenomenon very popular and promising in the development of a variety of

sensors, including bio-sensors, chemical sensors, and gas sensors.

The commercially available SPR instruments are sensitive, but they are very costly and limited,

with a small angular scan range, very high maintenance cost, high-end local infrastructure,

complex operation, and analysis. We developed a low-cost, sensitive, and portable instrument

with support from DST India. A laboratory prototype was developed by our group in the

first phase of the project (2010-2013). Later, with support from DST, India (2017-2019), we

developed the equipment ready for commercialization. A multidimensional improvement in

hardware and software was incorporated such that it can be transported anywhere in India

and abroad for user-friendly SPR-related applications. The instrument was demonstrated

before the Scientific Committee of DST-India at IIT-Delhi in 2018. Then as a part of the

validation, we transported the equipment to Bangalore via a courier. The equipment was

installed in a local reading table of a laboratory at Raman Research Institute, and a set of

experiments were performed. We obtained a satisfactory report from the scientists from RRI

and some other places. A website (www.sprsensors.org) is designed to share the latest version

of our equipment in the scientific arena.

The instrument was built by adopting a novel optomechanical scanning system. The instrument

is capable of both modes of operation, e.g., static and dynamic. It is completely computer

controlled with minimal experimental alteration from the user’s side. We have developed a

robust & user-friendly hardware control, data acquisition, and post-experiment data analysis

software using the software programs viz. LabVIEW (for control and data acquisition) and
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MATLAB (for analysis). The development of the SPR system was used in various traditional

sensing applications and some non-traditional applications like measurement of the refractive

index of ultrathin films, modulation of SPR responses due to perturbation induced by external

electromagnetic waves in organic molecules, and optical switching in liquid crystal molecules.

The sensing of the organic volatile solvents, e.g., acetone and ethanol, was demonstrated with

the self-assembled nanoribbons of triphenylene-based discotic liquid crystal (TP) molecules.

The π-electrons of the TP molecules facilitate the π-stacking interaction of the molecules

leading to the formation of one-dimensional nanowires. The lateral cohesive force causes

the nanowires to assemble into nanoribbons. flat nanoribbons undergo a morphological

transformation due to the incorporation of silver nanoparticles (SNP) into the matrix of

TP molecules. The SNP induces a chiral twisting of the nanoribbons, and therefore, flat

nanoribbons transform into a helical nanoribbon structure. The global chiral structure

exhibited by the composition of achiral constituents is due to the creation of topological

defects like disclination and dislocation. These defects can lead to geometrical frustration in

the nanoribbons, which relaxes with the formation of twisted helical nanoribbons. A minor

change in the morphology of the supramolecular assembly can have a remarkable effect on

the physicochemical properties of the nanoribbons. Our research using the developed SPR

sensing system indicates that even a minor change in the geometry of aliphatic chains on

the surface of nanoribbons can be employed for sensing organic solvents such as acetone and

ethanol. The sensing of the organic solvents due to twisted helical nanoribbons was much

better compared to flat nanoribbons.

Further research deals with the fabrication of a susceptible layered structure of organic liquid

crystal molecules (4-octyl-4-biphenylcarbonitrile (8CB)). The effect of polarization of the

external electromagnetic (EM) wave on the SPR response from the layered structure was

observed. The layered structure was formed by depositing a self-assembled monolayer (SAM)

of mercaptoundecanoic acid (MUA) followed by a single layer of Langmuir-Schaefer (LS)

film of 8CB molecules. The SAM of MUA was found to be non-responsive in the change in

resonance angle (RA) due to the change in polarization of the external EM wave. However, it

provides a soft-surface platform for the monolayer of 8CB molecules, which gets perturbed

locally due to the incidence of the external EM wave. Henceforth, an oscillatory modulation
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of the change in RA was observed from the layered structure (Gold/MUA/8CB) due to

the change in the polarization angle of the external EM wave with respect to the plane of

incidence. The morphological studies during and after the deposition were also performed

using FESEM and AFM.

A photoactive ultrathin film of novel H-shaped liquid crystal molecules (HLC) showed a

potential for good optical switching under the influence of ultraviolet (UV) EM radiation as

monitored using our SPR system. The synthesized HLC molecules consist of azo-groups and

nitro-groups. The azo-group can be isomerized (trans-cis transformation) by irradiating them

with ultraviolet (UV) light, while the nitro-group provides sufficient amphiphilicity to the

HLC to form a stable Langmuir monolayer (LM) at the air-water interface. A single layer of

Langmuir-Blodgett (LB) film of HLC was deposited on the SPR chip. The azo-groups of the

HLC molecules in the LB film were excited by UV irradiation which leads to morphological

changes due to trans-cis transformation. Such morphological change can lead to a minuscule

change in the RI of the LB film, which was measured using the developed SPR instrument.

The systematic changes in the RA of the LB film of HLC were observed as a function of the

intensity of the UV irradiation. The switch-on and switch-off intensity were also measured,

which may suggest their applications in optical switches or waveguides.

This thesis discusses the development of an efficient, low-cost, yet sensitive SPR device for

traditional sensing applications and some non-traditional measurements. The developed

instrument is capable of almost all types of sensing applications, including bio-analysis.

There is an enormous future scope in the field. Among the various important developments,

some of the advanced modifications of the instrument were attempted by us. The future

scope of the equipment in terms of its development, viz. electrochemical SPR (ESPR), SPR

imaging through Fluorescence (SPRIF), and a NanoSPR (miniaturized standalone system),

are discussed.
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Chapter 1

Introduction

1.1 Introduction

The Surface Plasmon Polaritons (SPPs) are transverse magnetic (TM) waves which appear

due to the charge density oscillation at the metal-dielectric interface. SPPs can be excited by

a polarized light wave incident onto the metallic layer (e.g., gold film) via a coupling high

refractive index medium (e.g., glass prism). The SPP wave can establish a resonance with

the incident electromagnetic wave (EM) wherein a maximum energy transfer can take place

from the incident EM wave to the SPP wave. Such an optical condition is known as surface

plasmon resonance (SPR) [1]. Thus, SPR is the collective oscillation of conduction band

electrons which are in resonance with the oscillating electric field of the incident light, which

will produce energetic plasmonic electrons through non-radiative excitation [2].

When the metal surface is illuminated with the p-polarized EM wave of a specific wavelength

incident at a specific angle via a coupling medium, the projected wave vector of the incident

EM wave matches with the wave vector of the SPP wave. This creates the SPR condition

wherein the reflected intensity from the metal-dielectric interface goes to a minimum.
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In 1902, Surface Plasmons (SPs) were observed as a narrow dark band in the polychromatic

electromagnetic spectrum of diffracted light from a metallic grating [3]. In 1958, a large

intensity drop was found in the reflected electromagnetic spectrum of a thin metal film

deposited on a substrate [4]. In 1968, Otto explained such loss in reflectivity. The loss in

intensity is due to the coherent oscillation of surface plasmons [5]. In 1968, Kretschmann

and Reather demonstrated another easier configuration to excite the SPs by an attenuated

total reflection approach. Towards the end of the 1970s, Kretschmann demonstrated material

characterization using the SPR configuration [6]. Then in 1983, the first SPR biosensor was

developed successfully [7].

Figure 1.1: Dispersion relation of EM waves.

From the dispersion relations of incident EM waves in vacuum and SPP waves at the metal-

dielectric interface (Fig. 1.1), it is clear that the non-trivial solution does not exist. Therefore,

the SPR condition cannot be achieved in the vacuum/air medium. In order to create the

non-trivial solution wherein both the dispersion curves intersect, it is essential to decrease

the slope of the dispersion curve of the incident EM wave. This is possible only if the EM

wave travels through a coupling medium with a refractive index (RI) greater than 1. It is

thus suggested that in order to establish SPR, it is essential to allow the incident wave to

2



Introduction

travel from a high refractive index coupling medium before striking the metal surface for the

generation of SPP waves.

Let’s consider an interface of two different media having the refractive indices n2 < n1, as

shown in Fig 1.2. If θ is greater than the critical angle, the EM wave will undergo a total

internal reflection (TIR). The evanescent wave in medium 2 can excite the SPP wave in an

optically coupled metallic layer.

Figure 1.2: Refraction of light at the interface of two materials with refractive indices n1

and n2.

The y component of the wave vector for the plasmonic wave is

kP =
2π

λ

√
ϵdϵm

ϵd + ϵm
(1.1)

where ϵd and ϵm are the dielectric constants of medium 2, and metal respectively.

Similarly, the y component of the wave vector for the incident EM wave is
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ky =
2π

λ
nsinθ (1.2)

At the resonance,

kP = ky (1.3)

kP depends on the dielectric constant of the metallic layer ϵm and its surrounding medium ϵd.

A minute change in the refractive index of the metal’s surrounding medium can perturb the

wave-matching condition leading to a change in resonance condition [1]. The wave-matching

condition of SPR can be obtained either by changing the wavelength (λ) or by changing the

angle of incidence (θ). Accordingly, the SPR configuration can be specified in two different

sections as follow:

1) Wavelength Interrogation SPR Sensor

2) Angular Interrogation SPR Sensor

1.1.1 Wavelength Interrogation SPR (WIS) sensor

A polychromatic EM wave source is used to illuminate the active area of the sensing chip

(metal-dielectric interface) via the coupling prism at an angle greater than the critical angle

of the glass prism. The minimum intensity corresponding to a specific wavelength (known as

resonance wavelength λR) is recorded from the spectrum. A small change in the RI of the

dielectric media surrounding the sensing layer can be observed in terms of shifts in the λR [8].

The WIS configuration is easy to realize. However, it is less portable and expensive due to

the integration with a spectrometer.
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1.1.2 Angular interrogation SPR (AIS) sensor

The active area of the sensing chip (metal-dielectric interface) via the coupling prism is

illuminated with a focused monochromatic EM wave source . The reflected intensity at

various incident angles is recorded to get a minimum in the reflected intensity. The intensity

dip indicates the resonance, for which the corresponding incident angle is the SPR angle

(θR). Any minute adsorption on the sensing surface causes changes in RI which in turn

shifts the resonance angle (θR), as shown in Fig 1.3. The maximum resolution in the WIS

configuration is 0.1 nm which can’t be enhanced with the current state of the art [9]. In the

AIS configuration, the resolution is in µ◦, which can be improved more by using a lower step

size motor or with some additional mechanical components. Due to higher sensitivity and

resolution, a minute change in RI is reflected as a major shift in RA. The resolution of AIS

(µRIU) is generally higher than the WIS (mRIU).

Figure 1.3: Schematic representation of the shift in SPR angle with respect to the change
in RI of the dielectric medium.
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Based on the optical setup, the angular interrogation can be classified into two configurations:

(a) Otto SPR setup (Fig. 1.4(a)) and (b) Kretschmann-Reather (KR) SPR setup (Fig. 1.4(b)).

In the KR configuration, the metal-dielectric layer is optically coupled with each other, and

analytes have to flow on the free surface of the thin metallic film coupled with the coupled

dielectric material [10]. In the Otto configuration, a gap of ∼100 - 200 nm is maintained

between the metal film and the coupling prism. The analyte molecules must flow through the

gap between the metal and dielectric media [11].

Figure 1.4: Schematic view of angular interrogation SPR sensor (a) Otto configuration (b)
KR configuration.

The otto configuration is one of the most sensitive SPR configurations, but it needs a very

complex setup. The KR configuration can show a balance performance on behalf of the setup

cost and sensitivity.

Generally, the AIS system involves a goniometric setup [12, 13] or the double prism setup

[14], which needs a more optomechanical driver system either in the sensing assembly or in

the incident and detector assembly simultaneously. This makes the overall system not only

costlier but also bulkier and complex in operation.

The schematic of the SPR spectrum obtained from KR based AIS system is shown in Fig.

1.5. The quality of the SPR chip can be analyzed using some parameters, viz. intensity of

the signal (S), noise in the signal (N), and full-width half minima (FWHM). Here, S is the

difference of intensity between the maximum (Max) and minimum (Min) values of the curve,
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which is also known as the characteristic value of the SPR depth (Fig. 1.5). The N is the

undesired fluctuation in the response signal. For a good SPR sensor, the characteristic curve

should be sharp with a high value of S near the resonance value. Thus, the performance of the

sensor is directly dependent on the value of S, while the value of F should be low. The value

of noise (N) should be as low as possible as compared to the value of the signal (S). Thus,

the well-defined term Signal-to-Noise Ratio (SNR) is used to relate the quality of the sensor’s

response in terms of the ratio of the output signal with respect to the noise received in the

signal. It is defined as an estimation of the robustness of the preferred signal (S) relative

to background noise (N). The higher value of SNR indicates a better quality of the signal

[15–22]. The crucial parameter for an SPR sensor is the quality factor (Q) which is defined as

the ratio of intensity (S) and the FWHM (F).

Figure 1.5: The schematic representation of the characteristic SPR curve obtained from
AIS of KR configuration.
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The analyte adsorption on the sensing chip can be analyzed either by static approach (shift in

SPR angle (∆θR)) or dynamic approach (real-time observation of change in intensity at the

SPR angle (Kinetics)). High values of Q and SNR assist better sensitivity even for a minute

change in surrounding dielectric media. Thus, the best resolution of the SPR sensor can be

acquired by optimization of the setup parameters to enhance the SNR and Q values.

The p-polarized light illuminates the metal-dielectric interface and initiates an evanescent

wave field into the thin metal film. This evanescent wave can excite the SPP waves. The

resonance for the given interface can be achieved by altering the angle of incidence in the KR

configuration. The minute change on the metal surface produces a significant shift in SPR

angle, which can be observed precisely using an electro-optical transducer viz. light dependent

resistor (LDR), photoresistor, phototransistor, photoresistor, photomultiplier, photodiode,

charged couple device (CCD), etc. The value of the resonance angle depends on the refractive

index of the surrounding media near the metal surface. The details of the instrumentation for

our developed setup are discussed in the next chapter.

A specific target material (analyte) can be captured using some immobilized capturing agents

(ligands). Ligands have some receptors which can bind the specific analytes in a mobile

state flowing along a flow cell. Thus, the sensitivity and selectivity can be enhanced by

functionalizing the surface of the sensor chip with some appropriate ligands. This process

causes a change in the refractive index due to the adsorption of the analytes, which can lead

to a change in intensity counts of the reflected light at the SPR angle. The schematic view of

the SPR setup for the real-time measurement is shown in Fig. 1.6. The dynamic change in

reflected intensity is denoted by the kinetics or sensorgram. The molecular association and

dissociation coefficients can be identified via the rate of change in the SPR signal. Fig. 1.7

shows a complete cycle of molecular interaction kinetics schematically. The analysis of kinetic

parameters is discussed in Fig. 1.7.
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Figure 1.6: The schematic view of the SPR setup for the real-time measurement.

In the flow channel, the interaction of the analytes with the ligands can be observed as the

change in the SPR angle (static approach) or intensity (dynamic approach) at the resonance

condition. The approaches are relevant to the change in refractive index, which is directly

proportional to the change in mass with either physical or chemical binding of analytes with

the ligands. Thus, the nature of the molecular interaction can be observed in terms of the

SPR signal.

The schematic of a kinetic curve is shown in Fig. 1.7. Initially, no analytes-ligand interaction

appears, and all the ligands are free to capture the analyte molecules. In this condition, the

SPR response (R.I.) follows a constant and continuous signal which is defined as the Baseline.

With the flow of analyte molecules, the analyte ligands interaction increases. Thus, the SPR

signal starts to increase monotonically with the increase in molecular binding, either physically

or chemically. This phase is known as the Association. The adsorption or absorption depends

on the nature of the analyte and ligand. For a high concentration of analyte, there is no free

ligand remaining to capture the analyte molecule. Thus, the signal reaches a saturation state.
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Figure 1.7: The schematic representation of the kinetics for molecular interaction.

Some buffer solution is used to desorb the analyte from the ligands to reuse the sensing

chip. The kinetics signal goes down with the increase in desorption. This process is known

as Dissociation. After the detachment, the signal reaches its initial intensity (baseline).

Sometimes due to some surface modification in the layers of ligands, the response signal drops

below the baseline. However, it may regenerate after some time, and the signal comes back to

the baseline. The process is known as Regeneration.

This research describes the development of an advanced SPR instrument and a few of its

applications relevant to traditional sensing applications. The instrument was employed to

demonstrate some other applications, such as the measurement of birefringence in ultrathin

film and optical switch.
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1.2 Instrumentation

Some details of commercially available SPR instruments are mentioned below:

Table 1.1: Details of commercially available SPR instruments

Equipment,

S.No. Manufacturer Specifications

Response uniformity < 2% CV

Refractive index range 1.33-1.37

Dynamic range 1-40000 Response unit

Baseline noise <1 RU, 1-20000 RU

Baseline drift <1 RU/min at 15-40 ◦C

1.

BIORAD PROTEON

XPR36 SYSTEM,

UCONN HEALTH

operating temperature 15-40 ◦C

Autosampler temperature 2-35 ◦C

sample configuration 72x1.5 ml vials or 2x 96-

well microplates

CCD 12 bit digital camera

Acquisition rate 3Hz (3 images/sec)

weight 85Kg

Dimensions 95x58x50cm3

Light source 690nm

Incident range of imaging 40-76◦

resolution 1 µm

operating temperature 15-40 ◦C

Dimensions 300x575x360mm3
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2. SPRm 200, Biosens-

ing Instrument

weight 50.8 Kg

sample configuration 1-1500 µL

Baseline noise < 0.6 RU RMS (0.1 m◦

RMS)

Baseline drift 3 RU/hr (0.5 m◦/hr)

(when ambient drifts <

1 ◦C/hr)

Light source 670 nm

Incident range 40-47◦ gas, 67-81◦ liq

Detection speed 4ms

Baseline noise < 0.06 RU RMS (0.01

mDeg RMS)

3. BI-4500, Biosensing

Instrument

Baseline drift 0.30 RU/hr (0.05

mDeg/hr) (when ambi-

ent drifts < 1◦C/hr)

Operating temperature 6◦C to 50◦C

Weight 40.8 Kg

Dimensions 355×250×515mm3

4. Pioneer SPR,

Octet® SF3 ,

Sartirius

Refractive index range 1.33-1.40

Baseline noise < 0.1 RU - < 0.3 RU
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5. Reichert4SPR, Re-

ichert

Light source 780 nm

Refractive index range <1×10-7 RIU, 1.33-1.40

6. Coleparmer Baseline noise <0.1 mdeg/rms

Acquisition rate < 1 µsec/point

7. Portable P4SPR,

Affinité Instruments

Sample configuration 550 µL

Weight 17 kg

Dimensions 78×57.5×36 cm3

Baseline noise < 0.6 TRU/RMS

Baseline drift 3ru/hr (0.5mdeg/hr)

8. SPRm200, Quantum

Design

Operating temperature 15-40 ◦C

Sample configuration 1500 µL

Weight 50.8 Kg

Dimensions 690×330×340 mm3
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1.3 Applications of SPR from the literature survey

Some latest and most advanced sensing applications of SPR are included here in the tabular

format collected from various literature as below:

Table 1.2: Applications of SPR sensor from the literature survey

Nature of ap-

plication

Details of the research work Limit of

detection

(LOD)

Reference

• Domoic acid (DA) was detected in shellfish

e.g. mussels, oysters and cockles in inhibition

format of the SPR sensor.

