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1.1. Optical micro-resonators: 

Optical resonators or cavities whose diameter is in the range of 1-20 µm trap light to 

tiny volumes by resonant circulation. Thus, light-matter interactions take place several times in 

the optical resonators and consequently, emit the enhanced light at distinct resonant 

frequencies.[1,2] Devices constructed using optical micro-resonator are necessary for an 

extensive variety of uses such as enhancement, suppression, and even reverse the 

spontaneous emission of atoms/molecules in the micro-resonators, strong matter-field coupling 

resonator, quantum electrodynamics and dynamic filters in optical communication.[3,4] Further, 

optical micro-resonators are essential in the fabrication of microscale lasers, optical filters, 

nonlinear frequency synthesizers,[5,6] optical combs[7] and clocks[8] in quantum optics. Optical 

micro-resonators and gain media are fundamental components for generating the micro-

lasers.[9] The gain medium enables the amplification of incoming light through stimulated 

emission, and the micro-resonator offers feedback for the light present in the gain medium.[10,11] 

Many -conjugated organic molecules and polymers have four-level fluorescence (FL) 

processes yielding very high quantum yields (ΦFL), thereby making them perfect contenders as 

gain media in micro-lasers.[12]      

Inorganic micro-resonators the mirror-like facets are oriented in suitable orientation, 

providing high light reflectivity. Further, the surface quality (smoothness and defects) of the 

organic micro-resonator needs to be higher than that of an optical waveguide. Thus, optical 

scattering or leakage through defects will be minimized, which increases the light-trapping 

efficiency of micro-resonator. The captured light can reflect back and forth, or circulate leading 

to optical interference in the micro-resonator. Organic micro-structures with even shapes and 

high refractive indices (n>1.6) than the surroundings (mica, silica, etc.) can serve as high-

quality micro-resonators.[13] Especially, the design and manufacturing of novel micro-resonators 

have been turned out to be the utmost main division in the area of organic micro-lasers. For 

instance, through crystal growth and self-assembly, resonators based on one-dimensional (1D) 

micro-wires and two-dimensional (2D) micro-plates have been fabricated.[14]   

Generally, micro-resonators can be classified based on the direction of light 

confinement as,  

 Fabry-Pérot (F-P) micro-resonators[15] 

 Whispering-gallery-mode (WGM) micro-resonators[16] 
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Typically, 1D micro-structure usually functions as F-P resonators, whereas 2D or 0D structures 

act as WGM micro-resonators (Fig. 1.1). In this thesis work describes, F-P and WGM  

 

Figure 1.1: Micro-resonator configurations according to different light confinement methods. [Figure 

adopted from the references 17 and 18]  

resonators made from organic and polymers through a bottom-up approach. Therefore, a short 

introduction to resonators is given in the following sections.  

1.1.1. F-P micro-resonators:   

F-P interferometer[19] was first designed by Charles Fabry and Alfred Pérot for resolving 

the spectrum of light. F-P resonator consists of a pair of highly reflective plane mirrors with  

 

Figure 1.2: A) Schematic illustration of allowed and disallowed optical modes in an F-P resonator 

consisting of two coplanar reflectors. Optical mode density for a resonator with B) no mirror losses (R1 = 

R2 = 100%) and C) mirror losses.[20] 
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partial transmittance aligned opposite to each other (perpendicular to the optical axis), which 

are separated by some distance. When the incident light strikes one of these mirrors of a 

resonator with an angle greater than critical angle, [total internal reflection (TIR); n of the 

surrounding medium i.e., air n = 1 and that of  the resonator n > 1] it enters through that mirror 

and reflected back and forth multiple times in between these mirrors. These multiple reflections 

lead to the superposition of all the reflected light waves which results in the electromagnetic 

(EM) field build up between these mirrors. Due to destructive interference, some reflected 

waves cancel each other out. However, those waves which interfere constructively lead to the 

optical modes or peaks in the FL spectrum (Fig. 1.2). EM field profile that defines the path and 

frequency of the resonating light is termed as the mode. In between the resonant modes, the 

nodes can be seen because of destructive interference of the light. 

The above graphical representation of F-P resonator elucidates that the two reflectors 

of reflectivity R1 and R2, which are separated by a distance L with a medium having n >1. The 

optical path length of one round trip of the resonator is 2L, which is an integral multiple of 

resonant wavelength (λ).  

2nL = 𝑃 λ                                                                      (1.1) 

Where 𝑃 is the longitudinal mode number. For a given optical resonator, numerous modes are 

allowed. Figures 1.2 B and C show the transmittance of light through a resonator with R = 1 

and R < 1, respectively. In the frequency domain, the transmittance peak separation is referred 

to as the free spectral range (FSR), as shown in Fig. 1.2 C. The modes produced in the F-P 

resonator are normally longitudinal modes.[21] Longitudinal modes generation in the optical 

resonator is familiarized with the discourse of the F-P resonator. Longitudinal optical modes 

govern the radiative frequencies which fulfil the wavelength requirements of the optical micro-

resonator. F-P resonators are utilized in controlling the linewidth of the laser as well as in the 

development of laser resonators. Further, F-P resonators isolate a single wavelength of light; 

they are instrumental in making wavelength filters, or calibration tool instruments.     

Yao and his co-workers have described the mechanism of light propagation in the F-P 

resonator using exciton-polariton (EP)[22-24] theory by taking organic micro-fibre active 

waveguide.[25] One of the ends of the micro-fibre was excited using laser, which leads to the 

generation of excitons (electron-hole pair). The produced excitons further combine with 

photons resulting in the formation of EPs. At the opposite terminal of the micro-fibre, most of 

the EPs are transformed into low energy photons via charge recombination. Essentially these 
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photons are FL coming out from the distal terminal owing to the radiative recombination of the 

electron-hole pairs. Along with FL, a portion of the EPs can be redirected to the fibre by 

reflection at the distal terminal of the wire. Such a boundary can act as partially reflecting mirror 

of an F-P resonator. The FSR is related to micro-resonator length (L) through the following 

equation. 

FSR (or) Δλ =  
  𝑚

2

2 𝑛𝑒𝑓𝑓 𝐿
                                                     (1.2) 

Where 𝜆𝑚 is the reference peak wavelength, Δλ is the difference in the frequency between two 

sequential resonant modes, and  𝑛𝑒𝑓𝑓  is the frequency-dependent effective refractive index. 

From eq. 1.2 one can see that: (i) FSR decreases with the increase of the micro-resonator 

length and (ii) in a given resonator the FSR values drop rapidly at higher light frequencies as 

 𝑛𝑒𝑓𝑓(). 

 

Figure 1.3: A) Molecular structure of (E)-3-(4-(dimethylamino)-2-methoxyphenyl)-1-(1-hydroxynaphthalen-2-

yl) prop-2-en-1-one (DMHP). B) The FL microscopy image of the organic micro-rods excited with ultraviolet 

(UV) light (380 nm). C) FESEM image of the DMHP micro-rods. D) Confocal microscope image of the organic 

micro-wire with bright red spots at ends under 488 nm Ar+ laser point illumination. E). Schematic illustration 

showing a DMHP organic micro-rod as an optical waveguide, and with two ends defining an F-P resonator. F) 

Size-dependent F-P modes of micro-rods.[26]  
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Liao et al. have reported a micro-rod composed of (E)-3-(4-(dimethylamino)-2-

methoxyphenyl)-1-(1-hydroxynaphthalen-2-yl)prop-2-en-1-one (DMHP). Owing to electron-donating 

behaviour of dimethylamino and methoxy groups and electron-withdrawing nature of carbonyl 

group, DMHP emits FL in the red region of the electromagnetic spectrum (Fig. 1.3 A) through 

intramolecular charge transfer (ICT) process. Single-crystalline micro-rods were prepared by self-

assembling the DHMP in DCM/EtOH (1:1) solvent mixture (Fig. 1.3 B). Here, the natural shape 

of the crystal was determined by the equilibrium thermodynamics and kinetic conditions. The 

field emission electron microscopy (FESEM) confirmed that as-prepared micro-rods have 

rectangular cross-sections (Fig. 1.3 C). Upon optical excitation with 488 nm continuous wave 

(CW) laser, the micro-rod exhibited optical waveguiding tendency with bright red colour FL 

spots at the two ends (Fig. 1.3 D). Figure 1.3 E portrays that these micro-rods operate as F-P 

type optical feedback system. Here, the crystalline end facets of the micro-rod reflect red FL light 

thereby the light propagates back to the opposite end facet along the long axis of the micro-rod 

leading to bright tips. To study the size-dependency of optical resonance (as per eq. 1.2), 

several individual micro-rods with varying lengths were investigated in single-particle micro-FL 

spectroscopy measurements. Upon increasing the length (L) from 7.6 µm to 19.2 µm (Fig. 1.3 

F), the FSR values decreased, confirming the optical resonance.  

1.1.2. WGM micro-resonators (WGMRs):  

Optically transparent circular micro-resonator can confine the light by TIR when the n of 

the resonators is greater than that of the surrounding medium (Fig. 1.4 A). The circularly 

confined light undergoes multiple reflections along the periphery of the resonator and returns to 

the same point in phase, forming resonating standing waves.[27] As a result, optical modes 

appear at different resonant frequencies, known as WGMs. The name originates from acoustic 

whispering observed at the dome (diameter = 40 m) of St. Paul’s Cathedral in London by Lord 

Rayleigh.[28,29] Acoustic whispering gallery modes also occur in the central dome (D = 37.8 m) 

of the Gol Gumbaz,[30] which is the second-largest dome in the world (Fig. 1.4 B). The 

resonance condition for the occurrence of WGMs is that the round trip length (2𝜋𝑟) of the 

resonator in which light propagates should be an integral multiple of the resonating wavelength 

(λ). The resonance condition can be expressed as 

𝑚𝜆 = 2𝜋𝑟𝑛𝑒𝑓𝑓                                                      (1.3) 

Where 𝑚 is an integer number associated with the angular momentum of the propagating 

photon inside the resonator, and r is the resonator radius. Under resonance conditions, the 
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circulating light intensity is allowed to enhance when the rate at which light is coupled to the 

micro-resonator is balanced by the rate at which it is lost.  

 

Figure 1.4: A) Schematic illustration of light confinement inside a WGM optical micro-resonator by TIR 

when incident angle (θ) greater than the critical angle. B) Picture of the interior of the dome of Gol 

Gumbaz.[29]  

Micro-resonators that are made from dielectric compounds such as silica, glasses, 

polymers and aerosol droplets though provide high 𝑄-factor [described in detail in section 

1.1.2.3], miniaturization of them are quite complicated.[31] Further, incorporation of active optical 

gain material into these glassy resonators is difficult.[30] These complications can be overcome 

by inorganic semiconductor materials having high optical gain. Currently, in WGM resonators 

FL organic dyes are used as gain materials to attain resonance modes at various wavelengths 

of interest. Optical resonators fabrication can also be achieved by top-down (wet-etching, 

various lithography techniques) and bottom-up (self-assembly, crystallization) techniques.[32-34]  

To achieve high 𝑄-factor, dyes are mixed with organic, or polystyrene (PS),[35,36] 

poly(methyl methacrylate) (PMMA),[37,38] and polydimethylsiloxane (PDMS).[39,40] The properties 

of optical resonators supporting WGMs mainly depend on its shape and composition. WGMs 

not only supported by resonators having 0D micro-spherical geometry but also can exist in 

several geometrical structures like micro-hemisphere,[40]  micro-discs, [41,42] micro-rings,[42,43] 

micro-toroids,[44,45] cylindrical optical fibres and interesting structures like micro-bottles, micro-

bubbles.[38] Normally, FL molecules exhibit FL spectrum when excited in their electronic 

absorption region. Nevertheless, the same molecule when it is embedded into micro-
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resonators displays several sharp distinct peaks (modes) in the FL spectrum due to the Purcell 

effect.[46]  

WGM resonances in these structures depend on the geometry (morphology) and n 

(dielectric property). Therefore, WGMs are also known as morphology-dependent resonances 

(MDRs). Furthermore, the evanescent wave present at the periphery of the resonator may be 

greatly affected by to external perturbations, which will alter the effective path taken by light 

inside the micro-resonators and thereby causing a shift in resonance peak (mode).[47] Excellent 

properties like small mode volume (Vm) [the ratio between energy stored inside the resonator in 

the mode and the maximum energy density of that mode], high photon density,[48] extremely 

small spectral linewidth, high-quality 𝑄-factor of WGM resonators make them interesting for 

several applications. The above-said properties are applicable in nonlinear optical (NLO) 

process, low threshold micro-lasers,[49-51] high resolution spectroscopy, Raman sources, 

communications, sensitive micro-sensors like strong and label-free biosensors,[37,47] optical 

switching, in telecommunications as add-drop filters, notch filters,[52] displacement 

measurements and to achieve amplified spontaneous emission. 

1.1.2.1. Mode structure:   

WGMs in resonators are described by three mode numbers, namely radial (q), 

azimuthal (m), and polar/angular (l) mode numbers, that are characteristically m ≫ 1, l ≫ 1, 

and q ≥ 1, respectively.[53] m specifies the number of maxima of EM field within the equatorial 

direction. m takes the values of –l to +l. The numbers of peaks in the radial plane of the EM 

field inside the resonator is given by q. l provides the number of wavelengths in a round trip 

inside the resonator i.e., field oscillations in the polar direction.  Modes having a single intensity 

maximum in the radial plane, which is restricted to the resonator/ambient boundary are said to 

be first-order modes (q =1). When the mode satisfies the following condition l = m, then the 

WGM is known as fundamental mode and the EM field is spread close to the equatorial plane. 

Comprehensive details about these mode numbers can be acquired from the finite-difference 

time-domain (FDTD) numerical simulation of the emission spectrum with WGMs. The electric 

field distribution for various mode numbers inside a WGMR is given in Figure 1.5.[54]  

Each mode in WGMRs is defined by its polarization as transverse electric (TE) and 

transverse magnetic (TM).[59] In TE mode the electric field is transverse to the direction of wave 

propagation and magnetic field is not purely transverse (El = 0, Hl ≠ 0), whereas in TM mode, 
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Figure 1.5: Spatial structure of WGMs with mode numbers (q, l and m). The electric field distributions 

are shown for various radial mode numbers q, and azimuthal mode numbers m. [Figure adopted from 

reference 54]  

simply magnetic field is perpendicular to the direction of the propagating wave and electric field 

is not completely transverse (Hl = 0, El ≠0). In general TM mode appear at lower wavelength 

followed by TE mode as per the following equations:[55] 

  𝜆𝑇𝐸 ≈
2𝜋𝑅𝑛1

𝑝+1.856𝑝
1
3

 
+(

1

2
−

𝑛1

√𝑛1
2 −1

)

                                                  (1.4) 

𝜆𝑇𝑀 ≈
2𝜋𝑅𝑛1

𝑝+1.856𝑝
1
3

 
+(

1

2
−

1

𝑛1√𝑛1
2 −1

)

                                                (1.5) 

 

Figure 1.6: The electric field distribution for TE mode A) and B) TM mode.[56] 
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From the above expressions, it can be said that 
𝑛1

√𝑛1
2 −1

 > 
1

𝑛1√𝑛1
2 −1

.[57] The TM and TE modes are 

orthogonal to each other, shown in the simulation figures (Fig. 1.6 A and B). WGMRs are 

characterized by the resonator properties namely, FSR, 𝑄-factor, Vm, photon lifetime (𝑃). 

1.1.2.2. FSR:  

FSR is an important parameter in WGMRs. The change in the frequency in the adjacent 

optical modes such as mode of order m and its next highest order mode m+1 (i.e., the spacing 

between two neighbouring TM or TE modes).  

 FSR = Δλ = λ𝑚 − λ𝑚+1                                                   (1.6) 

FSR is connected to the resonator size (r) and wavelength maximum (λm) of the optical mode 

by the following equation:[58]               

   FSR (or) Δλ = 
 𝑚

2

2𝑟 𝑛eff
                                                    (1.7)  

Where r is the radius of the resonator, neff is the frequency-dependent effective refractive index. 

From the equation (1.7), it can be clearly seen that FSR varies inversely with resonator length 

(effective radius) of the resonator. Therefore, micro-resonators with smaller radius (r) have 

larger FSR. Furthermore, Vm
[30,59] influences the FSR of the modes, smaller the Vm of the 

resonator, higher the value of the FSR.   

The relationship between FSR and r can be understood by taking a WGM resonator 

composed of poly (9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT).[60] F8BT possesses electron-

accepting benzathiadiazole and electron releasing alkylated fluorine in the polymer backbone 

providing high ΦFL, which is required for high optical gain (Fig. 1.7 A). Here, to make the F8BT-

based micro-spheres emulsion-solvent-evaporation method was followed. Cetyl trimethyl 

ammonium bromide (CTAB) water solution was injected with a solution of F8BT in chloroform 

to yield micelles. The F8BT molecules were embedded into water-repelling CTAB micelles upon 

constant stirring. The F8BT polymer whose back-bone bears a considerable amount of steric 

hindrance adds to the interfacial tension results in spherical structures upon vaporization of 

solvent molecules. The FESEM images indicated the spherical nature of the micro-spheres in 

addition to their smooth surface. Here, the surface smoothness provided WGMs with high 𝑄-factors 

(Fig. 1.7 B). The FL image revealed the yellow color emission of micro-spheres (Fig.1.7 C). Further, 

https://pubs.rsc.org/en/content/articlelanding/2017/cc/c6cc08094d#fig1
https://pubs.rsc.org/en/content/articlelanding/2017/cc/c6cc08094d#fig1
https://pubs.rsc.org/en/content/articlelanding/2017/cc/c6cc08094d#fig1
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the FSR values decreased with increasing the micro-sphere size from 3.2 to 8.6 μm, confirming 

the size-dependency of the resonating modes as per eq. 1.7. (Fig.1.7 D). 

 

Figure 1.7: A) Structure of poly (9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT). B) FESEM image of 

smooth-surfaced micro-spheres. C) Confocal microscope image of yellow emitting micro-spheres upon 

excitation with 488nm Ar+ CW laser. D) Single-particle FL spectra of F8BT micro-spheres with three 

different diameters displaying size-dependent WGM resonance. The right end shows the corresponding 

micro-sphere images.[61] 

1.1.2.3. 𝑸-factor: 

It is a parameter used for the determination of the operational bandwidth of a micro-

resonator. From eq. 1.8, it is clear that when the linewidth of a mode decreases the 𝑄-factor 

increases. Therefore, 𝑄-factor can be quantified as the ratio of maximum peak wavelength 

𝜆𝑚𝑎𝑥 to the full-width-at-half-maximum (FWHM) of the resonance peak 𝛥𝜆𝑓𝑤ℎ𝑚.[59] 

 𝑄 = 
𝜆𝑚𝑎𝑥

𝛥𝜆𝑓𝑤ℎ𝑚
                                                                (1.8) 

https://pubs.rsc.org/en/content/articlelanding/2017/cc/c6cc08094d#fig1
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It can also be stated as the frequency of resonance mode having a high intensity to that of line 

width, which can be explained by the following expression 

                                                                𝑄 = 
𝜗

𝛥𝜗
                                                                      (1.9)  

It is also termed as the ratio of the power stored to the energy loss per cycle. 

                                                     𝑄 =  
𝑝𝑜𝑤𝑒𝑟 𝑠𝑡𝑜𝑟𝑒𝑑

𝑝𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠
                                                         (1.10) 

WGM resonators will have a high 𝑄-value if there is a low loss of the optical resonator. There 

are several loss mechanisms that can contribute to the overall loss of the resonator. In a 

realistic condition, the 𝑄-factor is determined by the absorption loss (𝑄𝑎𝑏𝑠), inherent seepage of 

light connected to flawed reflection ensuing from the defective curvature of micro-resonator 

(𝑄𝑐𝑢𝑟𝑣), loss due to light scattering from the unevenness of the micro-resonator surface (𝑄𝑠𝑐𝑎𝑡) 

and the loss induced by waveguide coupling (𝑄𝑐𝑜𝑢𝑝).[30,59] All of them are intrinsic losses except 

𝑄𝑐𝑜𝑢𝑝, which is an extrinsic loss. Finally, 𝑄-factor can be obtained by the following equation 

such as 

1

𝑄𝑡𝑜𝑡𝑎𝑙
 = 

1

𝑄𝑎𝑏𝑠
 + 

1

𝑄𝑐𝑢𝑟𝑣
 + 

1

𝑄𝑠𝑐𝑎𝑡
 + 

1

𝑄𝑐𝑜𝑢𝑝
                                           (1.11) 

The loss resulting from the material absorption is an important limitation to the WGMRs. For 

that, it is necessary to select a material with a little absorption loss. The scattering loss is due 

to surface irregularities and contaminants on the resonator surface. It is possible to minimize 

the loss by refining the fabrication method to lower the roughness of the resonator surface. 

Mostly, for organic/polymer WGMRs 𝑄-factors range from 103 to 106 said to be high and those 

exceeding 107 to be ultrahigh.[62,63] Micro-resonators having large 𝑄-factors are extensively 

used in micro-lasers.  