1 µg/g [23]

• Steroid hormone, progesterone was detected

in milk using inhibition format. The proges-

terone derivatives were immobilized onto the

gold surface of the SPR.

3.6 ng/mL [24]

• Detection of contaminants, 4-nonylphenol in

shellfish using the monoclonal specific antibod-

ies and inhibition detection format in the SPR

sensor.

2 ng/g [25]

Food quality

& safety

• Detection of Escherichia coli O157-H7 based

on immunoassay sensing protocol using SPR

sensor.

104 cell-

s/mL

[26]

• Staphylococcal enterotoxin B (SEB) was de-

tected in milk and mushroom samples using

the antibody of SEB immobilized onto the gold

surface of the SPR sensor.

1 ng/mL [27, 28]
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• Deoxynivalenol was detected in wheat using

the SPR sensor. Deoxynivalenol conjugated

with casein was immobilized onto the gold sur-

face and the detection was done in inhibition

format.

2.5 ng/mL [29]

• Peanut allergens were detected using the im-

mobilized specific antibody on the gold surface

of an SPR sensor.

700 ng/mL [30]

• The adulterants, non-milk proteins in dairy

products, are detected employing polyclonal

specific antibodies using a SPR sensor.

200ppb [31]

• The carcinogenic and environmental pollu-

tant, benzo[a]pyrene was detected using the

SPR sensor employing the indirect inhibition

immunoassay format.

10 ppt [32]

• Detection of dichlorodiphenyltrichloroethane

(DDT) in water using monoclonal antibodies

specific to DDT and its derivatives immobilized

over the gold surface of the SPR sensor.

15 pg/mL [33]

• Detection of Cu2+ ions using a polymer com-

posite of squarylium dye deposited on the gold

surface of an SPR instrument.

1pM [34]

Environmental

monitoring

• The explosive material and environmental

pollutant, trinitrotoluene (TNT) was detected

by monitoring the immunoreaction between

trinitrophenol-bovine serum (TNP-BSA) conju-

gate and anti-TNP antibody using SPR sensor.

60 ppt [35]
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• Detection of pesticide, 2,4-

dichlorophenoxyacetic acid (2,4-D) using

the indirect inhibition immunoassay by

monitoring the interaction between anti-2,4-D

antibody and concanavalin A-2,4-D conjugate

using SPR sensor.

3 ppb [36]

• Detection of organophosphate pesticide chlor-

pyrifos and carbaryl using pesticide-sensitive

SPR sensor.

1 ng/mL

for car-

baryl & 50

pg/mL for

chlorpyri-

fos

[37–39]

• Detection of heavy metals e.g. Cd, Zn and

Ni using a protein metallothinein.
100ng/mL [40]

• The markers for cardiac muscle injury, myo-

globin, and cardiac troponin I were detected

using the antigen specific antibodies employing

the SPR sensor.

2.9 ng/mL

for myo-

globin

& 1.4

ng/mL for

troponin

[41]

• The pancreatic cancer marker, carbohydrate

antigen (CA 19-9) was detected by a specific

antibody against CA 19-9 using an SPR sensor.

410 U/mL [42]
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Biomedical

• Detection of pregnancy markers, human chori-

onic gonadotropin hormone (hCG) was per-

formed by wavelength modulated SPR sensor

with DNA-directed antibody immobilization

method.

0.5 ng/mL [43]

• Vascular endothelial growth factor protein

(VEGF) can have a role in the lung, breast,

and colorectal cancers. VEGF was detected

using SPR imaging by forming a microarray of

the RNA.

1 pM [44]

• The prostate cancer marker, prostate - spe-

cific antigen (PSA) was detected using the mon-

oclonal antibodies against PSA employing the

SPR sensor.

0.15

ng/mL

[45]
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1.4 Research gap

The field of SPR is very vibrant due to its versatile applications in various fields of science

and technology. The label-free measurements and their sensitivity toward specific analytes

have made it one of the largely sought techniques in the field of sensing. The SPR-based

equipment is available commercially. However, there are only a few manufacturers, and hence

the market is limited by their monopoly. The users are utilizing the features of the equipment

as limited by the manufacturers.

For the development of next-generation SPR-based devices, it is essential to explore a multi-

dimensional aspect of the measurements. There are some research and development in the

field for addressing multi-analytes through multichannel SPR system, electrochemical SPR,

and SPR imaging, however, the field is in a nascent stage. Extensive research and development

are required for the next generation of SPR devices by adopting strategically the new concepts

of sensing. Additionally, the functional layer deposited over the active area of the transducer

plays a crucial role in establishing ligands-analytes interaction and thereby enhancing the

efficiency and reliability of the sensor. The general practice of immobilization of ligands over

the active area is the sequential deposition of several layers. This, in turn, increases the

thickness of the ligands. Due to the large thickness, often the transducer does not perceive

the physical changes due to the adsorption of analytes. In the case of SPR-based sensors, the

extent of the plasmonic field in the dielectric medium (possessing analytes) is ∼100-300 nm.

Therefore, if the effective thickness of ligands is beyond this range, it reduces the efficiency of

the sensors due to the non-perceptibility of the analytes. There are some reports wherein, the

sensing performance of a functional layer consisting of a single layer of molecules is reported

to be superior compared to that of a thicker film. Therefore, strategically we deposited

an ultrathin film of EM wave active materials on the sensing area of the SPR device and

performed several traditional and non-traditional measurements.

In this thesis, we report the development of a very high-resolution, excellent sensitivity,

portable, and low-cost SPR instrument. We demonstrated the capability of the SPR phe-

nomenon for efficient sensing and beyond by observing EM wave polarization dependencies
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on SPR response and the birefringence of ultrathin films. This R&D demonstrates the great

potential of the SPR phenomenon for the next generation of devices, such as optical switches.

1.5 Objective

• Development of SPR instrument along with standalone software.

• Sensing application of SPR using self-assembled nanoribbons of discotic liquid crystal

molecules.

• Surface plasmon resonance for the measurement of the polarization of EM wave-

dependent sensitivity from an ultrasensitive layered structure.

• Surface plasmon resonance for optical switching application using ultrathin film of

photoactive liquid crystal molecules.

• Some future development of the SPR instrument for versatile applications.

1.6 Research methodology

(a) Optical setup for allowing the monochromatic incident light to get reflected from the

metal surface via the coupling prism. A suitable coupled electrical and mechanical

module will be designed to achieve the resonance condition and monitor it as a function

of time.

(b) SPR chip: The SPR sensing chip will be obtained by sputtering chromium (∼ 3nm)

followed by gold (∼ 50nm) over BK7 glass plate. The gold surface will be functionalized

with organic/nano-material ligands to yield a specific sensing active surface.

(c) Flow cells will be designed and fabricated for gas sensing and bio-sensing application.

Suitable amendments in the SPR setup will be done accordingly.

The detailed methodology is discussed in the relevant chapters.
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Chapter 2

Development of SPR instrument along

with standalone software

This chapter discusses the instrumentation of the SPR device by adopting the novel op-

tomechanical scanning process. The SPR instrument has a wide variety of applications

in various fields of academia and industries. The commercially available SPR instruments

are sensitive, however, they are very costly and complex in operation. There are several

limitations to such equipment e.g., the limited angular range of scan, very high maintenance

cost, high-end local infrastructure, complex operation, and analysis. We developed a low-cost,

sensitive, and portable instrument with support from DST India. A laboratory prototype was

developed by our group in the first phase of the project (2010-2013). Later, with the support

from DST, India (2017-2019), we developed the equipment ready for commercialization. A

multidimensional improvement in hardware and software was incorporated such that it can

be transported anywhere in India and abroad for user-friendly SPR-related applications.
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Table 2.1: Comparison of our SPR sensor with traditional SPR technologies.

S.No. Comparison Parameters Available SPR Equipments Our Developed SPR Sensor

1 Cost ∼ 1 crore ∼ 5 lakhs

2 Weight ∼ 100 Kg ∼ 5 Kg

3 Sensitivity ∼ 3 µRIU ∼ 1.92 µRIU

4 Analyte requirement ∼ 10 mL ∼ 100 µL

5 Feedback mechanism No Yes

6 Field portability No Yes

7 Scan range < 10◦ 55◦

Firstly, the instrument has been demonstrated before the Scientific Committee of DST-India at

IIT-Delhi in 2018. Then as a part of the validation, we transported the equipment to Bangalore

via a courier. The equipment was installed on a local reading table of a laboratory at Raman

Research Institute and a set of experiments was performed. We obtained a satisfactory report

from the scientists from RRI and some other places. A website (https://www.sprsensors.org)

has been designed. This chapter contains details about the development based on hardware

and the software of the SPR instrument “OptroniX20”.
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Figure 2.1: The schematic diagram of our Kretschmann configuration angular interrogation
SPR sensor.

2.1 Major Components

2.1.1 Laser

In the Kretschmann configuration, the surface plasmon polariton (SPP) waves can be excited

at the gold/dielectric interface using a monochromatic source of electromagnetic (EM) wave

in TM mode using a laser. The SPR is detected by observing the minimum in the reflected

intensity at a given angle of incidence. It is therefore very essential to use a stable source of

EM waves in this configuration. The stability should be in terms of intensity as well as the

wavelength of the laser source. In our setup, we used a 5 mW laser of wavelength 635 nm

procured from Newport, USA (Fig. 2.2). The lasers with different power and wavelengths

were tested.
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Figure 2.2: Diode laser module.

The stability of a laser primarily depends on its optics and the power supply. The power

supply of the laser used in our setup has 5VDC, 3A output. The stability of the measurement

using a laser can be addressed by subtraction of the reference beam from the signal beam.

This can be obtained by splitting and channelizing the input beam. This requires extra beam

splitters, mirrors, optical component holders, beam collector units, data communicators, etc.

All these units have complex alignment which increases the cost and the complexity of the

overall system. But the stable input lacing system reduces the complexity with better and

stable output and hence improves the portability and reliability of the instrument. Therefore,

we have reduced the complexity of the final equipment by choosing a high-quality laser that

can suitably fulfill all the criteria.

The stability of the system can be further improved by using a constant voltage transformer

(CVT). CVT can be used whenever there is a large fluctuation in input power. However, the

present power supply of the laser has an inbuilt robust circuit for the reduction of noise due

to any such fluctuation.

The laser beam width and the focus can be adjusted by rotating a lens at the front head

of the laser mold using a metallic spanner wrench which moves the encapsulated convex

lens with respect to the laser diode. For the mechanical coupling of the laser with the other

optoelectronic components, a 3D printed plastic (ABS/PLA) holder was designed to the

needful specifications (Fig. 2.3).
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Figure 2.3: 3D printed plastic holder for laser.

The wavelength and the power of the laser beam were measured for about 8 hours using an

optical power meter (ILX power/wave meter). To collect the data from the power meter, a

LabVIEW-based GUI software was developed.

The average power and the wavelength of the output beam observed were (4.020 ± 0.002)

mW and (637.15 ± 0.1) nm, respectively (Fig. 2.4).

Figure 2.4: Power and wavelength stability plot for the laser diode. The insets show
zoomed data. The dashed horizontal line represents the average.
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It can be observed from the graph (Fig. 2.4) that the laser shows very good stability at the

moment it is switched on. However, we have allowed a stability time for the laser to be 15

minutes before performing the experiments.

2.1.2 Mirror

In the angular interrogation Kretschmann configuration [6, 46], the SPR spectrum is generated

by changing the angle of incidence and simultaneously measuring reflected intensity. The

change in incident angle by direct rotation of the laser is impractical as it can limit the range

of angle of incidence to a few degrees and can cause loose/break the electric connections

between the controller and the laser diode unit. Thus, instead of changing the angle by direct

rotation of the laser, the laser beam can be precisely deflected by a mirror-motor arrangement.

Here a silver polished mirror is attached to the shaft of a motor, which can rotate the mirror

to reflect the incident beam at a particular angle.

Figure 2.5: (a) Holder for the mirror. (b) Mirror.

A circular flat glass mirror (Fig. 2.5(b)) of diameter 2 cm and thickness of 1 mm with 500 nm

thick sputtered silver coating was used. It provides 98% reflectivity for the visible spectrum

wavelength range from 400 nm to 700 nm.

For holding the circular mirror, a suitable mirror holder (Fig. 2.5(a)) was designed and

printed using a 3D printer. Additionally, the holder acts as the mechanical connecting bridge

between the mirror and the motor.
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The surface of the mirror was cleaned gently using ethanol and isopropanol to remove

microscopic dust particles and any other organic impurities. Such cleaning is important for

the reduction of stray scattering from the mirror surface.

The stability of the reflected beam of laser from the mirror was studied by recording the

power and wavelength using the power/wavelength meter (Fig. 2.6).

Figure 2.6: Power and wavelength stability plot for the laser beam reflected from the
mirror. The insets show zoomed data. The dashed horizontal line represents the average.

The average power and the wavelength of the output beam observed were (4.012 ± 0.002)

mW and (637.15 ± 0.1) nm respectively. This indicates that the reflected beam is very stable

in terms of its power and wavelength.

2.1.3 Piezomotor with encoder

For a high-resolution SPR instrument, the angle of the incident beam should be changed either

continuously or with a very small step size. The use of a goniometer ensures a continuous

change in the angle of incidence along with a simultaneous track of the reflected beam.

However, the goniometric arrangement can increase not only the cost of the equipment but

also increases the bulkiness of the instrument. Therefore, the angle of incidence in the present

case was changed stepwise using a high-resolution piezo motor (shown in Fig. 2.7(a)). A Piezo
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motor is a small rotary motor that provides an adequate torque to rotate the mirror with

a very high resolution of 1.2 micro-radian. The piezo motor was controlled using computer

programming.

Figure 2.7: (a) Piezo motor (b) 3D printed holder for the piezo motor.

2.1.4 Prism

In order to generate surface plasmon waves, the EM wave should travel from a medium with

R.I. > 1 before getting incident on the metal surface. Therefore, a glass prism of a given

refractive index can be utilized. Here, we used a semi-cylindrical glass prism (BK7, R.I. =

1.51) is shown in Fig. 2.8. The length, width, and radius of the prism were 2.5 cm, 2 cm, and

1 cm, respectively.

Figure 2.8: Semi-cylindrical BK7 glass prism.
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In order to have a precise measurement of the angle of incidence, the laser beam is directed at

the center of the semi-cylindrical prism. This arrangement ensures no deviation of the laser

beam due to the refraction at the prism-air interface. This will avoid errors in the calculation

of the angle of incidence which can be measured directly from the piezo motor counts. The

advantage of the use of the semi-cylindrical prism in the SPR system can be seen in Fig. 2.9.

Figure 2.9: Schematic showing the use of a semi-cylindrical prism as compared to that of
a triangular prism.

2.1.5 Sensing chip

The sensing chips consist of layered structures deposited onto glass substrates having the

same refractive index as that of the coupling prism. The SPR chips are made up of BK7 glass

(RI=1.51) plates coated with a thin layer of 50 nm thick gold film. Gold has poor adhesion

on the BK7 glass. Thus, to improve the adhesion, a thin layer of chromium or titanium was

deposited on the substrate. This enhances the stability of the sensing chip against desorption

and the chip can be utilized several times.

Various shapes and sizes of the sensing chip can be chosen as per the requirement. We have

used the 20x20x0.3mm3 size of the BK7 glass plates for the fabrication of the SPR chips.

The use of gold film for SPR chips has several practical advantages. The thin film of gold

is chemically inactive [47]. Oxidation of gold is rare under normal atmospheric conditions.

Even, the gold nanoparticles can be used as templates for the nucleation and growth of

molecules [48]. Additionally, a good chemical affinity of gold towards the thiol group ensures

the deposition of a self-assembled monolayer (SAM) during the functionalization of the SPR

chip. In the standard protocol of specific functionalization of the SPR chip during sensing
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application, it is often essential to deposit SAM during the immobilization of the ligands.

The pure gold surface can chemically bind with -SH groups of thiol molecules to yield a very

stable SAM.

Figure 2.10: Schematic view of SPR sensing chip.

The gold film of a thickness of 50 nm on BK7 glass plates yields the best SPR sensorgram

with the highest Q and SNR [49, 50]. The fact was verified via experiment and simulation

approaches. Fig 2.10 shows the schematic view of the SPR sensing chip. The functionalization

process includes the deposition of thin films of suitable materials via various techniques

viz. self-assembly, Langmuir-Blodgett (LB) and Schafer (LS) techniques, spin coating, and

drop-casting. Some of the techniques are discussed below:

2.1.5.1 Langmuir-Blodgett techniques

A stable mono-molecular thick film at the air-water interface is termed a Langmuir monolayer.