In this context, Chandrasekar and his coworkers have demonstrated a perovskite 

doped polymer micro-spherical resonators with a 𝑄-factor of 2000. In order to prepare the 

micro-spheres, to a solution of PS (25 mg/4 mL of DMF), 20 µL of 0.05 M benzyl ammonium 

lead iodide (BALI) in DMF was added, followed by ultra-sonication for 30 s. Later, 1 mL of milli-

pore water was mixed to the prepared solution and left undisturbed for 10 min at r.t. Later, 100 

µL of the obtained solution was drop-casted on a coverslip and left undisturbed to allow slow 

solvent evaporation to obtain micro-particles (Fig. 1.8 A). Single-particle micro-spectroscopy 

experiments were carried out on confocal optical microscopy (backscattering mode) to examine 
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the photonic properties of micro-structures. Upon electronic excitation of an edge of a single 

micro-sphere with CW laser (Ar+ 488 nm; power: 10 mW; objective: 150x) exhibited FL in the  

 

Figure 1.8: A) Fabrication of BALI-PS composite micro-spherical WGMRs via self-assembly method. B) 

and C) shows the bright field and FL images of a BALI-PS composite micro-resonator excited with CW 

laser (488 nm). D) Single-particle FL spectrum of micro-spherical WGM resonator. E) FDTD numerical 

simulation of a micro-spherical resonator displaying the electric field distribution for TE23 and the 

corresponding mode volume 1.83 µm3.[64] 

green region of the EM spectrum with several pairs of wavelength-dependent peaks identified 

as WGMs (Fig. 1.8 B and C). Another important characteristic of the WGM spectrum is without 

FL background, which directs toward high 𝑄-resonators. A 2D FDTD method was used to 

calculate the WGM spectrum (for q =1; m=l) and the spreading of the electric field within the 

micro-resonator. The pair of peaks were assigned as TM and TE with different azimuthal mode 

numbers from TM18-TM27 and TE18-TE27, respectively (Fig. 1.8 D). The calculations also 

displayed that the electric field is highly concentrated along the periphery of the micro-
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resonator (for TE23) (Fig. 1.8 E). The approximate TE23 mode volume of micro-spheres is 

calculated to be 1.83 µm3.  

1.1.2.4. Photon Life Time (𝑃):  

Normally 𝑄-factor quantifies the time taken by a photon for residing inside the micro-

resonator (𝑃). 𝑃 is different from photon decay lifetime (𝐹𝐿) which counts the time required for 

a photon to decay from the excited state during spontaneous emission. 𝑄-factor is connected 

to the 𝑃 of the resonator by the following equation:[30,59]  

𝑃 = 
𝑄

2п𝜗
                                                                      (1.12) 

Where 2п𝜗 is linear frequency. From the above relation, it can be said that the 𝑄-factor has a 

linear relationship with the 𝑃. That means, if a micro-resonator has a higher 𝑄-value, the line 

width of the resonance peaks will be narrowed, leads to the high photon energy, subsequently, 

𝑃 will be longer inside the resonator.[65-67] When 𝑄𝑠𝑐𝑎𝑡 and 𝑄𝑎𝑏𝑠 are minimal in the resonator, 

photon stays more time in the resonator and it results in longer propagation time of photon. 

Therefore, the higher the 𝑃 value better is the light-matter interaction.  

 

Figure 1.9: A) FL average decay lifetime profile of curcumin dye and B) The equivalent FLIM image in 

the right section. In dotted circles in the FLIM images display size-dependent lifetime values.   

In case of curcumin dye, the fluorescence lifetime imaging microscopy (FLIM) images of 

micro-particles of 15×15 m2 area displayed an average FL decay lifetime values (avg) of 0.485 

ns (Fig. 1.9 A). This value was higher compared to the value observed for corresponding 

homogeneous thin films (avg = 0.291 ns).[68] Remarkably, micro-particles also displayed a 
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variable p  for the particle of different sizes (Fig. 1.9 B). The larger micro-particles trap more 

light than smaller ones producing larger 𝑄-factors, which subsequently increase the 𝑃  values.  

1.1.2.5. Polymer WGMRs:  

In recent times, due to its high exciton binding energy (Eb) (Frenkel exciton Eb = 0.1 to 

1.0 eV) and ease of production, WGMRs made of organic[33,34] and polymer (-conjugated,[60,69-

71] charge transfer (CT),[72] or dye-doped[35,40,73-75]) have emerged to compete with the inorganic 

WGMRs. Organic resonators pave the path for better bandgap tunability and solution 

processability. These outstanding properties make them appropriate for the fabrication of self-

assembled optical micro-resonators with resonance emission extending from UV to near-

infrared (NIR).  

 

Figure 1.10: A) Structures of poly(2,7-carbazole) with an alkyl side chain (PCzs). B) SEM images of self-

assembled micro-spheres. The inset shows the white light-emitting micro-sphere under excitation with 488 nm 

CW laser. C) Graphical representation of white light-emitting micro-sphere exhibiting WGMs. D) FL spectra 

with WGMs covering the entire visible region.[76]  

Generally, inorganic molecules and polymers, the line-width of  FL appear in the of ~50–100 

nm. To achieve white light emission covering the whole of the vis region, thus, binary or ternary 

fluorophores are employed.[77]  Yamamoto et al. have prepared Poly-(2,7-carbazole) derivatives with 

an alkyl side chain (PCzs) to prepare white light-emitting WGMRs (Fig. 1.10 A). PCzs self-
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assembled into smooth-surfaced micro-spheres in CHCl3/MeOH solvent mixture by vapour diffusion 

method.[78] The FESEM analysis confirmed the spherical geometry of the micro-structures (Fig. 1.10 

B). PCz micro-spheres exhibit white FL when excited with 488 nm CW laser and the spectrum 

consisted of WGMs covering the whole visible spectral range (inset of Fig. 1.10 B and D).  The 

extremely wide photoluminescence window with white FL occurs from the incomplete oxidation of 

PCz upon excitation with CW laser. These white light resonators in the micron scale can be utilized 

as full-color light sources in the photonic applications.[79]  

1.1.2.6. WGMRs from dye-doped polymer:  

In order to achieve low threshold lasing, the optical resonators should possess perfect 

boundary and very smooth surface. So that they can act as an efficient optical gain medium. 

For that, a highly stable, optically transparent, and flexible PS matrix is usually selected as an 

ideal candidate for attaining high-quality micro-resonators. Moreover, incorporation of organic 

dye molecules to the polymer solution can display good compatibility as a guest molecule with 

the polymer host for attaining low threshold organic dye-doped polymer lasers (Fig. 1.11). 

 

Figure 1.11: A) Schematic representation of PS chains. B) Chemical structure of CNDPASDB. C) Dye 

doped PS micro-disk. D) WGM lasing from micro-disk upon excitation with femtosecond (fs) pulse 

laser.[80] 

In 2015, Zhao et al. have mixed PS (𝑀𝑛 ̅̅ ̅̅ ̅ = 2,500 kDa) (Fig. 1.11 A) with an efficient 

organic laser dye, namely 4-Bis(α-cyano-4-diphenylaminostyryl)-2,5-diphenylbenzene 
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(CNDPASDB) in DMF solution (Fig. 1.11 B). Later, they have added a small amount of H2O, 

followed by ultrasonication to produce an emulsion. Then, two glass substrates with a tiny gap 

were used as a template for drying and flattening of the dye-doped polymer micelle. Finally, it 

facilitates the formation of flexible, small Vm, high-quality micro-disk WGM laser (Fig. 1.11 

C).[80] The circular shape and smooth surface make the micro-disks suitable for generating 

WGM. Besides, the aromatic groups of polymer would have effective – interactions with 

chromophore leading to good compatibility with dye molecules. This prompted them to 

fabricate potential WGM lasers by the incorporation of organic dyes into polymers. Bright ring-

shaped FL at the periphery of the micro-disk was observed upon excitation with ultra-fast pulse 

lasers (Fig. 1.11 D Inset). As the power of pulse laser increased, FL intensity of the peaks 

increased and the FWHM of the peaks decreased confirming lasing from the micro-disks.  

1.1.2.7. WGMRs from a blend of metallo-conjugated polymer and PS: 

 

Figure 1.12: A) Chemical structure of a blend of polystyrene and P1.Tb used for self-assembly. B) 

FESEM image of a single polymer blend micro-sphere. C) FL image of a micro-sphere excited with a 633 

nm laser. D) Single-particle FL spectra of the corresponding micro-sphere emitting WGMs in the Vis–NIR 

range. Spectra with (tangential excitation) and without (excitation at the centre) WGM resonance are 

shown in black and grey lines, respectively. The background-subtracted spectrum is shown in the red 

line.[71] 
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Till 2015, there have been no reports on optical resonators fabricated from polymer and 

metallo-conjugated polymer blends. The micro-spheres formed from the self-assembly of pure 

metallo-conjugated polymer did not serve as WGMRs due to the presence of defects in the 

micro-structures. To overcome this, Chandrasekar group have blended the metallo-conjugated 

polymer poly[4,7-bis(3-octylthiophene-2-yl)benzothiadiazole-co-2,6-bis(pyrazolyl)pyridine] (𝑀𝑛  ̅̅ ̅̅ ̅ 

∼10.7 kDa) coordinated to Tb(acac)3 (P1-Tb) in the PS matrix. The metallo-conjugated polymer 

(P1-Tb) was obtained by copolymerizing 4,7-bis(2-ethynyl-5-thienyl)-2,1,3-benzothiadiazole 

with 2,6-bis(pyrazolyl)pyridine regioselectively (4,4″) followed by successive coordination with 

metal Tb(acac)3 (Fig. 1.12 A). They have self-assembled the polymer blend in THF/H2O 

mixture and produced defect-free micro-spheres (Fig. 1.12 B). The resulting micro-spheres 

emitted orange-yellow color FL covering the Vis-NIR region (Fig. 1.12 C). During the single-

particle micro-FL spectroscopy studies, tangential excitation of a micro-sphere with 633 nm 

laser exhibited WGMs in the FL spectrum with a 𝑄-factor of 700 (Fig. 1.12 D). Further, the 

micro-spheres exhibited 7 times enhancement in FL intensity in comparison to metallo-

conjugated polymer micro-spheres owing to amplified light-matter interaction within the high-𝑄 

micro-resonator.[81,82]     

1.1.2.8. WGMRs from CT organic molecules and polymers: 

CT or donor (D)-acceptor (A) complexes can be formed due to transfer of electronic 

charge partly from D to A.  As a result of CT, the D and A moieties acquire partial positive and 

negative charge, forming cation and anion, respectively producing coupled ions. Small 

ionization energy (ID) of the D molecule and huge electron affinity (ΕA) of the A molecule are 

essential for the formation of a CT complex.[83] For spatial association, proper overlapping 

between the corresponding D and A molecular orbitals and similar symmetry are essential. If 

there is a little increase in energy when the D and A interaction, a minimal amount of charge 

usually transferred, which leads to a weaker CT complex. The interactions among D and A 

moieties surge with the decrease in the difference between ID - ΕA, forming a strong CT 

complex. Further, choosing strong D and strong A also allows the complete transfer of an 

electron from D to A is probable in the ground state. CT complex can be formed by the 

assembly of two or more molecules (intermolecular CT) or of various functional groups of a 

molecule (intramolecular CT).[84]  
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 1.1.2.8.1. WGMRs from intramolecular charge transfer (ICT) organic molecules:  

Generally, a -conjugated complex containing D and A moieties connected via a -

conjugated bridge favours the ICT (intramolecular CT) process. Photophysical properties like 

photon decay time (𝐹𝐿), ΦFL, particularly the bandgap of the above-mentioned organic 

moieties, are firmly based on ICT. The properties mentioned above can be easily altered by 

appropriate adjustment of the chemical structures of D, A and the -conjugated linkers.[85] 

Therefore, the conjugative effect, push-pull electronic effect and the distorted configuration in 

organic dyes would significantly influence the ICT band. Usually, ICT molecules can exhibit 

visible emissions due to optical transitions. The CT band is the ultimate characteristic criterion 

for the formation of a CT complex, resulting in typically intense colour for those molecules.[86]  

The ICT is affected by the nature of both the substituents and the solvent polarity.[87] 

The red shift[88,89] of FL spectra than that of the UV spectra in various solvents indicates more 

ICT attributes and large dipole moment (μ) of excited state than that of the ground state. 