The molecules in the Langmuir monolayer are constrained to move only on the two-dimensional

(2D) surface provided by the smooth water surface. Hence, a Langmuir monolayer system

can be considered a two-dimensional system. Such a 2D system has largely been studied by

exploring a large number of organic molecules like fatty acids, cholesterol derivatives, proteins,

polymers, and nanomaterials. The Langmuir monolayer of such materials exhibits a variety

of surface phases e.g., gas, liquid expanded, liquid condensed, and solid phases. The surface
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phases of the Langmuir monolayer are dependent on surface density, temperature, ion content

of subphase, etc.

Figure 2.11: Langmuir – Blodgett (LB) film deposition.

The thermodynamics of such a 2D system can be studied by measuring the surface pressure

(Π) – area per molecule (Am) isotherms at different temperatures. The materials in a given

surface phase can be transferred to solid substrates by vertically dipping the substrate in and

out of the aqueous medium. This mechanism is popularly known as Langmuir-Blodgett (LB)

technique. The LB deposition technique ensures the surface phase and the number of layers

to be deposited.

The necessary requirement for the molecules to form a stable Langmuir monolayer at the air-

water interface is its amphiphilicity. The amphiphilic molecule possesses two parts: hydrophilic

(HPL) head group and hydrophobic (HPB) tail group. At the air-water interface, the HPL

group of the amphiphilic molecule is anchored to the water medium whereas the HBP group

stays away from the water medium. With the proper balance between the HPL and HPB

part, a stable Langmuir monolayer at the air-water interface can be achieved. However, there
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are pure HPB molecules e.g., polymers, carbon nanotubes, and graphene can also form a

stable Langmuir monolayer at the A/W interface. The stability may be achieved due to

entropic reasons. A schematic of the LB film deposition technique is shown in Fig 2.11. More

details about the experiment using an LB trough can be found at [51, 52].

2.1.5.2 Self-Assembled Monolayer (SAM)

A self-assembled monolayer (SAM) is one molecule thick layer of material that assembles

to a surface as a result of physical or chemical bonding during a deposition process. It is

an easy and cost-effective solution to obtain a single layer of well-structured organic films

at an air-solid interface. Some organic materials like organosilanes and organothiols show a

very high potential to fabricate the SAM on substrates such as silicon (or glass) and gold,

respectively [52].

Figure 2.12: The schematic of SAM on SPR chip.

Due to the chemical bonding, the stability of ultrathin SAM is higher than the LB monolayer.

The surface properties can be easily tailored by changing the functional end of the film-forming

molecules. The schematic of the SAM deposited on the gold surface of the SPR chip is shown

in Fig. 2.12.

Organosilanes and organothiols can form the SAM on a hydroxylated silicon surface and noble

metals through the solvent route, respectively. The terminal groups may contain carboxyl
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(–COOH), nitrile (–CN), hydroxy (–OH), amide (–NH2), antigens or DNA. Hydrophobic

groups may include some aliphatic chains or phenyl ring/s (C6H5–). Fig. 2.13 shows the

schematic of the formation of SAM [52].

Figure 2.13: Schematic diagram of the formation of a self-assembled monolayer.

The formation of the SAM also depends on temperature, substrate, solvent, etc. A highly

clean chip is immersed in the solution of SAM-forming molecules (a). Initially, the molecules

start to absorb on the surface by quickly forming chemical bonds with the surface molecules

(b). The adsorbed molecules rearrange to form a well-organized film (c),(d) [52, 53].

2.1.5.3 SPR sensing chip fabrication process

The substrate needs objective-driven treatments at different stages. The development of the

sensing SPR chip is shown in Fig. 2.14.
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Figure 2.14: Flow chart of treatment of BK7 substrate and SPR sensing chips.
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2.1.6 Quadrant Photodiode (QPD)

The SPR response can be collected in terms of the intensity of the reflected light. An

optoelectronic array transducer has been used to convert optical signals into into electronic

signals. These transducers are based on semiconductor technologies that can generate a

current in an external circuit by the absorption of photons.

A variety of optoelectronic transducers i.e., photoresistors, photo-transistor, light-dependent

resistors, etc. are available but the photodiode provides a quick response to light exposure. It

is one of the fastest optoelectronic transducers with higher sensitivity [54]. Due to its linear

current-voltage characteristics with very high SNR for the required range of wavelengths, it

doesn’t require any complex calibration. The low weight, compact design, and the requirement

of the low biasing voltage of the photodiodes ensure easy installation in the electronic circuit.

Figure 2.15: Front view of the Quadrant Photodiode (QPD).

We have used a segmented array photodiode with a circular active area consisting of four

independent quadrants separated by a ∼ 10µm gap (Fig. 2.15). To collect the independent

signal from each of the quadrants, each section has one separate terminal and a common

terminal as a ground, which was used to collect the output in terms of voltage.
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2.1.7 Data Acquisition (DAQ) system

The DAQ system is used to collect and process data from the QPD unit. The physical

parameters like temperature, pressure, humidity, current, wavelength, frequency, etc. can

be read as analog signals using a DAQ which can be converted into digital signals along

with some preprocessing. A variety of DAQ units are available but here we are using 64-bit

USB-based DAQ (National Instruments, USB-6211).

Figure 2.16: Pin diagram of Data Acquisition Unit.

The pin diagram of the DAQ unit is shown in Fig. 2.16. It is a multifunction data acquisition

system that offers 16 Analog Inputs capable of 16-Bit transmission at the sampling rate of 250

kS/s, 2 analog outputs of 250 kS/s, 4 digital inputs, 4 digital outputs, and two 32-bit counters.

It has an in-built amplifier system that facilitates fast-settling times at high scanning rates.

The signal streaming technology that gives direct memory access such as the bidirectional

rapid streaming of data across USB. The device is ideal for testing, control, and design

applications including portable data logging, field monitoring, embedded OEM, in-vehicle

data acquisition, etc.

35



Development of SPR instrument along with standalone software

2.1.8 Translation stage

Translation stages are used to move any Opto-electromechanical system which needs the

precise movement of components. In the proposed optomechanical design, the prism assembly

has to be translated vertically in coordination with the angle of incidence. We have used a

linear translation stage capable of moving only along one axis. The image of the translation

stage along with its controller is shown in Fig. 2.17.

Figure 2.17: Translation stage and its controller.

To cover the range of angle of incidence from 35◦ to 85◦, the previous version required two-axis

translation stages each for linear motion in the horizontal and vertical directions. The full

range of incidence was divided into parts of 5◦ to 10◦ for a single scan. Thus, it needed a lot

of mechanical arrangements and time to perform a single scan. Even to get a full sensorgram,

it needs a number of time-consuming post-scanning operations/calculations. This is simplified

in the present setup by choosing a long-range uniaxial bidirectional translation stage. The

stage is capable of traveling a distance of 10 cm. The translation stage is computer controlled.

Our SPR instrument has been designed with an optimized vertical axis linear translation

stage with better resolution. The parameters have been optimized to cover its full incidence

range of 35◦ to nearly 85◦ in a single scan which makes it suitable for sensing measurements

in various ambient eg. gaseous and aqueous mediums without any further modification in

optics.
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2.1.9 Post system (Opto-mechanical components)

The optomechanical system needs the positioning of optical units such as prisms, lenses,

reflectors, beam-splitters, filters, and diffractive elements in mechanical structures which allow

the optical system to be constructed with high accuracy.

The post system includes a post, post holder, post holder base, and post collar. Posts are

stainless steel rods with a precise specific diameter and length and have precise ground

finishing on their surface. Generally, both ends of the post are made suitable for further

connectivity with other optical post systems. These posts and holders are convenient units for

holding various optical mounts for the optical component installation in a breadboard-based

experimental setup. These post-mounting systems are preferable where the precise positioning

of optical units is necessary with some easy arrangements for adjustable heights and angular

positions.

2.1.10 Outer body

The SPR sensing unit is housed in a black color polymethyl methacrylate (PMMA)box. The

dimensions of the sensing unit are 200×200×600 mm3. The black color reduces the entry

of outside stray light. We have used the thickness of the PMMA sheet to be around 5 mm.

Such a thick PMMA sheet reduces the thermal and air drift inside the sensor. The unit is

built on a 200×200 mm2 optical breadboard made from a 5 mm aluminum sheet. The entire

sensing unit was found to be very stable against any mechanical/optical/thermal or air drifts.

The controller unit includes some heavy electronic and electrical systems. The controller unit

was enclosed using black anodized aluminum alloy sheets and some plastic material. The

dimensions of the controller enclosure were ∼180×330×360 mm3.

37



Development of SPR instrument along with standalone software

2.2 SPR Setup

The SPR instrument in Kretschmann configuration with angular interrogation method was

developed in the laboratory. In the development of this equipment, the role of the goniometer

has been removed and a unique feedback-driven optomechanical scanning system was adopted.

The schematic of the SPR instrument is shown in Fig. 2.1. The photograph of the actual

instrument is shown in Fig. 2.18. The whole setup has been divided into three sections:

1) Incident assembly (Laser, Mirror, and Piezomotor)

2) Sensing assembly (Translation stage, Sensing chip, and Prism)

3) Detector assembly (QPD detector, and DAQ unit)

Figure 2.18: Actual image of our SPR sensor.
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The diode laser is a very small and lightweight source of polarized light. The black anodized

laser source is held by a 3D-printed laser mount which can be further connected with a post

system.

The circular silver-coated mirror is attached to the piezomotor’s shaft with the help of a

3D-printed mount. The assembly is called a mirror-piezomotor assembly (MPA). By using the

post system, the laser source is adjusted just above the mirror in such a way that the laser

beam can shine on the mirror’s reflecting surface. The piezomotor provides the controlled

rotation to the mirror to change the angle of the incident beam.

The sensing assembly contains a BK7 glass prism and a sensing chip which are mechanically

mounted on a vertical translation stage. The translation stage provides the fine/precise

vertical movements to the sensing chip and prism arrangement which helps to stabilize the

beam spot position on the sensing chip.

A QPD is mounted to capture the reflected light intensity from the metal-dielectric interface

and convert the captured light photons in terms of voltage signals which can be analyzed by

the DAQ unit.

2.2.1 Novel Feedback Mechanism

Our SPR instrument is based on the Kretschmann configuration angular interrogation

technique. Here, the angle of incidence is changed and the corresponding reflected intensity

from the prism assembly is recorded.

The change in incident angle produces the lateral deflection (X) of the beam spot on the

sensing chip (Fig. 2.19(b)). The change in reflected angle produces the deflection (Y) of the

spot position at the detector unit (Fig. 2.19(b)). Therefore, the scanning mechanism without

feedback suffers from the issues mentioned below:
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Figure 2.19: (a) shows the initial position of the spot at the sensing chip and the QPD.
(b) shows the deflection of the beam spot for a lower angle scan (c) compensation for the
lateral deflection at a lower angle. (d) shows the deflection of the beam spot for a higher

angle scan (e) compensation for the lateral deflection at a higher angle.
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1) The point of interrogation on the sensing chip shifts due to a change in incident angle.

2) For large-range scans, the spot moves out of the active area of the detector unit.

3) Either a bulkier optical setup is required or the SPR scan range is limited to ∼ 1− 2◦.

These technical issues create practical limitations to the utility of the equipment. In order to

address these issues, a novel feedback mechanism was formulated and adopted in our SPR

instrumentation.

In our SPR system, instead of a general-purpose photodetector, a position-sensitive photode-

tector in the form of a QPD is used. Each quadrant of the QPD acts as a separate photodiode

and converts the number of photons falling on the active area in terms of voltages which are

analyzed precisely with the help of the DAQ unit. The DAQ processes the difference in the

total light intensity of two upper segments with the lower two segments of the QPD as shown

in equation (2.1). The difference is defined as beam deflection (∆D).

∆D = (IA + IB)− (IC + ID) (2.1)

Where IA, IB, IC , and ID are the intensity recorded by the individual quadrants (Fig. 2.15).

The translation stage plays a significant role to compensate for the change in distance (X and

Y). It is necessary to move the sensing chip either horizontally, vertically, or in a combination

of both. The incorporation of horizontal translation is not suitable, as it needs more optical

components which make the system larger and bulkier. An additional vertical translation is

preferable which can move the sensing assembly vertically according to the value of ∆D. The

direction of vertical motion e.g. up or down is dependent on the sign of ∆D.

For the lower angle scan, the spot travels a distance (X) towards the left at the sensing chip

which causes the downward lateral motion (Y) of the reference spot on the active area of the

QPD. This is shown in Fig. (2.19(b)). In this case, the ∆D is negative. Thus, to compensate

for the -∆D, the DAQ communicates with the translation controller unit to move the sensing

assembly for a distance (∆Z−) in the upward direction.
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For the higher angle scan, the spot travels a distance (X+) towards the right at the sensing

chip which causes the upward lateral motion (Y) of the spot at the active area of the QPD.

This case is shown in Fig. (2.19(d)). Here, ∆D is positive. Thus, to compensate for the ∆D,

the DAQ communicates with the translation controller unit to move the sensing assembly for

a distance (∆Z+) in the downward direction which is shown in Fig. 2.19(e).

To make the observations more precise and accurate, the value of |∆D| must be as small as

possible. Thus, the SPR observations are taken only for the |∆D| must be under the threshold

value (T).

2.3 Development of GUI-based software

User-friendly GUI-based software is developed using LabVIEW software. It is designed to

provide a quick response. Instead of time-consuming complicated processes, the hardware-

software synchronization makes it capable to execute a full angular scan in gaseous media

only in 6 to 10 minutes and approximately 20 minutes for a scan in aqueous media.

The small-size, portable software is installable and compatible with Microsoft Windows-based

operating systems. The executable application software is designed with several features.

It is capable of identifying the inappropriate SPR chip. It can inform about the hardware

synchronization errors so that one can identify and resolve the issues easily. A software trigger

for an emergency stop is also included in the software. To prevent the accidental loss of the

experimental data, the software has an auto data saver function. A provision for privacy

enhancement with password protection is also added. For the convenience of the user, some

shortcut command keys are also integrated into the controller software (Fig. 2.20).

The front panel of the SPR controller software possesses four main tabs such as: for recording

the SPR curve ‘SPR curve’, observing the real-time or dynamic response of the sensor

‘Kinetics’, to synchronize the position of the hardware system according to the application

‘Positioner’, and to configure the instrument for hardware-software synchronization.
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Figure 2.20: Front view of the controller software for our SPR sensor.

2.3.1 Configuration

The Configuration tab allows the fixing of COM-port for data communication, some commands

to the laser optics, vertical translation, and the detector unit which are useful in the optical

alignment for a given service mode. Fig. 2.21 shows the Configuration section.

2.3.2 Positioner

The ‘Positioner’ interface contains the numeric input to set the incident angle. It provides

the automatic command to align the system at a specific incident angle. The interface is the

pre-stage to observe the real-time measurements at a specific incident angle.
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Figure 2.21: Configuration subsection of the controller software.

2.3.3 SPR curve

To obtain the SPR sensorgram, the interface incorporates synchronized controls for the

piezomotor, translation stage, and detector system. The program code works in four steps.

The three steps are calibration steps for the equipment and the last one stands for recording

data. The interface for this subsection is shown in Fig. 2.22.

In the initial stage, the program initializes the hardware components to their default states.

The angular scanning range can be decided between the lower limit ‘L.L.’ and the upper limit

‘U.L.’. The ‘Dirn’ switch fixes the scanning direction. The ‘PRST’ button is to initialize the

angular position of the incident beam either to ‘L.L.’ or to ‘U.L.’ according to the selected

direction. The ‘Reset Success’ is the indicator for successful initialization of the angular

position of the incident beam. The external/manual calibration in angular position (◦) can be
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provided by the ‘PCali’ numeric input. ‘The ‘NEXT’ button is used to proceed towards the

next step after the complete execution of the initial stage. The second stage automatically

executes the light intensity calibration with the help of the QPD. ‘Speed’ is the numeric input

for the translation stages speed while ‘PNoS’ and ‘PFreq’ stand for the number of steps and

the frequency of the piezomotor. The next step can be processed by pushing the ‘NEXT’.

Figure 2.22: Subsection for the SPR curve measurement.

In the third stage, the program code switches to the translation stage to fix the beam spot at

the specific position of the sensing chip. The ‘T.S. OK’ indicates the status of the hardware-

software synchronization of the translation stage. To increase the accuracy and the precision

of the observation, three accuracy indicators ‘A’ ‘B’ and ‘C’ are included but the highest
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accuracy and precision can be ensured by the final indicator ‘Position OK’. After fixation of

the beam position, the equipment is ready for the observations, thus the ‘NEXT’ button is

used to move to the SPR observations.

In the last stage, the SPR sensor-gram is recorded in a graph panel which shows the real-time

observations for the SPR response. The same graph panel indicates the plot for reflected

intensity (R.I.) with respect to the incident angle (I.A.) and time according to the selection of

the ‘SPR / Kinetics’ button. ‘|S.D.|’ indicates the accuracy of the feedback mechanism. An

approximate SPR angle is indicated in the numeric indicator ‘SPR angle’. The ‘Piezo’ and

‘T.S.’ are the optional controls that can be used to hold the piezomotor and the translation

stage at a particular position, if necessary. The right-click on the graph panel provides the

option to export the data as an excel file, clipboard, or image. Fig. 2.22 shows the GUI-based

coding interface for the controller software.

Some part of the coding window in the developer mode of the controller software is shown in

Fig. 2.23.
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Figure 2.23: GUI-based LabVIEW back panel for the controller software.
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2.3.4 Kinetics

The real-time measurement of SPR response at a given response angle can be obtained using

the Kinetics section. The interface for the kinetics is shown in Fig. 2.24. The graph panel

shows the response change in the SPR signal with respect to time. To observe the kinetics

using the SPR equipment, first, the value of the SPR angle is obtained using the SPR angle

section. Then the positioner tab synchronizes the hardware for the desired position. The

kinetic tab is used to observe the dynamic changes in SPR response. The data can be exported

with a right-click option.

Figure 2.24: Kinetics interface for the SPR equipment.
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2.4 SPR chip optimization

The development of an instrument needs a lot of parameters to be optimized to deliver

a satisfactory performance. The performance of the SPR instrument depends on various

parameters like the resolution, stability, software–hardware synchronization, noise reduction

techniques, etc. Except for these, the sensing chip plays a crucial role in achieving enhanced

SPR sensitivity. The SPR chip can be functionalized with a suitable material (ligands) to

enhance its sensing performance. There are several ways to functionalize the SPR chip.