Therefore, all physical properties can be modified through solvent polarity and varying electron-

donating abilities of D molecules. The efficiency of D-A conjugation in the ground state is 

determined not only by the CT band but also ground state data, for example, 13C-NMR 

chemical shifts, the quinoid character of aromatic rings and change in bond length in X-ray 

crystal structures, theoretical calculations or redox potentials.[90,91] The capability to regulate the 

magnitude of CT in D-π-A system is a vital aspect for establishing practical applications like 

designing of NLO materials. Importance of D-π-A systems is still increasing, for understanding 

their excellent optoelectronic properties, namely, second- and third-order[92-94] NLO effects and 

their capability for use as innovative functional materials in molecular devices.  

For instance, -conjugated molecule HDMAC containing electron-donating 

dimethylamino group and electron attracting carbonyl group exhibits FL in the red region by 

ICT process (Fig. 1.13 A). HDMAC self-assembled into micro-structure in DCM, and further, 

FESEM analysis confirmed the 2D square-shape of the as-prepared micro-structures (Fig. 1.13 

C). Furthermore, the micro FL images showed brighter FL along the boundary of the micro-disk 

than at the centre (Fig. 1.13 B). This implies that the micro-disk can serve as the high quality 

2D WGM micro-resonator, where photons are circulated along the four facets via TIR. More 

significantly, the multimode WGM lasing spectrum was collected from the micro-disk (Fig. 1.13 

D). These organic micro-structures could be used as laser sources and may be used in 

integrated microchip. 
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Figure 1.13: A) Molecular structure of 3-[4-(dimethylamino)phenyl]-1-(2-hydroxyphenyl)prop-2-en-1-one 

(HDMAC). B) Confocal microscope image of the 2D micro-disk. C) FESEM image of the micro-disk. D) 

WGM lasing spectra for the micro-disk upon 800 nm fs pulse laser excitation.[95]   

1.1.2.8.2. WGMRs from intermolecular CT polymers:  

 The transfer of electron from D to A forms an intermolecular D-A bond, possibly 

together with various other types of interaction, including dipole-dipole, polarization and also 

van der Waals forces.[96] Mostly, the studies often dedicated to high electrical conductivity or 

superconductivity[97-100] emerging from organic CT salts. In recent times, D-A supramolecular 

cocrystals[101-103] have displayed to be worthy contenders for organic ferroelectrics because of 

the promising long-range alignment of their CT dipoles present in highly ordered complexes. 

Nevertheless, CT complexes have numerous distinctive features that are valuable for dynamic 

supramolecular assemblies, molecular switches, self-healing, and responsive materials, 

organic electronics,[104] host-guest complexes[105] and sensing,[106] which is due to their low 

extinction coefficients. As CT complexes normally absorb in the Vis region of the absorption 

spectrum, CT sensors can be detected by the naked eye. Further, colors of these complexes 
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are susceptible to the electronic properties of the D and A molecules and their relative 

geometry. Therefore, binding interactions that make modifications in the structure can be easily 

examined by variations in their colors.   

 

Figure 1.14:  A) Chemical structures of P1 and P2. Absorption (broken lines) and FL (solid lines) spectra 

of P1 (green) and P2 (red) in CHCl3. C) FESEM micrographs of the self-assembled precipitates of P1 

and P2 Insets show FL micrographs of the precipitates. D) WGMs in NIR region from FRET mediated CT 

polymer.[109] 

In general, NIR emitting CT molecules have low ΦFL due to the small energy gap 

between HOMO and LUMO, causing non-radiative thermal deactivation. These NIR emitting 

molecular materials have been extensively used in bio-sensing and bio-imaging owing to high 

transparency.[107] In 2017, Yamamoto and his co-workers have made a NIR emitting CT 

polymer blend containing -conjugated donor polymer namely, (poly[(9,9-dioctylfluorene-2,7-

diyl)-alt-(5-octylthieno[3,4-c]pyrrole-4,6-dione-1,3-diyl)] (P1) with 𝑀𝑛  ̅̅ ̅̅ ̅of 24 kg mol-1 and 

acceptor polymer (poly[(5-(2,4,6-triisopropylphenyl)thieno[3,4-c]phosphole-4,6-dione)-alt-(4,4-

bis(2-ethylhexyl)-silolo-[3,2-b:4,5-b’]dithiophene)] (P2) with  𝑀𝑛  ̅̅ ̅̅ ̅ of 24 kg mol-1 (Fig. 1.14 A). In 

solid-state, this polymer blend hardly fluoresces due to aggregation-induced quenching. 

However, in the CHCl3 the FL band of P1 overlaps with the absorption band of P2, thereby 
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facilitating considerable fluorescence resonance energy transfer (FRET)[108] from P1 to P2 (Fig. 

1.14 B). P1 and P2 coassembled into micro-structures in CHCl3/MeOH solvent mixture. 

FESEM analysis revealed a well-defined spherical geometry of the micro-structures with a 

typical size of 5 μm (Fig. 1.14 C). Micro-spheres displayed WGM FL in the NIR region due to 

FRET phenomenon from P1 to P2 (Fig. 1.14 D).   

1.1.2.9. WGMRs from chiral molecules:   

Generally, chiral materials (molecules and structures) exhibit weak chiro-optical 

properties. Further, enhancing the circular dichroism (CD) effect (i.e., the differential absorption 

of the left and right circularly polarized lights by the chiral medium.) in the NLO regime is a 

challenging effort. CD effect in NLO emissions is important in potential applications in 

fieldsranging from biomedical to nanophotonic applications.[111] Both experimental and 

theoretical advancements in NLO-CD afford new opportunities in understanding the structural 

and conformational properties of the optically active chemical systems. The CD effect in the 

NLO signal that can be calculated from the following equation.                                                                                                  

     (1.13) 

 

where I(RCP) and I(LCP) are the intensity of NLO signal under the right and left circularly 

polarized light, LCP, and RCP, respectively. A brief introduction to NLO properties is given in 

sec 1.2. 

Recently, Chandrasekar et al. have demonstrated an original technique to increase the 

CD-NLO resonantly using chiral organic micro-resonators (Fig. 1.15). They have made R- and 

S-type micro-spherical WGMRs through self-assembling the D-π-A systems, namely, R- and S-

4-[2,2′-diethoxy-6′-(4-formylphenyl)-[1,1′-binaphthalen]-6-yl]benzaldehyde, 1-R and 1-S (Fig. 

1.15 A), respectively, in CHCl3/MeOH mixtures. Confocal optical microscopy analysis of micro-

particles exhibited the formation of micro-structures of different sizes (Fig. 1.15 B). Further, 

FESEM examination established the spherical geometry of the micro-particles (Fig. 1.15 C).[68] 

Single-particle spectroscopy studies revealed optical WGMs in the FL spectra of a single micro-

particle. The 𝑄-factor lies between 100 to 770 for the micro-spherical WGMR with a size of 6 

μm (Fig. 1.15 D). Both 1-R and 1-S WGMRs displayed constant CD-NLO values of about 10% 

with the opposite CD signs due to better light-matter interactions (Fig. 1.15 E and F).  

𝐼(RCP) − 𝐼(𝐿𝐶𝑃) 

𝐼(RCP) + (𝐿𝐶𝑃)
 CD (NLO) = 
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Figure 1.15: A) Chemical structure of R- and S-4-[2,2′-diethoxy-6′-(4-formylphenyl)-[1,1′-binaphthalen]-6-

yl]benzaldehyde (1-R and 1-S). B) Confocal microscopy images of micro-spheres self-assembled from 1-

R and 1-S. C) FESEM image of 1-R and 1-S micro-spheres. D) Single-particle FL spectra of 1-R and 1-S 

exhibiting WGMs. The black and red lines of the spectra show excitation of the particle edge and centre, 

respectively. E) Cartoon representation of the experiment on the CD effect in the TPL response of 1-R 

and 1-S WGMR micro-spheres excited by LCP and RCP. The top inset shows TPL from the sample. F) 

Spectral dependencies of the CD-NLO indicating opposite signs for the LCP and RCP in the case of 1-R 

and 1-S micro-spheres.[110]  



 

23 

 

1.2. NLO properties: 

The term “nonlinear” depicts that the NLO phenomena, which take place when a 

material reacts in a nonlinear fashion to the time-dependent applied intense electric field E(t). 

When an E(t) is applied to an NLO active medium, the nuclei and the accompanying electrons 

in the medium generate strong electric dipoles and hence become polarized.[112] Generally, the 

photon interaction with matter is very weak. The electric field E(t) 600 V/m associated with 

light beams from traditional sources is below that of the strength of the atomic field (Ea) 1011 

V/m (optical intensity, Ia 1020 W/m2). Therefore, polarization is not strong enough to produce a 

measurable NLO effect.[113,114] After the advent of the laser, which provided energy (intensities I 

>108 W/m2) is comparable or even higher to that of characteristic Ea and facilitated the 

observation of NLO process from NLO materials.[114] If the E(t) is very intense, the response of 

the medium is no longer linear and the relation between radiation intensity and the vibration 

amplitude turn out to be nonlinear. Finally, it leads to the production of frequencies which are 

dissimilar from those of incident light. Therefore, second and higher harmonic generation 

occurs. The interpretation of the NLO process lies in a manner in which a beam of light 

propagates through the NLO solid. Here, time-dependent electric polarization P(t) (polarization 

density or the dipole moment/unit volume or induced polarization) of the medium is dealt as a 

nonlinear function of the E(t) of the light.   

P(t) = Nμ                                                           (1.14)                              

Where μ = electric dipole of each atom in the solid, N = no of atoms per unit volume. In 

conventional linear optical properties where the P(t) varies linearly with the E(t) in such a way, 

which can be defined by the following equation. 

                                                              P(t) = o
(1) E(t)                                                    (1.15)             

Where (1) is known as the linear electric susceptibility and o is the permittivity of free space. 

Unlike linear optical properties, in NLO process on a macroscopic level, the P(t)  must be 

extended in a power series with respect to E(t) as follows. 

P(t) = o[(1) E(t) + (2) E2(t) + (3) E3(t) + …]                            (1.16) 

P(t) = P(1)(t) + P(2)(t) + P(3)(t) + …                               (1.17)  

Where (2) and (3) are second- and third-order NLO electric susceptibilities, respectively. 

Normally these susceptibilities depend on the frequencies of the applied field, but at this point, 

generally, it is presumed that the NLO medium reacts immediately (lossless and dispersionless 
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medium), therefore NLO susceptibilities are taken as constants. For convenience, P(t) and E(t) 

are considered to be scalar quantities in the above equations. This thesis mainly focuses on 

the third-order NLO process, involving nonlinear polarization P(3)(t), 

P(3)(t)  = o
(3) E3(t)                                              (1.18) 

Different processes can be used to explain the association between the material response and 

the applied electric field amplitude. In non-resonant excitation conditions, (2) will be the order of 

(1)/Ea. As (1) is the order of unity for condensed matter, therefore, (2) = 1/Ea  1.94  10-12 m/V. 

In the same way, it is anticipated that (3) to be the order of (1)/(Ea)2  3.78  10-24 m2/V2.[112]  In 

this thesis, the results of one of the NLO phenomena such as two-photon luminescence 

(TPL)[115] from organic CT compounds is presented, therefore a short introduction to TPL will be 

given in the next section. 

1.2.1. Two-photon absorption (TPA) and emission:   

TPA is an optical process in which a material or molecule absorbs two photons (from 

laser source typically in NIR region) simultaneously to reach an excited state via virtual state 

followed by optical emission. Theoretically, TPA was first predicted by Göppert-Mayer (GM)[116] 

and was later proved by Kaiser and Garrett.[117-119] Depending on the energies of the two 

photons, TPA can be categorized as degenerate or nondegenerate, respectively. However, for 

real applications, the degeneration of TPA is very advantageous. TPA is largely weaker than  

 

Figure 1.16: Jablonski diagram for one-photon A) and two-photon B) excitations.[120] 

one-photon absorption (OPA). In OPA the molecule absorbs one photon with energy (ΔE) 

equal to the difference in energy between the ground (𝐸𝑔) and excited state (𝐸𝑒) to reach the 

excited state (Fig. 1.16 A).      
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𝐸𝑒-𝐸𝑔 = h (OPA)                                                  (1.19)             

While in TPA, the molecule captures two photons of the same wavelength or different 

wavelength (Fig. 1.16 B) with their combined wavelength matching with the energy difference 

between 𝐸𝑔 and 𝐸𝑒 states as 

𝐸𝑒-𝐸𝑔  = 2h (TPA)                                                (1.20)              

Evidently, in TPA the two transitions take place in femtosecond (fs) time interval. In TPA, the 

molecule absorbs low-energy photon having longer wavelengths that can pass deeper into the 

sample compared to OPA, thus letting two-photon excitation to proceed deeper into the 

sample. The main difference between OPA and TPA is that TPA involves the concurrent 

interaction of two photons and hence it shows quadratic dependence of intensity of incident 

light, whereas OPA shows linear dependence. Therefore, TPA is observed mainly with ultra-

fast pulse lasers. Like Beer-Lambert law for OPA, the decrease in the intensity of the laser 

beam resulting exclusively from TPA is given by the following expression: [121-123]   

 −
𝑑𝐼(𝑧)

𝑑𝑧
 = α I (z) + 𝛽 I2(z)                                            (1.21) 

Where I is the intensity of the propagating laser beam along the z-axis, and α and 𝛽 are one- 

and TPA co-efficient of the transmitting medium. In non-linear phenomenon, the imaginary part 

of the third-order nonlinear susceptibility, Im((3))[124,125] is associated with 𝛽 as 

𝛽 = 
48𝜋3

𝑛2𝑐𝜆
 Im ((3))(in esu)                                           (1.22) 

For clarity, here it is taken that the time-independent incident light has a uniform transverse 

intensity distribution. When there is no OPA (α =0) at the wavelength range of the incident laser 

beam, TPA appears alone at that excitation wavelength 

−
dI(z)

dz
 = 𝛽 I 2(z)                                                     (1.23) 

Equation 1.23 illustrates the probability of TPA transition primarily depends on the square of 

the photon flux or square of the light intensity.  

 I(𝑥, λ) =  
I0 

1+𝛽(𝜆)I0c𝑥
 (TPA)                                          (1.24)     

where I(𝑥, λ) is the intensity of TPA light, which is a function of path length or cross-section (𝑥) 

and wavelength (λ) of the incident light. 𝐼𝑜 is the intensity of the incident light with a top-hat 

https://en.wikipedia.org/wiki/Electric_susceptibility
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pulse shape, 𝑐 is the concentration of the sample and 𝛽 is a material parameter which depends 

on λ of the incident light.  

The TPL signal intensity would be modified appropriately by changing the light incidence angle 

and polarization. Therefore, 𝛽 can be calculated by the expression given below:  

𝛽 = 
σ2 𝑁

hʋ
 =  

cm4.sec 

molecule

molecule

cm3

J
 = 

cm

W
                                     (1.25)     

Where N [molecules/cm3] is the molecular concentration and hʋ is the photon energy 

(measured in J). By solving the above equation, it was found that units of 𝛽 are expressed in 

cm

W
. Furthermore, the probability of TPA (N2) rises with the square of the absorbed light intensity 

I as follows:[126,127] 

N2 ∝ σ2 (λ)I2                                                           (1.26)              

 

 
𝑑𝑁𝑇𝑃𝐴

𝑑𝑡
 = 

1

2
 σ2𝑁𝑔𝑠 I2                                                     (1.27)                                                                                                    

Where σ2(λ) is the TPA cross-section, 𝑁𝑔𝑠 and 𝑁𝑇𝑃𝐴 are the number of molecules per unit 

volume in the ground state and excited state due to TPA, respectively.[102] This equation 

elucidates the probability of TPA transition primarily depends on the square of the photon flux. 

σ2(λ) defines the strength of the TPA process and is generally expressed in GM unit (1 GM = 

10-50 cm4 s photon−1 molecule−1). 

                                                     σ2 = 
𝛽 𝐸

𝑁
 = 

cm W⁄  .  J

molecule cm3⁄
 = 

cm4.  sec

molecule
                                        (1.28)                                                                                 

Where E is the photon energy (J) and N is the number density, which is equivalent to the 

number of molecules per unit volume (molecule cm3⁄ ). It is very evident that in order to get the 

σ2 (λ) from any measurement, a cross-sectional variation of the beam and time must be known. 

The NLO transmission T (𝐼0) of a material absorbing two-photons varies as a function of the 

intensity of the laser beam 𝐼0 with cross-section 𝑥 used for excitation can be expressed as: 

                           T (𝐼0) = 
𝐼

  𝐼0
 = 

1

1+𝛽𝐼0c𝑥
 (TPA)                                              (1.29)      

Selection rules for TPA vary entirely from that of OPA, which is dependent on (1). In the 

case of molecules with centre of inversion, allowed transitions are mutually exclusive for OPA 

and TPA. This variance results from the condition to conserve the angular momentum quantum 

https://en.wikipedia.org/wiki/Maria_Goeppert-Mayer
https://en.wikipedia.org/wiki/Maria_Goeppert-Mayer
https://en.wikipedia.org/wiki/Maria_Goeppert-Mayer
https://en.wikipedia.org/wiki/Angular_momentum
https://en.wikipedia.org/wiki/Quantum_chemistry
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mechanical point of view. As photon has a spin of ±1, the one-photon transition involves an 

electron altering its molecular orbital to one with an angular momentum changed by ±1, 

whereas for two-photon transition a change of +2, 0, or −2 is required. TPA transition is allowed 

between two states having the same parity i.e.; from gerade to gerade (g↔g) and from 

ungerade to ungerade (u↔u), whereas in OPA transition is possible between states having 

different parity, i.e.; from g↔u and vice versa.[127] Nevertheless, for high symmetrical 

molecules, a few transitions are forbidden for both OPA and TPA. For non-centrosymmetric 

molecules, certain transitions are allowed for both one and two-photon transitions. Therefore, 

molecules devoid of inversion centre do not show exclusivity in selection rules for OPA and 

TPA. Finally, in these molecules the excited states can be attained by OPA or TPA, even 

though, depending on the symmetry, a few states may be forbidden, for OPA or TPA or both. 

1.2.2. Molecules for TPL:  

The main driving force for the optical nonlinearity is the intramolecular CT (ICT) 

phenomenon from an electron D to electron A. According to Webb’s model,[128] the basic 

structural units for the active two-photon chromophores are : (i) strong electron-rich unit (D) or 

strong electron-withdrawing component (A) at one end; (ii) -conjugated bridge and (iii) another 

D or another A at opposite end (Fig. 1.17). 

 

Figure 1.17: Basic structural units of TPA molecules in Webb’s model.     

-conjugated molecules with considerable alterations of quadrupole moment upon 

optical excitation are beneficial to obtain large σ2(λ). The main strategic design for the TPA 

compounds having large σ2(λ), was proven using the idea of symmetric CT from the terminals 

of a conjugated system to the centre, or vice versa. The molecules exhibiting a combination of 

high ΦFL and large σ2(λ) values have been developed for providing extraordinary brightness in 

TPL imaging. Elongated π-conjugating structures such as conjugated polymers[115] are 

interesting compounds to study as TPA materials as they can stimulate strong optical 

nonlinearities. However, when compared to dendritic and linear molecules, the polymers 

having hyperbranched structures[129] display supremacy for the simple one-pot synthetic access 

https://en.wikipedia.org/wiki/Quantum_chemistry
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and the processability into large scale devices. Moreover, hyperbranched polymers display 

some exceptional secondary properties, such as disordered intra- and inter-molecular CT 

processes, low viscosity and high solubility, which are beneficial in designing TPA materials, 

organic light-emitting diodes and organic solar cells applications.[130]  

For example, red laser dye 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4 

H-pyran (DCM) is a D––A type molecule, which exhibits FL through ICT mechanism (Fig. 