However, due to the immobilization of bio-ligands, the thickness of the dielectric layer over the

SPR chip increases, and thereby, the perceptibility of the plasmonic field reduces drastically.

It can be addressed to some extent by the deposition of a single layer (ultrathin film) of ligands

on the SPR chip for sensing applications. It is noteworthy that materials to be deposited

in the form of the ultrathin film should be judiciously chosen such that molecular-specific

interactions are prioritized during sensing applications.

The SPR phenomenon is largely depends on the metallic layer deposited on the BK7 glass

plate. The SPR is very sensitive to the thickness and the nature of the metal for the generation

of SPP waves. The quality of the SPR chip should be optimized with respect to the material

and its thickness. In the case of localized SPR including these parameters, the optimization

can be done with respect to the local structures in the metallic layer.

Such optimizations can be executed either by experimental approaches or/and by simulation

techniques. The experimental procedures are costlier and time-consuming. Thus, the easy

and cost-effective way of optimization is to simulate the experimental processes and obtain the

best-optimized parameters for a high-performing SPR-based sensing device. The optimized

parameters thus can be adopted in the actual experiments.

The Kretschmann SPR configuration can be simulated by using Fresnel’s equation. Various

simulation software packages viz. MATLAB, python, etc., can be used to simulate the reflected

light intensity from the sequential combination of BK7, gold, and air/water with respect to

the change in incident angle and the thickness of various layers of the SPR chip very precisely.
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An additional layer of ligands has also been integrated with the simulation model. The

reflection from the two interfaces, air/water-gold and gold-BK7, is modeled theoretically

using Fresnel’s equation [46, 55, 56]. The final Fresnel’s equation of reflectance Rp for the

p-polarized light is given by:

Rp =| r2p | (2.2)

where rp is the reflection coefficient for p-polarized wave.

rp =
(M11 +M12q4)q1 − (M21 +M22q4)

(M11 +M12q4)q1 + (M21 +M22q4)
(2.3)

Mij = (
3∏

k=2

Mk)ij (2.4)

For the kth layer,

Mk =

 cosβk −isinβk/qk

−iqksinβk cosβk

 (2.5)

Here,

qk = (µk/ε̃k)
1/2cosθk ∼=

(ε̃k − n2
1sin

2θ1)
1/2

ε̃k
(2.6)

βk = dk
2π

λ
(ε̃k − n2

1sin
2θ1)

1/2 (2.7)

where, the relative permeability µk
∼= 1, θ1 and θk are the angle of incidence at the interface

of media 1 - 2 and (k-1)-k, n1 is the real part of refractive index of the medium 1, ε̃k and dk

are the complex dielectric constant and thickness of kth layer, respectively [46, 55, 56].

The value of the refractive index can be calculated using a MATLAB program which is

based on Fresnel’s equation. The GUI-based MATLAB simulation program was developed

wherein reflection from a 4-layered sequential structure of BK7 – gold – ligands – air/water

was modeled. For the determination of the RI of the dielectric film deposited on the gold

surface, the simulation using Fresnel’s relations was used. One such SPR curve for the gold/air

interface is shown in Fig. 2.25. The SPR response from the code in air and water medium is

shown in Fig. 2.26.
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Figure 2.25: MATLAB SPR simulation program for refractive index calculation. Here,
Eni and Eki are real and imaginary parts of RI for the ith layer.

The mapping of the surface plasmon field over the sensing chip is essential to estimate the

extent of the field, which is useful for the functionalization of the chip using suitable materials.

Figure 2.26: SPR simulation response in (a) air (b) water medium.
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In bio-sensors, a stack of layers like self-assembled monolayer, passive layer, and active layers

should be deposited. Often, plasmonic fields in such a stack of layers decay exponentially,

which degrades the sensitivity and hence the sensing performance. The plasmonic field over

the SPR chip can be simulated precisely using the Finite-Difference Time-Domain (FDTD)

approach.

Figure 2.27: FDTD simulation setup for Kretschmann configuration of SPR phenomenon.

FDTD is a powerful approach for modeling nano-scale optical devices with extremely high

accuracy. It solves Maxwell’s equations on a mesh and computes electric field (E), and

magnetic field (H) at grid points spaced ∆x, ∆y, and ∆z apart, with E and H interlaced

in all three spatial dimensions. The FDTD includes the effects of scattering, transmission,

reflection, absorption, etc. The maximum task size for FDTD is limited only by the extent of
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the computing power available. These time domain simulations were executed with Ansys

Lumerical FDTD Simulation software which provides an easy GUI to create simulation profiles

in 2D and 3D views.

Figure 2.28: SPR responses obtained from the simulation for various thicknesses of gold
for (a) air as a sensing medium and (b) water as a sensing medium.

The FDTD simulation model is shown in Fig. 2.27. A laser source of 635 nm wavelength was

used to illuminate the metal-dielectric interface and to excite the surface plasmon polaritons

(SPP). The p-polarized electromagnetic (EM) wave was propagated in the X - direction. The

FDTD boundaries were used to interconnect the simulation region and outer space with some

boundary conditions. The mesh region of 5 nm was used to refine the results. Transmission
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and reflection monitors were used to collect the optical power transmitted and reflected from

the metal-dielectric interface. The thickness of the gold layer varied in the X - direction.

Fig. 2.28(a) and (b) show the SPR curves for various thicknesses of the gold layer in air

and water medium. It is observed that the highest value of Q has been found for the gold

thickness of 50 nm. For this, the value of SNR is also maximum.

2.5 Calibration of the instrument

The SPR spectrum for the gold-air interface was recorded using the instrument. This is shown

in Fig. 2.29(a). The resonance minimum was obtained at 44.86◦. This is consistent with the

reports in the literature [12,13]. The instrument was used to perform measurements in an

aqueous medium. The reference curve for pure water medium shows the resonance at 70.23◦

shown in Fig. 2.29(b). This is also consistent with the literature [57, 58].

Figure 2.29: SPR spectrum for the (a) gold-air interface and (b) gold with various
concentrations of glucose in ultrapure water.
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The instrument was calibrated using an aqueous solution of glucose prepared by dissolving

glucose in ultrapure ion-free water (Millipore). The SPR spectrum for different concentrations

of the glucose solution is shown in Fig. 2.29(b). We obtained a systematic linear shift in the

resonance angle (RA) with the change in the concentration (Fig. 2.30(a)). The refractive

indices of the glucose solutions at different concentrations were obtained from standard

literature [59, 60].

Table 2.2: calibration responses for various concentrations of D-glucose.

S.No. Concentration(M) RI of the glucose solution Resonance angle(◦)

1 0 1.3351 70.23

2 0.25 1.3399 71.07

3 0.5 1.3447 71.86

4 0.75 1.3496 72.67

5 1 1.3545 73.96

A calibration curve showing the RA as a function of the RI is shown in Fig. 2.30(b). The

slope of the calibration curve is ∼195 ◦/RIU. The inverse of the slope represents the sensitivity

of the SPR instrument, which is around 8 µRIU/degree.

Figure 2.30: Calibration curves for our SPR sensor.
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2.5.1 Large range scan

The traditional SPR instruments have a scan range limited to about 10 to 12◦. In order to

switch the measurement from one medium to another, the commercial equipment needs a

complex adjustment like the change of optics, etc.

Figure 2.31: SPR scan for air, and ultrapure water recorded simultaneously with a single
channel flow cell.

But the novel feedback approach in our SPR sensor enhances the scan range to a very

large value. Our optoelectronic sensor is capable of scanning a wide range from 35◦ to

approximately 85◦ without any change in optical alignments. This feature makes the SPR

equipment beneficial to sense the analyte in gaseous and aqueous mediums easily. Fig. 2.31

shows the SPR scan for air and ultrapure water simultaneously scanned with a single channel

flow cell. The SPR angle for air and ultrapure water are 44.66◦ and 74.94◦ respectively.
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2.6 Flow Cell

Our SPR instrument is not only limited to the SPR sensorgram, but it is also compatible with

real-time kinetics analysis-based applications. Some isolated flow channels can be integrated

with the sensing assembly which is known as flow cells. The flow cell has a flow channel

with one input end and one output end side. The channel has some open areas that can be

connected with the active surface of the sensing layer for the analyte - ligand’s interaction.

The flow cells possess a silicone O’ring at the bottom side which ensures the leak-proof

coupling of the flow cell and the sensing chip assembly.

Figure 2.32: Various flow cells which can be integrated with our SPR sensor. (a) For
gaseous analytes, (b) For aqueous medium, (c) For four-probe measurement, and (d) For

humidity and temperature-based SPR observations.

Based on the optical setup of the SPR instrument, several flow cells were designed and

printed using a 3D printer. The materials used for printing were Polylactic Acid (PLA) and

Acrylonitrile Butadiene Styrene (ABS), which provide very high accuracy of 250 microns in

their structures and good stability in aqueous/air medium. The schematic of the gas and

liquid flow cells is shown in Fig. 2.32.
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2.6.1 SPR sensor setup for sensing analytes in gaseous medium

Figure 2.33: Actual setup for SPR equipment as a gas sensor.

Fig. 2.33 shows the actual setup for SPR equipment as a gas sensor. The gas flow cell is

attached to the top of the sensing assembly. The flow cell has two valves on its top surface

for gas inlet or outlet.

Figure 2.34: Block diagram of the setup of SPR-based gas sensing.
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The gas inlet valve is connected to the Mass Flow Controller (MFC) units with the help of

some ON/OFF valves and PTFE tubes. The schematic of the gas sensing setup is shown in

Fig. 2.34.

2.6.2 SPR sensor setup for sensing analytes in aqueous medium

Fig. 2.35 shows the setup for an SPR-based sensor for measurement in an aqueous medium.

The liquid flow cell is attached to the top of the sensing assembly. The two silicone tubes are

fixed with their side walls to inject and remove the liquid medium. To inject the relevant

solution, the inlet system is connected to the peristaltic pump which helps to maintain the

flow rate of the solution on the sensing chip and helps the regeneration process for further

experiment. The solution after sensing is collected in some container using another silicone

tube channel.

Figure 2.35: Actual setup for SPR equipment for sensing in liquid medium.
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2.7 Scientific recommendations

Firstly, the developed SPR instrument was demonstrated at IIT Delhi in front of the scientific

committee of DST India in 2018. In 2019, it was validated by three eminent scientists of the

country: Prof. Ajay Agarwal of CEERI Pilani, Prof. Sandeep Kumar, and Prof V. Lakshmi

Narayanan of RRI, Bangalore. The equipment was transported to RRI, Bangalore by courier,

and the performance was demonstrated to the scientists. The equipment was installed on

a study table, and a set of experiments were performed to show its capability. The report

received from the scientists is attached in the Appendix. Some images of the demonstration

are shown in Fig. 2.36.

Figure 2.36: Some images of demonstration of our SPR sensor at various scientific
institutions.
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2.8 Commercialization process of OptroniX20

The equipment is ready for commercialization. In this process, we have launched a website:

https://www.sprsensors.org. The website was designed by ourselves and launched on a service

provider www.wix.com platform. The first page of the website is shown in Fig. 2.37.

Figure 2.37: First page of the website “www.sprsensors.org”.

2.9 Conclusion

The developed SPR instrument is capable of performing high-end experiments related to

academics or industries. The commercially available SPR instruments are complex, bulky, and

costly. The novel optomechanical design has addressed all these issues without compromising

its merits at international standards. There is some scope for further improvement and

optimization, which can be addressed during the incubation period.

The developed SPR instrument is utilized for various traditional (sensing) and non-traditional

applications (effect of polarization of external EM wave on SPR response). In this thesis, we

demonstrated the sensing application of the developed SPR instrument. The instrument is

used for some non-traditional applications, such as the measurement of birefringence and

optical switching.
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Chapter 3

Sensing application of SPR using

self-assembled nanoribbons of discotic

liquid crystal molecules

The developed SPR equipment was employed for a variety of applications. Herein, we utilized

nanostructures by self-assembling organic discotic liquid crystal molecules for sensing some

volatile organic compounds like ethanol and acetone using the developed SPR instrument. The

supramolecular structure of the organic molecules can be perturbed easily by the application

of a small force field. Triphenylene-based discotic liquid crystal (TP) molecules are rich in

π-electrons which facilitate the π-stacking interaction of the molecules leading to the formation

of one-dimensional nanowires. These nanowires can assemble to form nanoribbons due to a

lateral cohesive force among the nanowires. The flat nanoribbons undergo a morphological

transformation due to the incorporation of silver nanoparticles (SNP) into the matrix of TP

molecules. The presence of SNP induces a non-chiral twisting of the nanoribbons; therefore,

the flat nanoribbons transform into a helical nanoribbon structure. The global chiral structure

exhibited by the composition of achiral constituents is due to the creation of topological

defects like disclination and dislocation. These defects can lead to geometrical frustration in

62



Sensing application of SPR using self-assembled nanoribbons of discotic liquid crystal
molecules

the nanoribbons, which relaxes with the formation of twisted helical nanoribbons. A minor

change in the morphology of the supramolecular assembly can have a remarkable effect on

the physicochemical properties of the nanoribbons. In this chapter, we demonstrate that even

a minor change in the geometry of aliphatic chains on the surface of nanoribbons can be

employed for sensing organic solvents such as acetone and ethanol. The sensing was performed

at room temperature. Relative humidity has no effect on the sensing response. This work

is reported by us in Nanotechnology of IOP in 2020 (DOI: 10.1088/1361-6528/ab93eb) and

Materials Today: Proc of Elsevier in 2021 (DOI:10.1016/j.matpr.2021.02.736).

3.1 Introduction

There are several examples in nature where molecular aggregation leading to supramolecular

assembly can perform extraordinarily. Several structures due to self-assembly have been

reported in the literature [61]. Among them, the self-assembly leading to one-dimensional (1D)

nanowires is one of the interesting nanomaterials which offer high anisotropy in physicochemical

properties. Such systems can successfully be utilized for several applications including

photovoltaics, optoelectronics, semiconducting, and sensors. The nanowire viz. Carbon

nanotubes, ZnO, TiO2, gold, and silver nanotubes are widely studied [61–64]. Here, we

developed organic nanowires governed by the self-assembly of discotic liquid crystal molecules

in a solvent medium. In general, the discotic liquid crystal molecules exhibit delocalized

π-electrons on the disc plane. Due to the π − π stacking interaction between the discotic

molecules, a 1D column of the molecules can be obtained. Such columns can further assemble to

form various thermotropic discotic liquid crystal mesophases, e.g., discotic nematic, columnar,

and hexagonal columnar phases. The columnar phase can act as an organic semiconductor

wherein the charge transfer pathways can be obtained along the length of the columns.

On appropriate doping, the discotic system can act as either p or n-type semiconductor

[65–67]. Self-assembly of the organic molecules in the solvent medium can lead to the

formation of several interesting nanostructures depending on the competing interactions

between molecules. Various one-dimensional heterostructures have also been extracted from

nature which has the extraordinary capabilities of molecular aggregation, which direct them
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toward the supramolecular assemblies like nanowires or the helical structures like proteins,

lipids, cholesterol, etc. [68–70].

The most common naturally occurring supramolecular assembly is the helix [61]. There

are several biological phenomena that are governed by the helices of lipids, cholesterols,

and proteins [62–64]. In general, the helical structure is induced by a chiral constituent

or a mixture of chiral and achiral molecules [65]. In soft materials, e.g., liquid crystals,

the competition between the local chiral interaction and the global constraints can lead to

geometrical frustration which can yield a unique assembly, e.g., twisted or cylindrical structures

[66–68]. Sometimes, the chiral supramolecular structures formed by achiral molecules can

be induced by some external stimuli, including temperature, electric field, and polarized

electromagnetic waves [69–72].

Kim et al. have reported a complete induction, control, and locking of supramolecular chiral

helical nanostructure of achiral constituents by circularly polarized light in the visible range

[69]. Under some constraints, it is possible to obtain the chiral nanostructure without the

influence of external stimuli [73, 74]. A chiral nanostructure exhibited by achiral barbituric

acid at the air-solid interface was reported [75]. This chiral nanostructure was obtained

due to the H-bond network among the monolayer of achiral barbituric acid. The helical

nanostructure can be obtained by incorporating topological defects, e.g., dislocation and

disclination in the self-assembly of achiral molecules. These topological defects can lead to

geometrical frustration in the assembly, which on relaxation, yields the supramolecular chiral

nanostructure [76, 77].

In this chapter, the self-assembly of the TP molecules was facilitated, leading to the formation

of nanofibers. The one-dimensional system can behave like a semiconductor. We performed a

systematic electrical characterization of the nanofibers of pure TP molecules and their doping

with silver nanoparticles (SNP). Interestingly, the pure and the doped nanofibers behaved

like a semiconductor wherein the activation energy drops due to the insertion of SNP in the

TP nanofiber matrix. The chirality in the supramolecular assembly of the achiral classical

triphenylene-based discotic liquid crystal (TP) molecule was induced by incorporating achiral

silver nanoparticles (SNP). The TP molecules can self-assemble into nanowires due to their
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strong π-stacking interactions. Such nanowires can assemble into nanoribbons due to a lateral

cohesive force [78] which is similar to that observed in the case of bundles of single-walled

carbon nanotubes [79]. The presence of SNP in the nanoribbons induces topological defects,

and henceforth, the system relaxes to a twisted nanoribbon structure with a Gaussian or

saddle-like curvature [80].

The twisted geometry possesses a larger surface-to-volume ratio as compared to that of flat

nanoribbons. The surface of the nanoribbons consists of aliphatic chains of TP molecules, each

of which possesses ten -CH2 units. The morphology of these aliphatic chains in the assembly

can be perturbed by molecules of organic solvents like acetone and ethanol. A minute change

in the morphology of the aliphatic chain in the nanoribbons due to their interaction with

molecules of the organic solvent can create a minor change in the dielectric properties of the

nano-system. Such a minor change is measured using a surface plasmon resonance (SPR)

instrument. Our studies reveal a minor change in the morphology of a nano-system due to its

interaction with analytes that can be effectively employed as a sensing mechanism.

3.2 Experimental Procedure

The triphenylene-based discotic liquid crystal (TP) molecules were synthesized in the labora-

tory [81]. The molecular structure of the TP molecule is shown in Fig. 3.1.

Figure 3.1: Chemical structure of the triphenylene-based discotic liquid crystal (TP)
molecule.
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The high-performance liquid chromatography (HPLC) grade chloroform, absolute ethanol,

and acetone were obtained from Merck. A 10 mg/ml clear solution of the molecule was

prepared in the chloroform solution. About 10 ml of absolute alcohol was poured into the

chloroform solution. The TP molecules were self-assembled at the chloroform-alcohol interface

and formed nanofibers in the form of cloudy material. The nanofiber synthesis is shown in

Fig. 3.2.

Figure 3.2: Synthesis procedure for pure and silver nanoparticles (SNP) doped TP
nanofibers.

The silver nanoparticles (SNP) were synthesized using the standard chemical protocols

[82]. The nanoparticles were protected against coagulation by functionalizing them using

hexane-thiol. The size of the nanoparticles was around 2–3 nm [82]. The nanoparticles were

incorporated into the matrix of nanoribbons consisting of TP molecules by dispersing them

into the same chloroform solution at different weight percentages.
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The fibers were spread by a drop-cast method onto the solid substrates viz. silicon wafers,

glass plates, and interdigitated electrodes (IDE) to form a very thin film. In the drop-cast

method, the solution of the sample was allowed to flow down under gravity from the surface

of the substrate leaving behind a very thin layer of the material. The nanofiber deposition

with drop-casting is shown in Fig. 3.3.

The nanofibers on the substrates were observed using optical microscopy (OM) in transmission

mode at various magnifications from 5X to 40X. To observe nanofibers at a lower length scale,

Atomic Force Microscopy was performed in both contact and semi-contact mode using Si-tips

of spring constant k = 28.3 N/m and resonant frequency f = 438.8 KHz. The morphology of

the assembly was obtained using a field emission microscope (FESEM) with an operating

voltage of around 10 kV and magnification of 30 000X (FEI, APREO).

Figure 3.3: Deposition of TP nanofibers on an IDE using a drop-casting process.

Electrical characterizations of the nanofibers in pure and doped states were performed using
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a lab-developed setup. The nanofiber deposited IDE was inserted in a homemade computer-

controlled heating stage which can perform in the temperature range from 30◦C to 90◦C

with a resolution of 0.1◦C. A silicone rubber heating element and a Resistance Temperature

Detector (RTD) unit were connected with a programmable power supply (APLAB) and a

digital multimeter (Keithley 2400 series), respectively. A PID-controlled LabView program

was developed to control the temperature of the heating stage. The schematic diagram for

the experimental setup for the electrical characterization is shown in Fig. 3.4.

Figure 3.4: Schematic diagram of the experimental setup for the electrical characterization.

The sample deposited IDE was connected with the multimeter using thin copper wires. To

establish the electrical connections properly, the silver conductive paste was applied at the

junction of the IDE and the copper wire and dried for 1 hour. The IV measurement on the

nanofibers was recorded by applying a bias voltage range from -10 V to +10 V at a step of

0.005 V. The temperature varied from 42◦C to 90◦C in the steps of 4◦C.

For SPR measurement, a ∼ 3 nm Cr layer followed by a 50 nm thick gold film was deposited

onto a BK7 glass substrate (refractive index = 1.51) using a sputtering deposition system

(QUORUM). The drop-casted thin film of fibers was prepared on such substrates. The SPR

spectra were obtained using a home-built instrument by recording reflected intensity as a

function of the angle of incidence [46].

A gas - sensing setup was developed [83] and integrated with the SPR instrument. The

saturated vapor of solvent (acetone or ethanol) was mixed with a carrier gas (N2) in the
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desired proportion using two mass flow controllers (Alicat Scientific) to obtain the required

ppm of the molecules [84]. Fig. 3.5 shows the SPR instrument as a gas sensor.

Figure 3.5: Gas sensing setup integrated with the SPR instrument.

The relative humidity was measured near the sensing layer (∼ 0.5 mm above) by integrating

an Arduino-based humidity sensor (DTH11) in a 3D - printed flow cell. All the experiments

were performed at room temperature, i.e., 24.0 ± 1 ◦C.

3.3 Results and discussion

The optical micrographs of drop-casted film of nanofibers are shown in Fig. 3.6. The

images were captured at two different magnifications. The images show a nice formation and

distribution of the nanofibers.
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Figure 3.6: The optical microscopy images of nanofibers drop-casted on a glass substrate.

The atomic force microscope (AFM) images of the nanoribbons are shown in Fig. 3.7. The

morphology in the three images in Fig. 3.7 is consistently scaling as per the scan length

during AFM imaging. The patterns reveal more like fibers than that nanoribbons. This is

due to the long-range Van der Waals interaction between the tip and the molecules leading to

a smoothing effect on the edges of the nanoribbons.

Figure 3.7: Atomic force microscope images of the drop cast film of the nanofibers at
different length scales.

The nanofibers were drop-casted on the IDE for their electrical characterization. The optical

micrographs of the nanofibers spread on the IDE and between the gaps of the IDE’s finger

are shown in Fig. 3.8. A nice distribution of the nanofibers can be seen from the image. The

presence of the nanofibers can be verified in Fig. 3.8(b).
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Figure 3.8: Optical micrographs of the nanofiber spread over an IDE at (a) contact pad
and (b) between the IDE’s finger.

The current-voltage (I-V) characteristics curves of the TP nanofibers were obtained at different

temperatures and are shown in Fig. 3.9(a). The characteristic curves of the nanofibers show

the bidirectional non-linear relationship for the applied voltage range of ±10V, which is the

signature of a semiconducting behavior in the chosen voltage range.

The I-V characteristics for the 0.1, 0.2, & 0.5 wt% silver nanoparticles doped nanofibers as a

function of temperature are shown in Fig. 3.9(b), (c), and (d), respectively. For the SNP

doped nanofibers, the I-V characteristics are bidirectional & linear (like a low-value resistor),

which indicates the Ohmic behavior of the doped nanofiber system.

In all the cases of pure and doped nanoribbon systems, the conductivity increases with the

temperature, which indicates a classical semiconducting behavior. For silver nanoparticles

doped and undoped nanofibers, the I-V curves are symmetric in the first and third quadrants,

which indicates a very low amount of electric charge reminiscence. The 0 A current at 0 V

indicates the passive nature of the nanoribbons. The Arrhenius plots are fitted satisfactorily

with linear curves, which indicate the charge transfer due to the hopping mechanism [75].
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Figure 3.9: The current-voltage (I-V) characteristics curves recorded at different tempera-
tures for (a) pure TP nanofibers, and (b), (c) and (d) 0.1, 0.2, & 0.5 wt% silver nanoparticles

doped nanofibers, respectively.

The activation energy (EA) of doped and pure nanoribbons is calculated from the Arrhenius

plot of Fig. 3.10(a) and is shown in Fig. 3.10(b). The EA drops more than 50% due to doping

of silver nanoparticles of even 0.1 wt% as compared to pure nanoribbons. The EA increases

with a further increase in the concentration of silver nanoparticles as compared to that of

0.1wt%. There is an overall decrease in EA due to doping as compared to pure nanoribbons.
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Figure 3.10: (a) Arrhenius plot (b) The activation energy (EA) of doped and pure
nanofibers.

The FESEM images of the assembly of TP molecules are shown in Fig. 3.11. The image in

Fig. 3.11(a) shows some flat strands of fibers. These are strands of nanoribbons. The width

of the nanoribbons lies in the range of 50–110 nm. An observation of the scaled image in

Fig. 3.11(b) shows very thin ribbon-like layers which are wound together into a structure

resembling a spring onion. Thus, a more clear structure of the assembly of the TP molecules

is like nanoribbons.

Figure 3.11: The field emission scanning electron microscope (FESEM) images showing
the nanoribbons of TP molecules. The scale bar in (a) and (b) represents a length of 20 and

2 µm, respectively.
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The SNP was incorporated into the matrix of the nanoribbons at three different weight

percentages, and the FESEM images were obtained. The 0.1 wt% SNP incorporated nanorib-

bons are shown in Fig. 3.12. The twisted nanoribbon structure can be seen in the images.

The twisted structure exhibits a Gaussian or saddle-like curvature. The average pitch of

the helical structure is found to be around 1200 nm. The helical structure exhibits both

left and right-handedness and they are shown enclosed in rectangles with dash and dotted

boundaries, respectively. Fig. 3.12(b) depicts one strand of twisted nanoribbons wherein

both handednesses, can be observed. Since the twisting is induced by the nonchiral dopants,

the handedness of the obtained chiral structure is the mixture of right and left-handed

nanoribbons.

Figure 3.12: The field emission scanning electron microscope images show the twisted
nanoribbons due to the incorporation of 0.1 wt% of SNP. The twisted nanoribbons inside
white rectangles with dash and dotted boundaries exhibit left and right-handed nanoribbons,

respectively. The scale bar represents a length of 3 µm.

The morphology of the supramolecular assembly of TP molecules with a higher concentration

of SNP is shown in Fig. 3.13. With the increase in the concentration of SNP, the morphology

of the twisted structure continues to exist. The further increase in a concentration greater

than 0.5 wt% leads to phase separation of the nanoparticles. Similarly, a concentration less

than 0.1 wt% of SNP does not induce the twisting in the nanoribbons. The average pitch

of the helical structure for the compositions with 0.2 and 0.5 wt% of SNP is found to be

around 2000 and 2400 nm, respectively. Thus, the value of pitch is found to increase with the

concentration of the SNP in the matrix of the TP molecule.
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Figure 3.13: The field emission scanning electron microscope images show the twisted
nanoribbons due to the incorporation of (a) 0.2 and (b) 0.5 wt % of SNP. The scale bar in

(a) and (b) represents a length of 2 and 3 µm, respectively.

The core of the TP molecule is rich in π-electrons. Such molecules display a greater affinity

towards each other through their π-π interaction. Due to such π-stacking, the discotic

molecules self-assemble and yield a one-dimensional nanowire. These nanowires can interact

with each other laterally through a cohesive force in a similar manner to that seen in the case

of bundles of single-walled carbon nanotubes [84, 85]. The lateral assembly of the nanowires

grows to give rise to a flat ribbon-like structure (Fig. 3.14(a)). Due to the incorporation

of SNP in the matrix of TP molecules during the self-assembly, topological defects in the

form of dislocations and disclinations are created (Fig. 3.14(c)). These defects can develop

a geometrical frustration leading to some non-uniform interplanar elasticity which relaxes

with the formation of helical twisted ribbons (Fig. 3.14(b)) [77, 86]. It can be noted that

with the increase in the concentration of SNP, unlike a chiral dopant, the pitch of the helix

increases. A chiral dopant can induce a helical structure due to a local chiral interaction

and global constraints, which are imparted by the geometry of self-assembled structures [65].

Therefore, the pitch of helices should decrease with the increase in the concentration of the

chiral dopants [65, 66, 87]. In the present case, with the increase in the concentration of SNP

dopants, the concentration of defects increases. These defects may annihilate and thereby

reduce the strength of geometrical frustration in the assembly [88, 89]. Hence, the overall

chirality of the twisted nanoribbons seems to decrease with the increase in the concentration
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of SNP. The outer surface of the nanoribbons and helical nanoribbons consists of aliphatic

chains of TP molecules. Even the geometrical perturbation of aliphatic chains due to their

interaction with some analytes can lead to a change in the dielectric constant, which can be

measured at a high resolution using the optical phenomenon surface plasmon resonance (SPR).

The surface plasmon wave is generated due to a quantized oscillation of free electrons at the

metal-dielectric interface by the incidence of the electromagnetic wave. SPR can occur due to

the matching of components of wavevectors corresponding to the incident electromagnetic

wave and the surface plasmon wave.

Figure 3.14: Schematic representation of (a) nanoribbon and (b) twisted helical nanoribbon
and (c) an SNP inside twisted nanoribbon. Each tubule (nanowire) represents one column of
π-stacked TP molecules. The nanowires interact laterally through a cohesive force to yield

nanoribbons.

In the Kretschmann configuration, this can be detected by recording reflected intensity as a

function of the angle of incidence. At SPR, the reflected intensity tends to be minimum due to

the maximum absorption of incident beam energy by the resonance condition. The resonance

condition is extremely sensitive to a minor change in the dielectric constant at the metal

surface. This is the basic foundation for using the SPR phenomenon for any chemical and

biological sensing applications. SPR-based sensors are label-free, sensitive, and of very high

resolution. A minute change in dielectric/refractive index at the interface, which arises due

to even morphological changes, can be detected very accurately using the SPR phenomenon.

The reflected intensity as a function of the angle of incidence can be modeled theoretically
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by applying Fresnel’s theory for a number of layers involved in the experiment [46]. The

refractive index of the layers can be estimated from such modeling. The optical anisotropy in

ultrathin film fabricated by self-assembly and the Langmuir-Blodgett techniques arises due to

the tilt of the molecules with respect to the surface normal and can be measured using the

SPR phenomenon [90].

A minor perturbation in the geometrical structure of the nanoribbons can lead to a perceptible

change in the dielectric constant when measured using an SPR instrument. This phenomenon

was employed for sensing organic solvents, namely acetone, and ethanol, using the nanoribbons

and nanoparticles incorporated in nanoribbons. The surface area of the helical nanoribbons

due to the incorporation of SNP in the matrix of TP molecules is expected to increase

enormously, which can lead to enhanced sensing performance as compared to that of flat

nanoribbons.

Figure 3.15: The SPR spectra obtained for nanoribbons and helical nanoribbons measured
in the orthogonal directions, A and B.
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The optical anisotropy of the nanoribbons was measured using the SPR phenomenon. The

film of the nanoribbons was deposited on the surface of 50 nm gold film over the BK7 glass

plate. The SPR spectra were recorded in two orthogonal directions, and they are shown in

Fig. 3.15. The resonance angle (RA) for the orthogonal directions of a given composition of

the film is found to be different. The difference in the RA values measured in the orthogonal

direction for a given composition indicates some degree of optical anisotropy of the dielectric

material deposited over the gold film.

Figure 3.16: The RI estimated using Fresnel’s relation and the change in RI (∆RI)
measured in orthogonal direction plotted as a function of the concentration of SNP in the

nanoribbons.

The refractive index (RI) is estimated by modeling reflectivity from three interfaces, viz.

glass-gold, gold-nanoribbon, and nanoribbon-air, as a function of the angle of incidence by

utilizing the Fresnel’s relation [46]. The change in RI when measured in the orthogonal

direction (∆RI) for different compositions is plotted as a function of the concentration of SNP

in the TP matrix (Fig. 3.16). The anisotropy grows with the increase in the concentration of

SNP in the matrix of TP molecules. Fig. 3.17 shows the kinetic curves for normalized response

(NR) measured while sensing acetone and ethanol using SPR with a bare gold surface. The

SPR signal, in terms of reflected intensity, is normalized with respect to the concentration of
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the analyte dispensed through a flow cell over the sensing layer. The magnitude of normalized

response is found to be larger for ethanol than that for acetone.

Figure 3.17: The normalized response curves as a function of time obtained from the SPR
instrument on dispensing acetone and ethanol through a flow cell. The sensing layer is just

the bare gold surface.

The gold surfaces were functionalized by depositing nanoribbons and helical nanoribbons

incorporated with SNP and were employed for sensing acetone and ethanol. Fig. 3.18 shows

the normalized response curves for sensing acetone and ethanol. The magnitude of NR for

sensing ethanol is found to be large compared to that of acetone. In addition, the magnitude

of NR when sensing acetone and ethanol is about three times larger compared with that of

the functional layer of pure gold (Fig 3.17). Ethanol is more polar compared to that acetone

and thereby interacts more effectively with the aliphatic side chains of the TP molecules in

the nanoribbon’s framework.
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Figure 3.18: The normalized response curves obtained from the SPR instrument on dis-
pensing acetone and ethanol through a flow cell. The sensing layer was a film of nanoribbons

of pure TP molecules.

Therefore, the perturbation in the geometry of aliphatic chains of the TP molecules in the

supramolecular assembly is significantly larger due to its interaction with ethanol as compared

to the interaction with acetone. The role of relative humidity (RH) on the sensing performance

was studied. We recorded the percentage change in the response due to the presence of water

molecules. Fig. 3.19 shows the percentage change in the SPR response as a function of relative

humidity from the bare gold surface, nanoribbons on a gold surface, and nanoribbons on the

gold surface with acetone and ethanol. The RH has a negligible effect on sensing acetone

and ethanol using the nanoribbons. The aliphatic chains of the TP molecules in nanoribbons

create a good hydrophobic layer over the gold surface and thus do not interact with the water

molecule. The effect of RH on the bare gold surfaces is also negligible until RH ≤ 75%. There

is a minor increase in percentage response for higher RH values. Pure gold is hydrophobic in

nature and thus does not interact with water molecules [91].
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Figure 3.19: Effect of relative humidity on SPR response from different functional layers
e.g. bare gold, nanoribbons on gold, nanoribbons in presence of acetone or ethanol at a fixed

concentration of 0.1 ppm.

We found a significant improvement in the sensing performance when the SNP-incorporated

nanoribbons were employed for sensing organic solvents.

Fig. 3.20 shows the acetone and ethanol sensing response from functional layers consisting

of nanoribbons incorporated with a different weight percentage of SNP. The magnitude of

the normalized response is found to increase with the increase in the concentration of SNP

in the nanoribbon matrix. The enhancement in response is attributed to the gain in the

surface-to-volume ratio of the twisted nanoribbons as compared to that of flat nanoribbons.

For the concentration of 0.6 wt% of SNP, the response is found to be similar to that of 0.5

wt%. The maximum miscible concentration of SNP in the TP matrix is 0.5 wt% above which

there is phase separation.
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Figure 3.20: The normalized response curves obtained from the SPR instrument on
dispensing (a) acetone and (b) ethanol through a flow cell. The sensing layer consists of

nanoribbons of TP incorporated with different weight percentages of SNP.
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Figure 3.21: The normalized response curves were obtained from the SPR instrument
on dispensing acetone and ethanol through a flow cell. The sensing layer consists of the

spin-coated thin film of TP molecules.