1.18 A).[131,132] DCM dye self-assembled into micro-spheres with the size ranging from 2 to 11 

μm in acetonitrile (Fig. 1.18 B). The FL and TPL spectra collected from a bunch of spheres 

exhibited no WGMs (Fig. 1.18 C). It was ascribed to averaging over single micro-spheres 

spectra with modes at various frequencies. However, a similar experiment of single micro-

resonators of the diameter of 9 μm, revealed WGM in the TPL spectrum when the excitation 

and collection points were at the periphery of the spherical structures, but no WGMs were 

observed at the centre (Figure. 1.18 D). The WGM spectrum also revealed the TE- and TM-

polarized modes. The 𝑄-factors of micro-spheres are in the range of several hundred, example, 

𝑄~200 for the micro-resonator with a size of 9 μm.  

 

Figure 1.18: A) Structure of DCM dye. B) FESEM image of the self-assembled DCM dye into micro-

spheres. C) One and TPL spectra of micro-spheres. D) WGMs in the TPL spectrum of micro-sphere 

diameter 9 μm.[133]  
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Furthermore, -conjugation length[134] of the organic moieties has a great effect on the 

magnitude of (χ3) whose imaginary part is accountable for TPA. As molecules contain high ΦFL 

and large σ2(λ) values, TPA has significant benefits over conventional OPA. This leads to a lot 

of applications in material science, microfabrication,[135] TPL imaging,[136-138] photonics (optical 

power limiting,[139]  up-converted lasing), medicine (photodynamic therapy,[140] photoactivation 

and drug delivery) and three-dimensional optical memory.[141]   

1.3. Self-assembly:   

 The controlled synthesis of micro and nanostructures from organic molecules and 

polymer macromolecules is a quite challenging task. In the contemporary research, functional 

organic molecular and polymer systems with distinct morphologies and structures obtained 

through self-assembly, have gained significant importance owing to their potential applications 

in different fields such as molecular electronics, catalysis, photovoltaics, [142] light-emitting 

diodes,[143] NLO,[144] photonic bandgap materials,[145] sensors[146] and optical micro-

resonators.[147] Self-assembly is one of the bottom-up approaches for the synthesis of well-

organized structures from the disordered precursor molecules. Self-assembly is a spontaneous 

process forming well-defined structures via non-covalent interactions at suitable temperatures 

and appropriate solvents. The non-bonding interactions such as electrostatic,[148] π-π 

stacking,[149] van der Waals interactions,[150]  hydrophobic,[151] halogen bonding[152] and hydrogen 

bonding[153]  strongly influence the ultimate morphology in the self-assembly process. Along 

with these interactions, liquid-solid or liquid-liquid interfaces and chemical reactions between 

the particles can also affect the formation of ordered molecular aggregates. [154,155]   

Mainly ICT compounds can be organized into relatively discrete solid superstructures 

governed by supramolecular interactions, namely symmetric dipole and asymmetric dipole 

interactions and axial interactions.[156] These supramolecular interactions are the driving force 

for the self-organization of molecular assemblies with various links showing noticeably diverse 

self-assembly behaviour. Employing solvent-vapour techniques[157] and phase transfer 

methodologies, these molecular assemblies can be organized into numerous structures such 

as hallow nano-spheres, micro-ribbon like structures, micro-rhombic architecture.[157,158] The 

most important aspects like the concentration of precursor sample, growth period, temperature 

and other operating factors considerably affect the shape or structure of the molecular 

aggregates by controlling the nucleation rate, nucleation sites and crystal growth in different 

chemical environments owing to various interactions among them.[159] The structure of the 
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predecessor crystal seed influences the eventual morphology in self-assembly phenomenon. 

The other distinguishing property to almost all self-assembled structures is their 

thermodynamic equilibrium, which is attained by decreasing the Gibbs free energy (∆Go). It 

ensures the stable and defect-free self-assembled structures, compared to their single, 

unassembled moieties.  

 

Figure 1.19: A) Molecular structure of 1,5-diphenyl-1,4-pentadien-3-one (DPPDO). (B) Illustration of the 

formation mechanism of the self-assembled micro-rings driven by the interfacial tension of liquid 

droplets. By this means, typical products (wires, rings, tiles) could be obtained by controlling the solution 

concentration. (C-F) Optical microscopy images of wires, small/large rings and tiles obtained by using 

DPPDO solutions with different concentrations of 2 mmol L−1, 4 mmol L−1, 6 mmol L−1 and 10 mmol L−1. 

Scale bars are 25 μm. Insets: corresponding SEM images. Scale bars are 2 μm.[132]   

Zhao and his group have reported the different morphologies transformation of 1,5-

diphenyl-1,4-pentadien-3-one (DPPDO) during self-assembly (Fig. 1.19 A). Upon varying the 

concentration of 2 mmol L−1, 4 mmol L−1, 6 mmol L−1 and 10 mmol L−1, they observed micro-

wires, micro-rings (small/large) and micro-tiles, respectively (Fig. 1.19 C-F).[132] It would be 

possible to alter the shape and size of the assembled aggregates by merely tuning the factors 

mentioned above. Micro-spheres (capillary interaction is the driving force which arises from the 

deformation of the surface of liquid),  nano-wires, nano-fibers, and nano-rods (the highest 

surface energy existing among all of the facets of the 1D aggregate, resulting in the rod-like 

geometry)[160] are the commonly formed geometries among the self-assembled structures. A 

few -conjugated organic molecules can self-assemble into well-ordered structures like nano-

https://en.wikipedia.org/wiki/Gibbs_free_energy
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wires and nano-disks, which may serve as optical micro-resonators to subsidize feedback and 

mode selection for the stimulated emission.[161] Usually, the unidirectional intermolecular force 

would turn the molecules to assemble in to1D geometries like micro-rods, micro-wires, which 

can be used as F-P[25] type micro-resonators. It would be possible also to fabricate WGM[162] 

micro-rings by joining the ends of the flexible 1D structure. Furthermore, two types of 

equivalent intermolecular forces along various directions would induce 2D molecular 

assembling to form micro-disks, which support WGM resonance.  

1.4. Aggregation of conjugated polymers:  

The energetically suitable interactions among many closely spaced conjugated 

polymers (CPs) chains increase the chromophore density and lead to the creation of 

aggregates. These aggregates may be H- or J-types (H- and J-stands for hypsochromic and 

Jelley), excimers, or exciplexes.[163-165] Besides the aggregates mentioned above, 

conformational irregularity initiated upon chain folding (e.g. bending/entanglement of the 

polymer backbone) lead to the disruption of polymer main chain п-conjugation. Aggregate type 

produces alterations in the optical emission characteristics of CP in contrast to polymer in a 

suitable solvent. Both types can be distinguished by comparing their spectral shifts (that 

emerge from the alignment of coupled transition dipoles), and FL lifetimes (FL). Whereas  

 

Figure 1.20: Schematic representation of the relationship between chromophore arrangement and 

spectral shift based on the molecular exciton theory. 
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directional dependence of transition dipole is understood in the Frenkel model, recent studies 

on these aggregates favour to discourse direction dependence arising from the structural 

arrangement of the interacting chromophores, identified as the “slippage angle (α).” α is 

defined as the angle between the molecular long axis and the line joining the centres of the 

chromophores. When α < 54.7°, the transition dipoles are oriented in a head-to-tail manner, 

that results in J-type aggregation. However, when α > 54.7° the transition dipoles are in head-

to-head alignment, generating H-type and in aggregates (Fig. 1.20).[166] In H-type aggregates, 

the electronic absorption and emission spectra moved to lower wavelength (blue-shifted or 

hypsochromic shift) with the spectral broadening. Their FL are also either comparable to or 

higher than the monomer.[167-169] Whereas, in J-type bathochromic shift, with a reduction of the 

FL bandwidth, a surge in ΦFL, and a considerable decrease in FL are observed in comparison 

to monomer.  

The energies of the H- and J-type aggregates shift with the formation exciton amongst 

the aggregated molecules. This leads to Davydov splitting (high and low energy states) in 

aggregates comparative to the degenerate monomers. As a result, the transition dipole 

moment for the lower and higher energy levels in each aggregate type governs whether the 

transition is allowed or forbidden. The vector sum of transition dipole moment is non zero for 

allowed transition (i.e. face-to-face for H and head-to-tail for J) and zero for forbidden transition 

in both aggregates developing dark exciton states.[170,171] Transitions to lower and higher 

energy state are allowed for J- and H-type, respectively. The electronic coupling of 

chromophores and aggregation of CPs play an important role in the interpretation of absorption 

and spectra. Spano et al. have proposed a theoretical model to understand the coupling 

mechanisms in single molecules in the solution state.[172] Figure 1.21 A illustrates three 

different types of aggregates: H-type, J-type, and the non-advent of coherent coupling in CP 

aggregates, and the anticipated role of alkyl side chains. The following hypothesis can be 

stated if one assumes dissimilar morphologies at the nanoscale level to be accountable for H-

type and J-type aggregates. For significant J-type aggregation to occur, high ordering in 

intrachain should be there to arrange the transition dipole moments (TDMs) of adjacent 

repeating monomers in a head-to-tail manner, as illustrated in the middle and left section of 

Fig. 1.21 A. Moreover, a high-level interchain ordering among adjacent chains is critical for H-

type aggregation to takes place, as described in Fig. 1.21 A left side. Hence, interchanging 

between these two types of aggregations becomes possible if morphology is directed by 

changing the molecular structure of the side chain of CPs.  
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Figure 1.21: Transition between different types of electronic coupling. A) Mechanisms of H-type and J-

type coupling and the suppression of interactions and their expected relationship with aggregate 

morphology. B) Switching between H-type and J-type coupling by drying (green box) and swelling (blue 

box) the aggregate embedded inside a polymer matrix by solvent vapour annealing. C) Structures of 

samples used to tune between H-type (PPEB-1), J-type (PPEB-2), and suppressed coupling (PPEB-3) 

by changing the side chains.[173] 

Jan Vogelsang group have tested the above postulate by interchanging transition 

between J-type and H-type coupling in luminescent CP polymer aggregates embedded in non-

luminescent PMMA matrix by solvent vapour annealing (SVA) Fig. 1.21 B.[173] They have fine-

tuned the SVA method to partly swell the polymer aggregates preventing the collapse of 
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aggregate into single CP chains. Swelling terminates the interchain H-type aggregation. 

Eventually, it was confirmed that by varying the morphology of the side chains of poly(para-

phenylene-ethynylenebutadiynylene) (PPEB) having hexyloxy group (PPEB-1), 2-ethylhexyloxy 

group (PPEB-2) and cholestenol substituted benzyloxy group (PPEB-3) as depicted in Fig. 