In order to confirm the role of supramolecular assembly on sensing performance, a spin-

coated film of TP molecules was deposited, and the sensing performance was evaluated. The

normalized response curve is shown in Fig. 3.21. The magnitude of the normalized response

curves from the spin-coated film is found to be much lower than that from supramolecular

assemblies of nanoribbons and twisted nanoribbons. The TP molecules in the spin-coated

film are expected to arrange randomly on the surface. Due to the interaction of TP with the

molecules of the organic solvents, the perturbation in the molecular assembly brought in by

them is marginal. Hence, the response is not very appreciable when measured using the SPR

technique. The magnitude of the normalized responses (|NR|) obtained during sensing of

acetone and ethanol by using different functional layers is shown in Fig. 3.22.

The sensing performance of the nanoribbons and twisted nanoribbons is found to be remarkably

high as compared to that of bare gold and spin-coated film of TP molecules. The enhanced

normalized response due to twisted nanoribbons is due to a gain in the surface-to-volume

ratio as compared to flat nanoribbons. The |NR| values from twisted nanoribbons with 0.5
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wt% of SNP are found to be enhanced by more than one order of magnitude as compared to

pure gold or a spin-coated film of TP molecules.

Figure 3.22: Bar diagram showing the magnitude of normalized response |NR| obtained
during sensing of acetone and ethanol using different functional layers.

The perturbation of the aliphatic chain structure of the supramolecular assembly by the

organic solvents acetone and ethanol can be measured at a high resolution by using the

SPR phenomenon. Our studies lay the foundation for sensing applications utilizing the

supramolecular assembly of discotic liquid crystal molecules.

3.4 Conclusion

The TP molecules are found to be very interesting. The assembly of the TP molecules in the

solvent phase shows the nanofibers. These nanofibers behave like a classical semiconductor

wherein the charge transfer is governed by the hopping mechanism. On doping with SNP,

the activation energy drops by 43%. Critical structural analysis using the FESEM images

reveals flat nanofibers similar to nanoribbons. The self-assembly of discotic liquid crystal
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molecules yields a supramolecular nanoribbon structure which is governed by the π − π

stacking interaction between the discotic molecules. Here, the 1D nanowire assembly further

assembles due to lateral van der Waals interaction forming the long ribbons structure. The

nanowire assembly can be perturbed with the formation of defects like disclination and

dislocation due to the incorporation of silver nanoparticles. This leads to the formation of

twisted helical nanoribbons. The electrical characterization reveals the overall semiconducting

properties of the nanoribbons and twisted nanoribbons. The charge transfer is dominated by

the hopping mechanism in both assemblies. The EA decreases due to the incorporation of

silver nanoparticles.

The morphology of the nanoribbons changes dramatically due to the incorporation of SNP

in the TP matrix. The presence of SNP in the matrix introduces topological defects in

the form of disclinations and dislocations. Such defects induce geometrically frustrated

assembly leading to helical nanoribbons. The supramolecular assembly of nanoribbons and

twisted nanoribbons consists of aliphatic chains of the TP molecules on their surface. The

geometry of aliphatic chains can be perturbed by their interaction with the molecules of

organic solvents. The helical nanoribbons obtained due to the incorporation of SNP tend

to increase the surface-to-volume ratio leading to an enhanced sensing performance towards

acetone and ethanol. The exposure of nanoribbons and SNP - incorporated nanoribbons to

organic solvents like acetone and ethanol can create a minor distortion in their molecular

assemblies, which can be detected using the SPR phenomenon at a very high resolution. It

was further observed that the response was better for ethanol than that of acetone due to the

fact that ethanol is more polar than acetone which can bring in a larger distortion to the

molecular assemblies in the nanoribbons. The sensing performance was demonstrated at room

temperature, and it was found to be independent of relative humidity. This work demonstrates

that the morphological perturbation of the aliphatic chains of the organic molecules during

their interaction with organic solvent molecules can give rise to a perceptible change in RA

from the SPR instrument. It is, therefore, interesting to investigate the minuscule change in

the refractive index of the ultrathin film of rod-shaped organic molecules either due to the

tilt of the molecules or polarization-induced morphological changes. These were investigated,

and the results are reported in the next chapters of this thesis.
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Chapter 4

Surface plasmon resonance for the

measurement of polarization of EM wave

dependent sensitivity from an

ultrasensitive layered structure

The previous chapter indicated that morphological transformations in the aliphatic chains

of the nanostructures of the TP molecules can be employed for sensing acetone and ethanol

gases due to the perceptible response from the SPR instrument. It is therefore interesting to

investigate the next level of measurement by investigating the anisotropy in the refractive

index in ultrathin film and polarization-dependent modulation of the SPR response due to the

incidence of the EM wave. The developed SPR instrument was employed for the measurement

of optical birefringence in ultrathin film and was reported by our group in Plasmonics, in

2021, (DOI:10.1007/s11468-021-01373-1). This chapter deals with the fabrication of a highly

sensitive layered structure of organic molecules and presents the influence of polarization of

the external electromagnetic (EM) wave on the surface plasmon resonance response from the

layered structure. The layered structure was formed by depositing a self-assembled monolayer
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(SAM) of mercaptoundecanoic acid (MUA) followed by a single layer of Langmuir-Schaefer

(LS) film of traditional calamitic liquid crystal molecule, 4-octyl-4- biphenyl carbonitrile (8CB).

The SAM of MUA was found to be non-responsive to the change in resonance angle (RA) of

surface plasmon resonance (SPR) due to the change in polarization of the external EM wave.

However, such a layer provides a soft-surface platform for the single layer of 8CB molecules

which gets perturbed locally due to the incidence of the external EM wave. We obtained an

oscillatory modulation of the change in RA due to the change in the polarization angle of the

EM wave with respect to the plane of incidence. The magnitude of sensitivity was found to

be ∼4 milli◦/◦ angle of polarization of the external EM wave. This study strongly suggests

that the sensitivity of an SPR-based sensor can be controlled by altering the linear state of

polarization of the incident external EM wave. This work is reported by us in Europhysics

Letters in 2021 (DOI: 10.1209/0295-5075/133/67005).

4.1 Introduction

The optical phenomenon of surface plasmon resonance (SPR) is extremely popular in the

field of sensing technology owing to its capability to offer label-free and a very high-resolution

sensing platform [92–94]. There are several recent advancements in SPR-based technology, viz.,

surface plasmon resonance imaging for addressing multi-analytes [95, 96] and electrochemical

surface plasmon resonance for biosensing [97–99].

A minute change in the dielectric constants of the medium on the metal surface due to

adsorption of molecules can perturb the resonance condition, which can be detected at a high

resolution by recording the change in resonance angle (RA). It has been demonstrated that

not only the change in dielectrics due to the adsorption of analytes on the metal surface but

also optical anisotropy (in-plane birefringence) due to the tilt of shape anisotropic organic

molecules in a monolayer can be measured using the SPR phenomenon [100]. Similarly,

in another report, we found that the structural perturbation in the aliphatic chains of a

supramolecular assembly of discotic liquid crystal molecules due to its interaction with organic

solvents can be measured using the SPR phenomenon. The measurement of such perturbation
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can provide a new paradigm for sensing organic solvents using the supramolecular assembly

of organic molecules [101]. The organization of organic molecules can be perturbed by several

external fields, e.g., temperature, pressure, and electric field of an EM wave. In this chapter,

we report the SPR measurement from a strategically developed layered structure of ultrathin

films of organic molecules on perturbation due to the incidence of an external EM wave.

The perturbation is found to be polarization dependent which yields a systematic change

in the SPR response due to a change in the angle of polarization of the external plane

polarized EM wave. The developed layered structure can serve as a functional layer for sensing

applications wherein the sensing performance can be optimized by simply adjusting the angle

of polarization of the external incident EM wave.

4.2 Experimental Procedure

A sensitive layered structure of ultrathin films of organic molecules was fabricated on a gold-

deposited glass plate (SPR chip) by successive deposition of a self-assembled monolayer (SAM)

of mercapto-undecanoic acid (MUA) followed by a single layer of Langmuir-Schaefer (LS)

film of 4-cyano-4-pentylbiphenyl (8CB) molecules. Both the molecules were procured from

Sigma-Aldrich at their highest purity and were used without any further purification. The

-SH group of MUA can bind chemically with the gold surface to yield a well-organized single

layer of SAM. In addition to this, the terminal -COOH group of MUA can offer hydrophilic

functionality to the fabricated SAM. The 8CB molecules exhibit liquid crystalline phases, e.g.,

nematic and smectic, as a function of temperature in the bulk state. It is well known that the

Langmuir monolayer of 8CB molecules is stable at the air-water (A/W) interface [102]. The

monolayer at the A/W interface was observed with Brewster Angle Microscope (BAM). The

monolayer at the A/W interface exhibited gas and liquid-like phases. The LS film of 8CB

molecules was deposited in the liquid-like phase on the MUA-deposited gold substrate. The

8CB molecules are tilted with respect to the surface normal in the LS film [103]. The inclined

monolayer can be viewed in the schematic as shown in Fig. 4.1. Such tilted molecules in the

LB film can offer in-plane optical anisotropy [100].
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Figure 4.1: Schematic of a layered structure with tilted 8CB molecules.

The SPR chip was fabricated by the deposition of 50 nm thick gold film on a BK7 glass

plate (refractive index = 1.51) by a sputtering technique. The SAM of MUA was deposited

on the SPR chip by immersing it in a 1 mM solution of MUA in absolute ethanol solvent

(from Merck). The substrate was taken out from the solution after 10 hours and was rinsed

successively with absolute ethanol and deionized water. This yields a single layer of SAM of

MUA with a hydrophilic surface due to the presence of the -COOH group at the terminal

end of the MUA molecule. The gold chip with SAM of MUA was utilized for the fabrication

of LS film of 8CB molecules. The presence of a single layer of SAM of MUA provides a soft

surface for the 8CB molecules to feel the polarized states of the electric field of the external

EM wave.

4.3 Results and discussion

The surface pressure (Π)-area per molecule (Am) isotherm of Langmuir monolayer of 8CB

molecules at the A/W interface was obtained using a Langmuir Blodgett (LB) trough (KSV-

NIMA) and is shown in Fig. 4.2. The monolayer exhibits the traditional gas, liquid-like phase,

and the collapsed state Fig. 4.2 [104]. The maximum value of in-plane isothermal elastic

modulus (E) [105] is found to be 18 mN/m which is comparable with the elastic modulus of

the liquid-like phase [106].
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Figure 4.2: Surface pressure (Π)-area per molecule (Am) isotherm of Langmuir monolayer
of 8CB at the air-water interface. The corresponding isothermal in-plane elastic modulus (E)
as a function of Am is shown. The target surface pressure (Πt = 3 mN/m) for the deposition

of LS film is indicated in the isotherm and elastic modulus curves by arrows.

The BAM images of the Langmuir monolayer of the 8CB molecules at the A/W interface were

captured in the different states of the monolayer (Fig. 4.3). The coexistence of gas (dark)

and liquid-like (gray) phases can be seen from the image. On compression, the gray region

grows and covers the complete field of view of the camera.

A single layer of 8CB was transferred from the A/W interface onto the MUA-modified gold

chip by LS film deposition technique at a target surface pressure (Πt) of 3 mN /m. Here,

Πt = 3 mN/m was chosen such that the film was transferred at the highest surface pressure

just before the monolayer instability. In the LS method, a customized substrate holder was

3D printed such that it makes an angle of 15◦ with respect to horizontal. This mechanism

facilitates the drainage of entrapped water between the substrate and organic layer during

the horizontal transfer mechanism of the LS method. After the deposition of 8CB molecules,

the layered structure consisting of gold/SAM of MUA/LS film of 8CB was employed for SPR

measurements.
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Figure 4.3: BAM image shows the coexistence of gas (dark) and liquid-like (gray domains)
phases. The image size is 1.8×1.2 mm2.

The morphology of the LS film of 8CB on the MUA-modified gold chip was obtained using

Atomic Force Microscopy (AFM, NOVA) and Field Emission Scanning Electron Microscope

(FESEM, FEI-APREO). The AFM images obtained for the unfunctionalized gold SPR chip

(Fig. 4.4(a)), SAM of MUAon SPR chip (Fig. 4.4(b)) and LS film of 8CB deposited on the

SAM of MUA functionalized SPR chip (Fig. 4.4(c)). The AFM images were taken at the

same scale length. The average roughness observed is 1.42, 0.36, and 1.11 nm respectively.

Figure 4.4: AFM images (a) unfunctionalized gold SPR chip (b) SAM of MUA on the
SPR chip and (C) 8CB monolayer deposited on the SAM of MUA functionalized SPR chip.
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Fig. 4.5(a) and (b) are the micrographs of the unfunctionalized gold SPR chip and SAM of

MUA on the SPR chip. The liquid-like domains of the 8CB molecules in the LB film can be

seen in the image (Fig. 4.5(C)).

Figure 4.5: Field emission scanning electron microscope (FESEM) image of (a) bare SPR
chip, (b) MUA SAM employed SPR chip (c) LS film of 8CB molecules deposited onto MUA

modified SPR chip.

The SPR curves (Fig. 4.6) for gold/air, SAM of MUA over gold, and LS film of 8CB over the

SAM of MUA are recorded using the SPR instrument in the Kretschmann configuration [46]

for normal orientation of the film. The SPR curves for the SAM of MUA and LS film of 8CB

were also recorded by rotating the films in the orthogonal direction. The optical anisotropy

in terms of the refractive index of the ultrathin film due to the projection of rod-shaped

molecules in the two-dimensional plane can be quantified in terms of shifts in resonance angles

(RA) measured from the SPR curves of the film in the orthogonal direction [100]. The shift

in RA of SAM of MUA and LS film of 8CB measured in the orthogonal direction is 0.07 and

0.36◦, respectively. The non-zero values of ∆θ indicate the optical anisotropy of the film due

to the tilt of the molecules. The average tilt of the molecules in the ultrathin film can be
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estimated from the average thickness of the film. Hence, the thickness of each layer, viz.,

gold, SAM of MUA, and LS film of 8CB was estimated from the X-Ray Reflectivity (XRR)

measurement.

Figure 4.6: The surface plasmon resonance curves for gold/air, gold/SAM of MUA, and
gold/SAM of MUA/LS film of 8CB. The SPR curves for each interface are recorded in
orthogonal directions of the film. The values of the resonance angle (RA) are mentioned in

the box.

Fig. 4.7 shows the XRR data (Rigaku, SmartLab) obtained for the gold film deposited over

the BK7 glass plate, SAM of MUA over the gold film, and LS film of 8CB over SAM of MUA.

The thickness of each layer was estimated by fitting the experimental curve with Parrat’s

formalism [106]. The thickness of the gold film, SAM of MUA, and LS film of 8CB in the

layered structure was found to be 49.5, 1.7, and 1.0 nm, respectively. The theoretical value of

the length of MUA and 8CB molecules was estimated from ChemSketch and it was found
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to be 1.6 and 2.0 nm, respectively. The theoretical and experimental values of thickness for

SAM of MUA are comparable, however, the experimentally obtained value of the thickness of

LS film of 8CB is half as compared to the theoretically calculated value. The lower value of

thickness as obtained in the XRR measurement can be accounted for by the tilt of the 8CB

molecules in the LS film. Thus, the estimated tilt of the 8CB molecules with respect to the

substrate normal is 60◦ which is inconsistent with an earlier reported value [103]. The tilted

molecules in the ultrathin film have a non-zero projection on the 2D plane of the substrates

which gives rise to the optical anisotropy as observed during the SPR measurements of the

film in the orthogonal directions (Fig. 4.6).

Figure 4.7: The X-ray reflectivity (XRR) curves obtained from a gold layer deposited
over a glass substrate, SAM of MUA over the gold, and a single layer of LS film of 8CB
deposited over the SAM of MUA. The experimental curve (solid line) is fitted with Parrat’s
formalism (dashed line) and the thickness of the layer is estimated. The schematic of the

layered structure is shown.

Few reports in the literature indicate that the structural perturbation like gauche to trans

(and vice versa) type in thin organic film at an interface can be induced by laser [107, 108].

Here, a modified Kretschmann configuration for the measurement of SPR response from the

organized layered structure as a function of the angle of polarization of an externally polarized

EM wave is developed in the laboratory. The schematic of the modification can be seen in Fig.

4.7. The SPR instrument using the Kretschmann configuration was developed as discussed in

[46]. The setup was modified by integrating a second plane polarized diode laser. The head
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of the diode laser was mounted on a circular graduated scale of resolution 1◦. The EM wave

of the known state of linear polarization was incident normally on the layered structure at

the point of interrogation and the SPR response as a function of the angle of polarization

(θp) of the second incident EM wave was recorded traditionally using the primary laser. The

θp was measured with respect to the plane of incidence consisting of the primary laser and

the detector of the SPR instrument. The resonance angle (RA) for the SAM of MUA was

found Few reports in the literature indicate that the structural perturbation like gauche to

trans (and vice versa) type in thin organic film at an interface can be induced by laser [107,

108]. Here, a modified Kretschmann configuration for the measurement of SPR response from

the organized layered structure as a function of the angle of polarization of an externally

polarized EM wave is developed in the laboratory. The schematic of the modification can be

seen in Fig. 4.8. The SPR instrument using the Kretschmann configuration was developed as

discussed in [46]. The setup was modified by integrating a second-plane polarized diode laser.

Figure 4.8: Kretschmann configuration setup for the measurement of surface plasmon
resonance (SPR) response from the layered structure. The primary laser is used for the
excitation of the surface plasmon polaritons, whereas a plane-polarized second laser is used
for inducing structural perturbation in the 8CB layer. The angle of polarization of the
second laser was varied with respect to the plane of polarization of the primary laser (θp),

and the SPR response was measured.
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The head of the diode laser was mounted on a circular graduated scale of resolution 1◦. The

EM wave of the known state of linear polarization was incident normally on the layered

structure at the point of interrogation and the SPR response as a function of the angle of

polarization (θp) of the second incident EM wave was recorded traditionally using the primary

laser. The θp was measured with respect to the plane of incidence consisting of the primary

laser and the detector of the SPR instrument. The resonance angle (RA) for the SAM of

MUA was found at an interval of change in θp by 90◦. This suggests that any structural

perturbation in the LS film of 8CB induced by the external EM wave is reversible in nature.

The layered structure (gold/MUA/8CB) is thus highly sensitive toward any perturbation

even due to the incidence of external EM fields. This study provides a platform for tuning

the sensitivity of SPR-based sensors by altering the polarization of the external EM wave. In

the present case, the sensitivity calculated from Fig. 4.9 lies in the range of 3.5–4.5 milli◦/◦

of the angle of polarization of the external EM wave.

Figure 4.9: The variation in the shift in the resonance angle (RA) as a function of the
angle of polarization (θp) of the external electromagnetic wave of wavelength (a) 653 nm
and (b) 532 nm obtained from layered structure (gold/MUA/8CB) using a modified SPR
instrument. θp is measured with respect to the plane of polarization of the primary laser in
the SPR setup. The experimental data are shown as symbols and broken lines, whereas the

solid lines are fit to show the oscillatory nature.

This study presents a systematic control of resonance angle in SPR measurement from a

sensitive layer by the polarization of an external EM wave. A layered structure (gold/SAM of
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MUA/LS film of 8CB) was fabricated strategically such that the monolayer of liquid crystal

molecules (i.e., LS film of 8CB molecule) can be perturbed by the polarization of external EM

waves. The underlying SAM of MUA offers a soft surface for the 8CB molecules to respond

largely due to the incident EM wave. The oscillatory nature of the shift in RA as a function

of the angle of polarization of the external EM wave was obtained. In the development of a

biosensor, the surface of the transducer is functionalized by immobilizing suitable ligands in a

layered structure. The sensitivity of such an SPR-based biosensor can be controlled by an

external EM wave.

4.4 Conclusion

This study presents a tunable sensitivity of an SPR-based sensor by altering the polarization

of a plane-polarized external EM wave. In the next chapter, an ultrathin film of optically

active liquid crystal molecules was employed for observing the optical switching phenomenon

using the developed SPR instrument.
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Chapter 5

Surface plasmon resonance for optical

switching application using ultrathin film

of photoactive liquid crystal molecules

In the previous chapters, we demonstrated a very high capability of the SPR instrument by

recording any perturbation in the local molecular structure to great accuracy. In this chapter,

we employed an optically active ultrathin film of liquid crystal molecules and observed the

optical switching properties using the SPR phenomenon. The development of an optically

active area consisting of organic molecules is essential for the devices like optical switches and

waveguides, as they can be easily maneuvered by the application of suitable electromagnetic

(EM) waves.

In this chapter, we report another non-traditional application of the SPR phenomenon

wherein the SPR response is monitored due to a change in morphology of the H-shaped

liquid crystal molecules in ultrathin LB film. A photoactive surface was created by the

deposition of a single layer of Langmuir-Blodgett (LB) film of a novel H-shaped liquid crystal

(HLC) molecule. The synthesized HLC molecules possess azo-groups and nitro-groups. The

azo-group can be isomerized (trans-cis transformation) by irradiating them with ultraviolet
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(UV) light. The nitro-group can provide sufficient amphiphilicity to the HLC molecules to

form a stable Langmuir monolayer at the air-water interface. Fig. 5.1 shows the morphological

changes on ultrathin film of H-type liquid crystal molecules under the influence of ultraviolet

electromagnetic wave.

Figure 5.1: Morphological changes on the ultrathin film of H-type liquid crystal molecules
under the influence of ultraviolet electromagnetic wave.

The Langmuir monolayer of the HLC molecules exhibited gas and liquid-like phases. A single

layer of LB film of HLC molecules was deposited on a gold chip of a home-built surface

plasmon resonance (SPR) instrument. The azo-groups of the molecules in LB film were

excited by UV irradiation leading to a change in morphology due to trans-cis transformation.

Such a change in morphology can lead to a minuscule change in the refractive index (RI) of

the LB film. The developed SPR instrument was utilized for the measurement of such minute

changes in RI. In our studies, we found systematic changes in the resonance angle of the LB

film of HLC molecules as a function of the intensity of the UV irradiation. We measured

switch-on and switch-off intensity, which may suggest that the LB film of HLC molecules can

find applications in optical switches or waveguides. This work is published by us in Journal

of Molecular Liquids of Elsevier in 2022 (DOI: 10.1016/j.molliq.2022.120071).
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5.1 Introduction

The control of physicochemical properties of materials due to external parameters, viz. electric,

magnetic fields, or electromagnetic (EM) waves, is essential for the design and development of

novel devices. One of the popular mechanisms is to obtain control by designing photoactive

organic molecules. Mostly, the chromophore is chemically attached to the molecules which

can be excited by the absorption of the suitable EM wave. The molecule can de-excite to a

lower energy level by a radiative process with the emission of an EM wave of lower energy or a

non-radiative process by changing the morphology of the molecules. Azo-group (-N=N-) is one

of the groups which can be a morphological transformation from trans-to-cis by exciting them

using EM wave of wavelength in the ultraviolet range [109–116]. The molecule can relax back

to trans conformation either by exposure to ambient light or even in a dark state [117]. The

morphological transformation of organic molecules promises several unique device applications

viz. optical switches, molecular motors, waveguides in photonics, etc [114, 118–122]. The

mesophases of liquid crystal (LC) molecules can be influenced by external parameters like

temperature, pressure, and electric and magnetic fields. The structure-property relationship

of the liquid crystal molecules is important to obtaining LC-based high-performing devices.

The chemical structures of the molecules can be changed to introduce new phases and

enhance liquid crystalline properties in a given mesophase. The liquid crystal molecules

possessing the azo-group are very interesting as the morphology of the molecules can be

changed under the influence of EM waves leading to changes in the bulk liquid crystalline

phases. Two-dimensionally confined monolayers are good candidates for the development

of next-generation flexible and transparent optoelectronics devices [123–126]. Due to the

enhanced physicochemical properties of the ultrathin films, their activity is extremely high as

compared to the thick layers or bulk materials. It is, therefore, interesting to study the surface

behavior of organic molecules exhibiting functional groups which can be tapped through

external parameters to deliver high-performing devices. The deposition of ultrathin film at

air-solid interfaces using the Langmuir-Blodgett (LB) methodology is very interesting as they

possess a huge potential for industrial application. It can be applied as both active and

passive layers for a number of device fabrications. In the field of sensors, it has been reported
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that the organized and ultrathin nature of LB films of materials can offer a large enhancement

in sensing parameters as compared to randomly oriented thick films [127, 128]. The LB

films can be used for non-linear optical devices, photovoltaics, ultrafiltration membrane,

molecular electronics, and energy storage devices [129–131]. The shape-anisotropic liquid

crystal molecules at the air-water interface show very interesting results. A single layer of LC

molecules at an interface offers a highly in-plane anisotropy in optical properties [132]. The low

in-plane elastic modulus of the film of LC molecules facilitates easy geometrical perturbation

by the application of external electric, magnetic fields, and EM waves [133]. Such geometrical

perturbation can influence the optical and electrical properties and thereby provides an avenue

for controlling the physical properties of the film by such external parameters.

There are several forms of shape anisotropic LC molecules which can form a stable Langmuir

monolayer at the air-water interface and show a variety of interesting phenomena. There are

several studies on Langmuir monolayer and LB films of rod-shaped [134], disc-shaped [135],

and bow-shaped [133, 136] liquid crystal molecules. There are some studies on non-traditional

LC molecules [137–139]. In this chapter, we report our studies on H-shaped LC molecules

consisting of azo-groups and several chiral centers. The presence of two nitro-groups provides

sufficient amphiphilicity to the molecules to form a stable Langmuir monolayer at the air-water

interface. The monolayer in the liquid-like phase of the water subphase is transferred to

a solid substrate by the highly controlled Langmuir-Blodgett (LB) technique [140]. The

morphology of the LB film was obtained using a field emission scanning electron microscope

(FESEM). The azo groups of the HLC were excited by irradiating the LB film using a UV

source. This facilitates the trans-to-cis transformation. Such morphological transformation

can lead to a change in the refractive index (RI) of the LB film, which was studied using

a very high-resolution surface plasmon resonance instrument. Here, we report systematic

changes in the RI by changing the intensity of the UV irradiation. We found a cut-off and

saturation intensity which might be an indicator for the development of optical switches

or RI-modulated photonic waveguides. In our earlier study (chapter - 4), we reported that

polarization of an incident EM wave induced a change in morphology in a layered structure

which can be studied using the SPR phenomenon [141]. SPR is a label-free highly sensitive
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optical phenomenon which can yield a perceptible change in RI due to minuscule changes in

RI of the film deposited onto the gold chip of the SPR instrument [1].

5.2 Experimental Procedure

The H-shaped liquid crystal (HLC) molecule was synthesized in the laboratory. The synthesis

is briefly described in the supplementary information. The HLC molecule exhibits liquid

crystalline phases as: crystal 45◦C smectic & 78◦C isotropic. The molecule exhibited nitro

groups which can provide sufficient amphiphilicity for them to form a stable Langmuir

monolayer at the air-water interface. The chemical structure of the molecule is shown in Fig.

5.2.

Figure 5.2: Chemical structure of H-shaped mesogenic liquid crystal molecule (HLC)Bis [5
– (4 – n – dodecyloxybenzoyloxy) – 2 – (4 – methylphenylazo) phenyl] adipate.
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A 0.5 mg/ml clear solution was obtained by dissolving the HLC molecules in the high-

performance liquid chromatography (HPLC) grade chloroform (Merck). The molecules were

spread onto quartz substrate by drop-casting method, and the UV absorption spectrum of

the molecules was recorded in the transmission mode. The solution of the HLC molecules

was spread dropwise using a micro syringe (Hamilton) on the surface of ultrapure ion-free

water (MilliQ) in a Langmuir-Blodgett trough (KSV NIMA). The trough was equipped with

coupled double barriers for symmetric compression of the monolayer. About 15 minutes time

was allowed for the solvent to evaporate from the surface of the water, leaving behind the

dispersed HLC molecules. The monolayer was compressed at a speed of 5 mm/min and the

surface pressure (Π) -area per molecule (Am) isotherm was recorded. The monolayer at the

air-water interface was imaged using a Brewster angle microscope (MicroBAM, KSV NIMA).

The Brewster angle microscope (BAM) was equipped with a 50 mW laser of wavelength 659

nm.

Figure 5.3: Upgraded SPR setup with UV illumination.

The Langmuir monolayer of the HLC molecules was transferred onto solid substrates through

the LB technique at a target surface pressure (Πt) of 15 mN/m. The substrates used in

our studies were one-side polished silicon wafers (Ted Pella), gold-deposited quartz wafers
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(SRS, USA), and the SPR chip consisting of Cr/Au layers deposited on BK7 glass (RI=1.51)

substrates. The SPR chips were fabricated in the laboratory by depositing chromium (Cr)

film of thickness 4 nm followed by a gold layer of thickness 50 nm on the BK7 glass substrates.

The metal deposition was done using a DC sputter (Quorum). The morphology of the LB

films of the HLC molecules was obtained using a field emission scanning electron microscope

(FESEM, Zeiss Sigma). The SPR measurements were performed using a home-built setup

developed in the Kretschmann configuration [93]. This configuration is based on angular

interrogation wherein the angle of incidence is changed at a high resolution and reflected

intensity is recorded simultaneously. The angular resolution of the setup was 5 µrad. Using

the standard glucose solutions, the sensitivity of the equipment was obtained as 195 ◦/RIU.

In order to irradiate the LB film of the HLC molecules with a UV source during the SPR

measurement, the SPR instrument was modified as shown in the schematic (Fig. 5.3). In the

SPR setup, a provision was made to irradiate the LB film deposited onto the gold chip using

an external UV source.

The UV source exhibited a spectrum (Fig. 5.4). The spectrum reveals a predominant peak at

around 350 nm which will be sufficient to facilitate the π−π∗ transition in the HLC molecules

[142].

Figure 5.4: The characteristics spectrum of the UV source.
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5.3 Results and discussion

The absorption spectrum of the HLC molecules spread onto quartz substrate is shown in

Fig. 5.5. The major absorption peaks were seen at 220, 256, and 357 nm. The absorption

peak corresponding to 357 nm is due to the π − π∗ transition. The absorption at 357 nm can

cause a trans-cis transformation of the azo-groups of the HLC molecules. The cis-transformed

molecules can switch back to trans configuration on exposure to ambient light or even in the

dark state [117].

Figure 5.5: The absorption spectrum of HLC molecules.

The morphological change in the azo-based molecules due to the incidence of electromagnetic

waves can be used potentially as optical switches. Similarly, for a waveguide application [143],

it is essential to control the refractive index (RI) using external parameters. In this study, we

report control of RI due to photoinduced isomerization of HLC molecules in ultrathin LB

film.

The Π - Am isotherm of HLC molecules at the air-water interface under the dark condition

is shown in Fig. 5.6. The dark condition was chosen to ensure that all the azo-group of

the molecules should exist in a trans-state before the deposition of ultrathin film using the

LB technique. The isotherm of the monolayer of HLC molecules shows a classical trend. It
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Figure 5.6: Surface pressure (Π) -area per molecule (Am) isotherm and the corresponding
in-plane surface elastic modulus (E) - (Am) of Langmuir monolayer of HLC molecules at the

air-water interface.

shows a startup rise in surface pressure at around 0.7 nm2. The surface pressure continues to

rise monotonically thereafter till a change in slope is noticed at 0.3 nm2. This might be the

initiation of a collapsed state. In-plane surface elastic modulus (E) is calculated from the Π -

Am isotherm using the relation E = - Am (dΠ/dAm) and shown in Fig. 5.6. A maximum

value of E was found to be 65 mN/m at around 0.4 nm2. This value may indicate a liquid-like

phase of the HLC monolayer at the air-water interface [102]. The images of the monolayer at

the air-water interface were captured using a BAM. These are shown in Fig. 5.7. The image

captured at 1.0 nm2 shows the coexistence of two features, dark and bright domains (Fig.

5.7(a)). The dark region represents the gas phase whereas the bright domains may represent

a liquid-like phase of the HLC monolayer. On further compression, the bright domains merge

to yield a homogeneous bright texture (Fig. 5.7(b)). This is the uniform liquid-like phase of

the monolayer of HLC molecules. A close observation of the BAM image of the liquid-like

phase shows some patchy texture.
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Figure 5.7: The BAM images were taken at an area per molecule of (a) 1.0 nm2 and (b)
0.5 nm2. The size of the images is 1.2×1.8 mm2. The size of the inset image is 275×225

µm2.

The area of the HLC molecule planar to the water surface (face-on) is estimated to be 4 nm2

whereas the vertical to the water surface (edge-on) configuration is estimated to be 0.35 nm2.

The limiting area per molecule (Ao) for the liquid-like phase was observed at 0.56 nm2. This is

higher than the edge-on configuration and less than the face-on configuration. It is therefore

possible that the HLC molecules in the liquid-like phase can have edge-on conformation with

tilted molecules as shown in the schematic Fig.5.8 (left).

Figure 5.8: Trans-Cis transformation of HLC molecules due to irradiation with EM wave.
One HLC molecule is shown in the top-left box.

As per the variation of E - Am (Fig. 5.6), the maximum E value was obtained at about 22

mN/m. Compression beyond this can lead to instability in the monolayer, as it approaches

near collapse. In order to achieve a stable LB film in a highly compressed and stable state, a
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target surface pressure of 15 mN/m was chosen for LB deposition. This pressure corresponds

to the liquid-like phase of the HLC monolayer. The morphology of the LB film deposited onto

the silicon substrate was obtained using FESEM and shown in Fig. 5.9. The image shows

a very interesting pattern. The dark background is due to the Si wafer whereas the bright

strand-like domains are due to HLC molecules in the LB film. The bright strand domains

are mostly curvy in nature and they assemble to form flower-like patterns. The pattern

does not exhibit any backbone which rules out the possibility of dendritic growth during

natural crystallization. Since the HLC molecule exhibits several chiral centers, it facilitates

the strand-like domains to bend. The pattern observed in the FESEM image is due to the

forced assembly of the HLC molecules under the constrained experimental conditions during

LB film deposition in the liquid-like phase of the monolayer.

Figure 5.9: FESEM images of LB film of HLC molecules deposited on a silicon substrate
at a surface pressure of 15 mN/m. The arrow in the image represents the dipping direction

of the substrate during the LB film deposition.

The HLC molecules in the LB film can provide access to its azo-groups which can be

photoinduced by the application of suitable electromagnetic waves. As observed from the
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absorption spectrum (Fig. 5.5) of the HLC molecules, an incidence of UV radiation can

facilitate the trans-cis transition in the molecules which can thereby change the morphology of

the molecules in the LB films. The trans-cis transformation in the molecules can be perceived

by a high-resolution and sensitive optical phenomenon viz. surface plasmon resonance (SPR).

The morphological change in the ultrathin film can lead to changes in the refractive index

(dielectrics) of the film which can be measured using the SPR phenomenon. In recent reports

from our group, it has been observed that the morphological changes in aliphatic chains on

organic molecules can be measured using the high-resolution SPR phenomenon [132, 144]. In

this chapter, trans-cis isomerization in the HLC molecules in the LB film was photoinduced

by irradiation with UV electromagnetic wave. The cis-configured molecules can switch back

to trans-configuration due to irradiation with an ambient light/dark state.

Figure 5.10: (a) SPR spectra and (b) the corresponding resonance angle (RA) obtained
from LB films of HLC molecules deposited in the liquid-like phase under different illumination
conditions. The dark and bright illumination represents the experiment performed with

ambient light switch-off and switch-on, respectively.