1.21 C, the transition between H-coupling (PPEB-1), J-coupling (PPEB-2), and annihilated 

coupling (PPEB-3) can be studied. The J-type is recognized by a decrease in 𝐹𝐿, narrowing of  

red-shifted FL band, increased vibronic peak ratio 0-0 to 0-1 in FL spectrum. On the other 

hand, broadening of hypsochromic shifted FL with a decline in 0-0 to 0-1 peak ratio in FL 

spectrum and increased 𝐹𝐿 is observed in H-type aggregates. Figure 1.22 A depicts transient 

FL decay of a dry aggregate (H-aggregate) as a broad red band and is associated with a 

swollen aggregate (J-aggregate) as narrowing orange curve. Both H- and J-aggregates FL 

decay accompany a mono exponential decay with 𝐹𝐿 of 3.51 and 0.47 ns, respectively (Fig. 

1.22 B). It is interpreted that high level of ordering i.e., inter and intrachain order, along with the 

improved lifetimes, will assist energy transfer in neighbouring polymeric chains in H-coupling. 

Contrary to J-aggregates, mainly energy transfer and interaction takes place in the same 

polymeric chain. The transition from H-aggregation to J-aggregation in chiral polymers will be 

discussed in Chapter-5 of the thesis.  

 

Figure 1.22: Normalized FL spectra and transient FL decays of a single aggregate in a dry (red) and 

swollen state (orange). The FL decays are fitted by a single exponential function with an offset to extract 

the FL lifetime. [173] 
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1.5. Carbon dots (CDs):  

CDs are a novel type of carbon-based nano-materials with discrete quasi-spherical 

nano-particles whose dimensions lower than 10 nm.[174-178] CDs were by chance found in the 

electrophoretic purification of single-wall carbon nanotubes (SWCNTs) by Xu et al., in 2004.[179] 

CDs have gained importance in recent years, due to their small size, superior PL properties 

and availability of economical starting materials. CDs are known as fluorescent carbon due to 

their strong FL. The as-prepared CDs display quantum effects with a diameter < 10 nm, which 

is the size-dependent optical properties  

Interestingly, CDs display intriguing features such as versatile surface chemistry, high 

optical absorptivity, water-solubility, low-toxicity, good chemical stability, biocompatibility and 

resistance to photobleaching.[180] Specifically, along with down-converted FL, CDs exhibits 

outstanding up-converted FL (UCFL), which facilitates the design of high-performance CDs for 

effective utilization of the full spectrum of 

sunlight.[181,182] Depending on the synthetic 

methods and dopant elements, the 

structure of CDs varies. In contrast to 

nano-diamonds, CDs have more sp2 

character, which indicates the graphitic 

nature of CDs. Transmission electron 

microscopy (TEM) is used to investigate 

the size, micro-structure and morphology 

of the N-doped CDs. TEM images showed 

that the N-doped CDs have a nearly 

spherical shape with a narrow size 

distribution with an average size of ≈ 5 nm 

(Fig. 1.23 A). High Resolution -TEM 

images clearly showed the details of the 

structure and the atomic lattice fringes 

(Fig. 1.23 B, C and D). As shown in Fig. 

1.23 C and D, the interatomic lattice spacing ≈ 0.178 and 0.238 nm of N-CDs are close to the 

(004) interlayer spacing and (100) in-plane lattice spacing of graphite,[184,185] respectively 

demonstrating their crystalline nature and graphite-like structure.     

 

Figure 1.23: A) Low-resolution (LR)-TEM image of N-

doped CDs. The inset shows the particle size 

distribution histogram and B, C and D) High-

resolution (HR)-TEM images of the as-synthesized N-

doped CDs.
[183]
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1.5.1. Optical properties of CDs: 

  One of the interesting characteristics of the FL of CDs is the dependency of the 

emission on the excitation wavelength. Here the supposition is that core states (sp2- hybridized 

graphene flakes or carbon nano-domains) are the basis for the absorption property and a 

variation of surface states (are oxygen (O)-, nitrogen (N)-, or sulfur (S)- containing functional 

groups and defects in the amorphous matrix) are responsible for the excitation wavelength-

dependent emission.[176] Both surface states and particles of different sizes influence the 

excited states of CDs in excitation wavelength-dependent FL.[174-178] One more objective for the 

excitation-dependent FL is the nature of the surface of the CDs. The existence of different 

functional groups such as -OH, -NH2, sulfates, epoxy, ether, carbonyl, and -COOH on the 

surface of the CDs may create a series of emissive traps. Upon excitation of CDs at a particular 

wavelength, a particular surface energy trap governs the FL. If there is a change in the 

excitation wavelength, another equivalent surface emissive traps turn into dominant. Sun et al., 

have reported multicolor broad FL extending the whole visible region, upon excitation of CDs 

solution with suitable wavelength.[186] They have described that the multicolor FL is due to 

photo selection of luminescence centres of definite energy levels by the selected excitation 

wavelength. By using different excitation wavelengths, different fractions of CDs will show the 

emission of different colors.  

Remarkably, some of the CDs show excitation wavelength-independent 

emissions.[187,188] Yin and his coworkers[189] have assumed that surface groups provide different 

vibration relaxation for their excitation independent emission.[190-192] Although they observed 

excitation wavelength-dependent emission from raw CDs, the two fractions obtained from size-

exclusion chromatography (SEC) gave their excitation independent emission (Fig. 1.24). 

However, the different π-conjugation systems and structure of CDs directed the photon 

absorption, various functional groups located at the surface provided different vibration 

relaxation for their excitation independent emission. The surface self-trapping for vibration 

relaxation caused their large Stokes shift. Because of extraordinary chemical stability, 

biocompatibility, excellent optical absorptivity, CDs have been extensively used in various 

fields. The FL CDs are alternate to regular fluorescent materials as they display efficient FL 

properties, good solubility and biocompatibility. Compared to SQDs and fluorescent organic 

dyes, luminescent CDs are better in terms of easy functionalization, chemical inertness and 

high resistance to photobleaching and low toxicity. There have been many applications of CDs 

such as bio-imaging, optoelectronics, sensors, surface-enhanced Raman scattering (SERS), 
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Figure 1.24: A) The synthesis of the raw-CDs from citric acid and ethylenediamine and separation with 

SEC to isolate blue and green CDs. The UV-Vis and excitation wavelength, independent FL spectra of 

(B) Blue-CDs and (C) Green-CDs. Inset: photographs of Blue-CDs (left) and Green-CDs (right) solutions 

under the excitation with UV light.[189]   

photocatalysis, biological labelling, drug delivery, medical diagnosis, and photovoltaic 

devices.[193-200] Successfully, the excitation-dependent FL phenomenon is advantageous in 

multicolour imaging applications. There have been no reports on the CDs doped polymer to 

date. In this thesis, CDs doped PS matrix has been used for micro-resonator application and it 

will be discussed in detail in Chapter-4 of the thesis.  

1.6. Overview of thesis:    

This interdisciplinary thesis summarizes several important findings in one of the 

emerging sub-fields of organic/polymer nanophotonics, namely, optical micro-resonators. The 

main objective of the thesis is to fabricate self-assembled micro-structures from 

organic/polymer molecules to be used as linear and NLO micro-resonators, which are 
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operating in different regions of the EM spectrum. Realizing the objective necessitated a 

multidisciplinary approach at the interface between chemistry and physics. The general 

approach followed in this thesis is presented in Scheme 1.1. 

Flexible micro-resonators emitting 

in the Vis-NIR range are one of the 

important criteria for photonic device 

applications. Though a large number of 

reported organic fluorophores emit FL in 

the Vis region, those emitting NIR in the 

solid-state is still less common. 

Generally, substituted chalcones 

derivatives belonging to the class of 

push-pull molecules, which display 

strongly stokes-shifted FL in the Vis 

region. Thus, in this thesis work, it was 

envisioned that boron-complexes of 

chalcones would increase the push-pull character of the molecule, thereby decreasing the 

HOMO-LUMO gap, and might impart NIR emission. Therefore, novel -conjugated chalcone 

type D-A molecule and its boron complex, namely, (2E,4E)-1-(2-hydroxyphenyl)-5-(pyren-1-

yl)penta-2,4dien-1-one (HPPD) and 2,2-difluoro-4-((1E,3E)-4-(pyren-1-yl)buta-1,3-dienyl)-2H-

benzo[d][1,3,2]dioxaborinin-3-ium-2-uide (HPPD-BF) are synthesized. A single crystal x-ray 

structure of HPPD is obtained to examine the intermolecular forces involved in the aggregation 

of molecules. The optical properties of these molecules are thoroughly investigated both in 

solution and solid states to investigate their NIR emission characteristics. To investigate their 

photonic attributes, HPPD and HPPD-BF are used to fabricate Vis and NIR emitting flexible 

micro-ribbons and rigid micro-rods, respectively through solvent-assisted self-assembly 

technique. Single-particle micro-FL spectroscopy studies reveal that micro-ribbons and micro-

rods act as the F-P resonators.  

There are various fluorescent organic compounds reported to enhance FL intensity by 

various mechanisms. For example, CDs are well-known for their high quantum yield and their 

cost-effective synthesis. However, the drawback of as-prepared CDs is that they undergo aerial 

oxidation which leads to quenching of FL. To overcome this problem, the polymer coating of 

CDs by doping with polymer matrices like PMMA, PS and PVA is an effective solution. Further, 

 

Scheme 1.1:  Multi-disciplinary approach of thesis. 
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polymer-stabilized CDs can be self-assembled into micro-resonators to protect CDs from 

degradation, additionally, to enhance CDs FL. Therefore, in this thesis, novel nitrogen-rich 

luminescent crystalline CDs are prepared from pyridine diamine (PDA) by solvothermal 

method. Taking advantage of the optical transparency of PS, the CDs are doped in the PS 

matrix to prepare PS-CDs composite micro-resonators. Single-particle micro-FL experiment 

unveiled the WGM radiation from the micro-spheres with a high 𝑄-value up to ≈ 2×103. 

Excitation of a thin film of PS-CDS with 800 nm fs pulse laser shows the TPL band with a 

second-order increase of the signal intensity as a function of pump fluence. These PS-CDs 

micro-spheres exhibit about 40 times enhancement in one photon luminescence (OPL) 

compare to their corresponding PS-CDs homogeneous films.  