The LB film of HLC molecules was deposited in the liquid-like phase at a target surface

pressure of 15 mN/m on the sensing chip of the SPR instrument. The SPR spectra were

collected by changing the angle of incidence and recording the reflected intensity. At resonance,

the reflected intensity reduces to a minimum which indicates the highest energy transfer from

incident EM wave to surface plasmon polaritons. The angle of incidence at minimum reflected

intensity is termed a resonance angle (RA). A perturbation in the thin film due to some

external parameter can change the dielectrics (refractive index) of the film which in turn can
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shift the resonance angle. A measure of the shift in resonance angle can be quantified in

terms of change in the refractive index using the standard Fresnel’s theory of reflection from

interfaces [145].

Figure 5.11: (a) Shift in resonance angle (∆RA) with respect to the reference (gold/air)
SPR spectra and (b) the corresponding change in refractive index (∆RI) obtained from LB
films of HLC molecules deposited in the liquid-like phase under the different illumination
conditions. The dark and bright illumination represents the experiment performed with

ambient light switch-off and switch-on, respectively.

Fig. 5.10(a) shows the SPR spectra of LB film of HLC molecules under the influence of

irradiation with different illumination conditions. The shift in the spectra towards a higher

angle of incidence as compared to that of reference (gold/air) indicates dielectric perturbation

due to the deposition of LB films of HLC molecules and its dependency on irradiation with

EM waves. It can be noted from the bar diagram (Fig. 5.10(b)) that RA measured under

dark and bright states is nearly the same. This may indicate that the structural perturbation

is not induced either in the dark or bright state of the experimental measurements. The

RA shifted to higher values due to irradiation with UV light. This is due to the trans-cis

transformation of the HLC molecules due to the UV light leading to a change in the refractive

index of the film. The shift in resonance angle (∆RA) with respect to the reference (gold/air)

and the corresponding change in refractive index (∆RI) of the LB film of HLC molecules

under the different illumination conditions is shown in Fig. 5.11. The RI was calculated using

Fresnel’s reflection theory for a stack of layers [141]. The change in RI due to the deposition
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of LB film is found to be 34.8 mRIU. This value remains invariant either in the dark state or

in the bright state. However, a significant increase in the value of ∆RI (56 mRIU) was found

when the LB film was irradiated with UV light. This is due to a trans-cis conformational

change in the HLC molecules of the LB film. We have observed full recovery of the cis-state

to trans-state by simply maintaining the dark condition during the SPR measurement.

Figure 5.12: Optical switching due to UV illumination.

The morphological changes due to UV irradiation-induced isomerization can find potential

applications in the field of optical switches and RI-modulated waveguides. The extent of

isomerization was explored by increasing the intensity of the UV radiation and measuring

the RA, simultaneously. This is shown in Fig. 5.12. It appears from the curve that there is

a threshold intensity of 10000 counts of UV radiation below which the isomerization does

not take place. The RA rises monotonically thereafter till it reaches its maximum at 60000

counts. The RA saturates above 60000 counts of the incident UV radiation. This cycle

repeats perfectly which indicates that there is no permanent deformation in the molecular

conformation due to the UV irradiation and complete recovery of the molecules from cis to
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trans-state. The UV radiation above 60000 counts can switch the number of molecules to the

highest extent. These features are a good indication of the optical switch. The modulation

in RA can be looked upon as the equivalent modulation of the refractive index of the LB

film. Therefore, our studies suggest a precise control of the refractive index of thin film as

a function of the intensity of UV radiation. The normalized rate of isomerization (NRI in

%) is calculated from the slope of RA Vs intensity curve of Fig. 5.12 and shown in Fig.

5.13. The NRI can be useful for the prediction of switch-on and switch-off intensity. The

intensity below 10% of NRI and above 90% of NRI can be considered as the switch-off and

switch-on intensity of the optical device. It can be noted from Fig. 5.13 that the switch-on

and switch-off intensity of the optical device based on LB film of HLC molecules are 13000

and 46000 counts, respectively.

Figure 5.13: Normalized rate of isomerization (NRI) of the HLC molecules in the LB film
as a function of the intensity of UV light irradiation.
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5.4 Conclusion

In this chapter, we demonstrate that the HLC molecules exhibiting optically switchable Azo-

groups can form a very stable Langmuir monolayer at the air-water interface. The monolayer

exhibited gas and liquid-like phases. A highly optically active layer was created by the

deposition of LB film of the HLC molecules in the liquid-like phase. The photo-isomerization

of the azo-group of the HLC molecules in the LB film due to irradiation with UV light

can lead to morphological change. Such morphological changes can lead to a minuscule

change in the refractive index of the film which can be measured using a high-resolution and

sensitive SPR phenomenon. A large change in the refractive index (56 mRIU) of the LB film

of HLC molecules on irradiation with UV light was found. Such change clearly indicates

the morphological transformation due to trans-cis isomerization of the HLC molecule due

to irradiation with UV light. The study on the extent of isomerization indicates that the

intensity of UV source less than 13000 and more than 46000 can be considered switch-off and

switch-on of the optical device developed using the LB film of HLC molecules. This study

also suggests that the LB film of the HLC molecule can be employed in optical waveguides

wherein the local refractive index can be controlled by the suitable irradiation of UV light.
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Chapter 6

Conclusion, future scopes and preliminary

results

In this thesis, we report the development of an efficient, low-cost, and yet sensitive SPR device

for traditional sensing applications and non-traditional measurements viz. birefringence in

ultrathin films. The instrument was fully computer controlled with a very high range of the

angular scan. The sensitivity was found to be around 1.92 µRIU with a very high resolution

of µ◦ (Chapters 1 & 2) The instrument was used for sensing volatile gases, e.g., acetone and

ethanol using the self-assembled nanoribbons of liquid crystalline molecules (Chapter 3). The

ultrasensitive layered structure was formed by depositing SAM of MUA followed by LS of

8CB. The layered structure was perturbed by the polarization of an external EM wave. This

work demonstrates control over the sensitivity of an SPR instrument using the polarization of

the external EM wave (Chapter 4). The SPR instrument was used to measure the optical

switching of liquid crystal molecules by the incidence of a UV light source. The LC molecules

exhibited an azo-group which can be isomerized by the incidence of suitable UV radiation

(Chapter 5).
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6.1 Future scopes

The development of the extremely sensitive SPR-based optoelectronic sensor with a novel

approach that provides high resolution and accuracy due to its feedback mechanism. The de-

veloped instrument is capable of almost all types of sensing applications, including bio-analysis.

There is an enormous future scope in the field. Among the various important developments,

some of the advanced modifications of the instrument were attempted by us. Here, we discuss

the future scope of the equipment in terms of its development, viz. electrochemical SPR

(ESPR), SPR imaging Fluorescence (SPRIF), and a NanoSPR (miniaturized standalone

system).

6.2 Preliminary results

Surface plasmon resonance (SPR) is one of the popular optical phenomena which promises

remarkable applications in the field of sensors. The sensing technology employing the

SPR phenomenon has been improving gradually. A sensor based on the multiparameter

measurement is highly reliable and practically impactful [146, 147]. Thus, there are several

attempts in different areas of the development of a multiparameter measurement system.

The electronic nose is an example of the integration of multiple electrochemical sensors, which

can be used to address multi-analyte independently in a given medium. There are several

reports on sensing using electronic-nose [148]. The reports in the literature indicated the

advantages of multichannel sensors for dealing with real samples. Here, the sensing area of

different channels can be functionalized differently to address different analytes. Hence, a real

sample consisting of a number of analytes can be analysed using such devices directly without

undergoing the complex sample preparation procedures. There is another way to analyze

the real samples by measuring several physical parameters simultaneously in a synchronous

manner. Such measurement enhances the reliability of the sensors developed to work for real

samples. Hence, there are few attempts to integrate several physical properties measurement

units in a multiparameter measurement sensing unit, which can be trained to work efficiently
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for real samples in wider ambient conditions [149, 150]. In this regard, the research work

relevant to various device integration with our SPR unit is discussed here.

The prism-based Kretschmann configuration of the SPR setup offers very high sensitivity

and resolution. During sensing, in addition to the change in RI, several other changes in

physical parameters can take place in the active area of the transducer. Some of the significant

changes are electrochemical, mass, and optical due to electronic transition, vibrational bands,

etc. The development of a multiparameter system may include a provision to measure these

physical properties simultaneously. Electrochemical-SPR (ESPR) is getting large scientific

attention as electrochemical change is the most commonly observed phenomenon in sensing

platforms. Therefore, simultaneous and real-time measurement of electrochemical and optical

(RI) properties can offer a robust sensing platform by revealing their dependencies for specific

analytes and thereby a strong mathematical pattern for decision-making.

SPRIF is the process to image the SPP wave, which propagates on the surface of the SPR chip

and can be imaged using some optical arrangements/setup. The generated SPP waves are

poorly intense to the image. Thus, the enhancement of SPP intensity is achieved by surface

functionalization with some dye ligands. These dye ligands absorb the radiation emitted by

SPP and radiate extremely intense electromagnetic waves in response which can be easy to

capture/image with some optical/microscopic arrangements/setup.

6.2.1 Electrochemical SPR (ESPR)

Electrochemical SPR (ESPR) allows the SPR observations to be simultaneous with the

electrochemical measurements. The integration of the electrochemical unit with our SPR

equipment allows for measuring the changes in the physical properties of the sensing surface

during the SPR phase. In ESPR, the gold surface of the SPR chip is used for the excitation

of SPP, and the same surface is used as the working electrode (WE) for electrochemical

measurements.

The integration of electrochemistry with the SPR (ESPR) can reveal valuable information

related to the charge transfer mechanism in the electrolyte on the sensing chip of the SPR.
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Thus, our SPR equipment was customized to integrate the electrochemical setup. The

schematic of the ESPR setup is shown in Fig. 6.1(a). The homogeneous distribution of

analytes is necessary for precise and accurate analysis. Thus, a compatible electrochemical

flow cell (ECFC) is designed to integrate with our SPR unit, as shown in Fig. 6.1(b). The

flow cell provides an easy way for uniform distribution of the analytes on the active area

of the sensing chip. The SPR sensing chip was used as the working electrode (WE), while

Platinum and Ag/AgCl were used as the counter electrode (CE) and reference electrode (RE)

respectively.

Figure 6.1: (a) Schematic of electrochemical SPR system. (b) Schematic of an electro-
chemical flow cell.

The calibration was done using the KCl and polyvinyl alcohol (PVA) + KCl (1M) dissolved

in 10 ml of ultrapure ion-free water medium. The electrochemical cyclic voltammogram (CV)

was obtained by changing the voltage at a rate of 0.1 V/m. As the voltage sweeps, the change

in SPR response is recorded as a shift in resonance angle simultaneously.

The CV curves show the usual trend of current as a function of applied voltage without any

significant redox peaks. The trend is more like a charge storage behavior. Therefore, the

surface capacitance values were calculated using the formulas:
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Charge (mC/cm2) =
Integrated area of CV curve

2× scan rate
(6.1)

Capacitance (mF/cm2) =
Charge

Potential window
(6.2)

The variation of surface capacitance as a function of the concentration of PVA in the aqueous

medium is shown in Fig. 6.2(b). The slope of the linear trend of the capacitance is 40.9

mF/g-cm2.

Figure 6.2: (a) Cyclic voltammogram curves for different concentrations of PVA dissolved
in 10 mL of KCl (1M) solution of ultrapure ion-free water medium. (b) Calibration curve
showing the variation of surface capacitance as a function of the concentration of PVA in

the aqueous medium.

The change in capacitance occurs due to the change in the dielectric properties (i.e., RI) of

the medium adsorbed over the gold surface. This change was measured by recording the shift

in RA using the SPR (Fig. 6.3) as a function of change in the concentration of PVA in the

aqueous medium possessing KCl. The calibration curve drawn from the SPR response is

found to be linear with a slope of about 410.6 ◦/g (Fig. 6.3). The slope of the calibration

curve is an indicator of the sensitivity of the device [90]. These measurements clearly indicate

a dependency of electrochemical properties with the dielectric properties of the material at the
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metal-dielectric interface. These properties can change due to the interaction of the analytes

with the ligands immobilized over the gold surface of an ESPR system.

Figure 6.3: The calibration curve showing the resonance angle as a function of the
concentration of PVA in the aqueous medium.

6.2.2 SPR Imaging using Fluorescence (SPRIF)

In the Kretschmann configuration, there are some attempts to image the plasmonic field on

the metal surface. There are several articles showing that the localized SPR phenomenon can

yield an intense electric field in a localized area. This field can be utilized to increase the

absorption cross-section of the adjacent dielectric medium. The plasmonic field can therefore

be employed to excite some radiative materials of high quantum yield. The absorptions of

the plasmonic field by the fluorescent materials can facilitate the imaging of the field during

the radiative process.

In general, the plasmonic fields on the gold surface in the Kretschmann configuration are very

weak to observe using traditional microscopic techniques. Therefore, if the field is amplified

through some means, it is possible to image the plasmonic field over the gold surface in the

Kretschmann configuration.
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A fluorescent material that exhibits a high absorption cross-section for the given experimental

setup can be deposited over the gold surface for imaging the plasmonic field. The fluorescent

molecules excited by the absorption of the plasmonic wave can undergo de-excitation and

emit EM waves of lower energy (higher wavelength). The density of emitted radiation can

be controlled either by altering the number density or enhancing the quantum yield of the

fluorescent probes. In a preliminary study, we deposited Nile Red dye molecules and excited

them using the plasmonic field over the gold surface in the Kretschmann geometry. The

absorption and emission wavelength of Nile Red are 549 and 628 nm, respectively.

Figure 6.4: The schematic diagram of the prism-based Kretschmann SPR configuration.

Fluorescence is the immediate remission of different electromagnetic radiation caused by the

electronic d-excitation of the dye molecules in response to the absorbed electromagnetic radia-

tion. The initial excitation occurs through the absorption of a photon from the electromagnetic

wave. It translates the free electrons from the ground state to the excited state. Then the

remission occurs immediately as soon as the electromagnetic source is removed. Generally,

the wavelength of the emitted wave is higher than the absorbed radiation. Fluorescence

spectroscopy uses a beam of light that excites the electrons in molecules of certain compounds

and causes them to remit the light with different energy. That light is directed towards a
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filter and onto a detector for measurement and identification of the molecule or changes in

the molecule.

The experimental setup of SPRIF developed in our research laboratory is shown in Fig. 6.5.

Figure 6.5: Experimental setup for SPRIF.

In order to image the plasmonic field, it is essential that the incident EM wave for the

generation of the SPP wave should be compatible with the absorption band of the chosen

fluorescent molecules. Accordingly, the resonance angle should be chosen to establish the

phenomenon. Therefore, a calibration curve is obtained between the resonance wavelength and

the angle of incidence. The calibration between the applied electromagnetic wavelength and

the SPR angle was obtained using a standard gold chip for our SPR sensor. A monochromator

was used in the incident optical geometry. The detector side includes various components

of the Ocean Optics setup and QPD associated with the NI-DAQ system. Some LabVIEW-

based GUI software programs were used for synchronized and precise computer-controlled

observations. The SPR chip was functionalized with the 20µl of 1mg/ml Nile Red dye

molecules by the drop-casting process. Then a resonance condition was obtained. The

SPR angle was fixed and the fluorescence images of the dye ligands under this condition
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were captured with high-resolution microscopic optics. The schematic representation of the

experiment is shown in Fig. 6.6.

Figure 6.6: The schematic setup for the Kretschmann-based SPR setup was modified to
observe SPR-assisted fluorescence images (a) dye-ligands in the ground state (b) dye-ligands

in the excited state due to the SPR condition.

The SPRIF is calibrated in terms of the wavelength of the incident electromagnetic wave with

respect to the resonance angle and is shown in Fig. 6.6. The integrated SPRIF unit indicates

the exponential decay in the wavelength of the absorbed light spectrum with an increase in

the SPR angle. This trend is fitted suitably with an exponential curve and the parameters

are shown in the inset.

The microscopic images captured with the sensing chip functionalized with Nile Red are

shown in Fig. 6.7. At the non-resonance incidence angle, the molecules of the dye-ligand are

indicating the ground state. Thus, the dispersed Nile Red molecules are showing almost a

dark color. At the angle of incidence 47.044◦, the molecules initiate the emission of light-red

color.
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Figure 6.7: The calibration curve for the SPRF unit.

Figure 6.8: Microscopic images captured with the sensing chip functionalized with Nile
Red. (a) without SPR condition (b) with SPR condition.

The absorption wavelength of Nile Red molecules is nearly 549 nm which emits nearly 628
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nm in the excited state. At nearly 47◦, the green light (549 nm) was absorbed in the

metal-dielectric interface and produced the relevant evanescent wave, which is absorbed and

amplified by the Nile Red molecules.

The Nile Red dye molecules remit the electromagnetic spectrum of light-red color (628 nm)

in response to the absorption of the green wavelength which is satisfied with the red-shift

of the electromagnetic spectrum with SPRIF. This experiment suggests that the imaging of

plasmon waves is possible on a flat 2D metal surface.

6.2.3 NanoSPR (A handheld standalone lab prototype)

We are in the early stage of the development of a handheld, compact, and portable SPR device.

The device may ensure SPR-based sensors are installed in the field and may be accessed

remotely. The miniaturized version of the device is shown in Fig. 6.9. We are working on

establishing the SPR phenomenon in the miniaturized optical setup followed by its calibration

using some standards.

Figure 6.9: A miniaturized handheld version of the SPR device.
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The upgraded SPR sensor with multi-channels and/or multi-parameters observations can

enhance the sensing merits. The recorded data from the multi-parameters system can be

processed by some advanced mathematical algorithms that robust the controls during sensing

and make the outcomes reliable. Although extensive integrations are possible for various

physical parameters (viz. luminescence, thermal, piezoelectric, electrochemical, etc.) for the

SPR sensors, here we demonstrated the integration of our SPR sensor with the electrochemical

and fluorescence microscopic setup separately and some of their application. The field of SPR is

evolving tremendously due to its wider applications ranging from bio-medical, pharmaceutical,

photonics, and fundamental research. This thesis presents a complete package by including the

instrumentation, some traditional sensing, and non-traditional applications, computational

techniques for data analysis, and the future scope. This thesis can provide crucial research

and development opportunities for scientists working in this field.
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