The optical bandgap is tuned to fall in the Vis region using numerous approaches 

including the variation of polarity, substitution position on the conjugated polymer backbone, 

conjugation length control, copolymerization with dyes, crystal polymorphism, crystalline-

amorphous phase changes, host-guest interactions, particle size effects, π-conjugation length 

and CT complex formation. However, tuning the bandwidth from Vis to NIR is still challenging 

in non-conjugated polymers. One of the robust approaches to realize the bandgap shift is to 

design polymers with D and use them to make CT complexes with various small organic A 

molecules so that the colour tuning is possible. In this thesis, it was envisioned to prepare high-

Q micro-resonators from cross-linked polymer (PN) micro-particles using styrene, 

divinylbenzene and blue-emitting 1-(4-vinylphenyl)-pyrene monomers. As expected, 

incorporation of TCNQ and TCNB shifts the emission colour of PN-TCNB and PN-TCNQ 

micro-resonators from blue to orange and red, respectively. Due to CT nature, these micro-

resonators also emit TPL from Vis to NIR. Moreover, the trapped light increases the light-

matter interaction in micro-resonators and therefore enhances the FL intensity, as well as the 

TPL intensity. 

One of the major challenging tasks in chiral-optics or photonics is the enhancement of 

the chiro-optical signal, for instance, circular dichroism (CD) signal of chiral molecules and 

chiral -conjugated polymers. Nevertheless, the enhancement of CD responses in the naturally 

weak NLO signals is an important task. As a result, until now, the majority of the experiments 

on chiro-optical effects from chiral molecular/polymer materials were carried out only in the 

linear optical regime as NLO signals are also usually very weak. Although no theoretical basis 

relating the chiro-optical effect and optical resonators are available, in this thesis, the study of 
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NLO-WGM micro-resonator on the CD intensity is intended. The hypothesis for the intention 

was the light confinement will allow the increase of NLO conversion efficiency of the molecules, 

eventually enhancing the CD effects. Therefore, two chiral, conjugated copolymers, R- and S-

BP are synthesized by copolymerizing of R- and S-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthyl 

(R- and S-BINOL derivatives) with 1,4-diethynyl-2,5-bis(octyloxy)benzene by Sonogashira 

coupling reactions. These R- and S-BP self-assemble into micro-spherical structures exhibiting 

WGM resonances in the one and TPL (500-720 nm) with a 𝑄 of up to ~700. Unexpectedly, at 

high laser power (10 mW), the TPL spectral features of micro-spheres changed significantly, 

hinting the alteration in the polymer main and side-chain packing. Similar spectroscopic 

changes were observed for micro-spheres heated thermally or with high power continuous-

wave laser confirming the laser-triggered heat. FLIM studies down to a single micro-sphere 

level unambiguously confirm the transformation of polymer packing from a homogeneous J 

type to a heterogeneous mixture of J, H and H-like types. Additionally, due to their chiral 

nature, the TPL signals of the enantiomeric polymers also display a CD effect of about 6% with 

opposite signs. This original work demonstrates the tremendous potential of laser-driven 

shifting of electronic coupling tunability of conjugated polymers useful for many applications. 



*This chapter is adapted from:  V. Radhika, D. Venkatakrishnarao, 

and R. Chandrasekar* 

Chem.Phys.Chem. 2016, 17, 3435-3441. 
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2.1. Abstract: 

This chapter presents the syntheses and self-assembly of chalcone type dye 

molecule, (2E,4E)-1-(2-hydroxyphenyl)-5-(pyren-1-yl)penta-2,4dien-1-one (HPPD) and its 

boron complex, namely, 2,2-difluoro-4-((1E,3E)-4-(pyren-1-yl)buta-1,3-dienyl)-2H-

benzo[d][1,3,2]dioxaborinin-3-ium-2-uide (HPPD-BF) for Vis/NIR range photonic resonator 

applications.  The single-crystal X-ray structure of HPPD and its solid-state optical studies 

point towards J-type molecular aggregation. The structure-property relationship studies 

using single-particle micro-spectroscopy disclose the occurrence of F-P optical resonance 

from the flexible micro-ribbons and rigid micro-rods. The concentration of the optical field is 

mainly along the lateral walls of micro-resonator. 

2.2. Introduction: 

              Self-assembly is a simple and inexpensive method to obtain photonic organic 

particles with different geometries such as rods,[201,25] tubes,[202-204] spheres,[61,71] rings,[205] 

hemispheres[51,95,206] and fibers.[207] Moreover, the geometry of organic particles plays an 

important role in realizing numerous photonic materials, waveguides,[202,204,208-210] 

modulators,[201] resonators,[71,203,206,207] lasers[25,51,61,95] and circuits.[110,207] Self-assembled 

organic structures are evolving as promising materials that improve our fundamental 

understanding of light-matter interactions and facilitate miniaturized device 

applications.[25,201-204,208-212] Even though numerous reports on self-assembled organic 

molecules, only a few studies have revealed single-particle-level light-matter interaction 

properties. FL organic molecules with supramolecular interactions (van der Waals, 

hydrogen bond, - interactions, etc.) act as key building blocks for the creation of shape-

defined organic assemblies by solution processing techniques. To our knowledge, till now 

there have been no reports on elongated flexible micro-ribbons with F-P resonator 

characteristics.      

             To fabricate self-assembled photonic particles/structures with an easily tunable 

bandwidth and high ΦFL, organic D and A type FL molecular systems are the best 

candidates. Chalcone type D-A push-pull dye molecules with - stacking units are helpful 

to attain supramolecular interactions through long-range ordering in the solid-state. The 

boron complexes of chalcone derivatives, due to their improved push-pull character, should 

exhibit larger Stokes shift, reduced optical band gap and solution-/solid-state emission in 

the NIR range.[213] Therefore, this chapter describes the syntheses, crystal structure, and 

optical properties of a new chalcone type molecule, namely HPPD and its boron complex 
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HPPD-BF (Scheme 2.1). Further, self-assembly of HPPD and HPPD-BF into flexible micro-

ribbons and rigid micro-rods, respectively, via slow solvent evaporation method is 

described. Finally, single-particle micro-FL spectroscopy studies of micro-structures 

supporting F-P optical modes in the Vis/NIR region of the EM spectrum are presented.   

2.3. Results and Discussion: 

2.3.1. Syntheses: 

 

Scheme 2.1: Syntheses of push-pull type HPPD and its BF2 (HPPD-BF) complex.  

Synthesis of (E)-3-(Pyren-1-yl)acryl aldehyde:  

This compound was synthesized according to the literature procedure.[214] 1-

Bromopyrene (0.117 g, 0.5 mmol), tetrabutylammonium acetate (0.302 g, 1.0 mmol), K2CO3 

(0.104 g, 0.75 mmol), KCl (0.037 g, 0.5 mmol) and Pd(OAc)2 (0.003 g, 0.015 mmol) were 

taken in a clean and dry 100 mL two neck round bottom flask. The flask was put under a 

freeze-pump-thaw cycle three times. To this, acrolein diethyl acetal (0.229 mL, 1.5 mmol) 

and dry DMF of 2.0 mL were added. The resultant solution was heated to reflux at 90 °C for 
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1.5 h. It was then cooled to rt and 2N HCl was slowly added to it and left for stirring for an 

additional 10 min. Then, the mixture was diluted with Et2O, followed by washing with H2O. 

The solution was dried over anhydrous Na2SO4 and evaporated in vacuo. The obtained 

crude compound was further purified by chromatography (silica gel) with n-hexane/ethyl 

acetate 90:10 as eluent to give 0.071 g (88% yield) of (E)-3-(Pyren-1-yl)acryl aldehyde. 1H-

NMR (400 MHz, CDCl3, 298 K) δ/ppm: 9.94-9.93 (d, 1H), 8.66-8.62 (d, 1H), 8.50-8.48 (d, 

1H), 8.18-8.33 (m, 6H), 8.1-8.05 (m, 2H), 7.00-7.06 (dd, 1H). 

Synthesis of (2E,4E)-1-(2-hydroxyphenyl)-5-(pyren-1-yl)penta-2,4dien-1-one (HPPD): 

 A mixture of (E)-3-(Pyren-1-yl)acryl aldehyde (188 mg, 0.73 mmol) and 2-

hydroxyacetophenone (2-HAP) (100 mg, 0.73 mmol) were placed in a clean and dry 100 

mL two neck round bottom flask containing a solution of EtOH/MeOH. Then NaOH solution 

(73 mg, 1.8 mmol) in H2O (1 mL) was added to the reaction mixture. The reaction was 

continued with stirring for 16 h at 60 °C. After cooling to rt, the mixture was neutralized with 

1N HCl and extracted with EtOAc. The organic fraction was treated over Na2SO4 and 

evaporated in vacuo. The resulting solid was purified by column chromatography on silica 

gel (EtOAc/hexane, 5:95) to get red color solid of HPPD. Yield: 150 mg (54%). 1H-NMR 

(400 MHz, DMSO-d6, 298 K) δ/ppm: 12.5 (s, 1H), 8.77-8.74 (d, 1H), 8.60-8.54 (t, 2H), 8.37-

8.35 (m, 4H), 8.25-8.24 (m,2H), 8.14-8.11 (t, 1H), 8.07-8.05 (d, 1H), 8.02-8.00 (t, 1H), 7.96 

(s, 1H), 7.68-7.64 (m, 1H), 7.60-7.57 (t, 1H), 7.04-7.02 (d, 1H). 13C-NMR (100 MHz, DMSO-

d6, 298 K) δ/ppm: 193, 163, 145, 139, 136, 132, 131, 130, 129.6, 129.3, 129, 128.8, 128.3, 

128.2, 127, 126, 125.8, 125.5, 124.9, 124.6, 124.5, 123.5, 123.3, 122, 119,118.6, 118.4. 

FTIR (KBr; 𝜗̅ cm-1): 1632, 1556, 1487, 1437, 1380, 1302, 1261, 1237, 1187, 1152, 1023, 

993, 837, 801, 747, 712. ESI-TOF MS (m/z): Calculated (M+K): 413.228, Found: 413.265. 

Elemental analysis (%)  C27H18O2: Calculated: C, 86.61; H, 4.85; Found: C, 86.52; H, 4.91. 

Synthesis of HPPD-BF: 

 HPPD (20 mg, 0.05 mmol) and BF3·Et2O (0.1 mL, 0.06 mmol) were taken in a clean 

and dry 100 mL two neck round bottom flask equipped with a magnetic pellet. To this, 

CH2Cl2 (10 mL) was added and the reaction mixture was heated to reflux at 60 °C for 2 h. 

After that, solvent was removed in vacuo followed by cooling to get the black color 

precipitate. The obtained precipitate was filtered off, washed with Et2O, and air dried at 

ambient temperature to get HPPD-BF as a black solid with 38% Yield (12 mg). 1H-NMR 

(400 MHz, DMSO-d6, 298 K) δ/ppm: 8.76-8.74 (d, 1H), 8.59-8.56 (m, 2H), 8.337- 8.35 (m, 

4H), 8.27-8.24. (m, 2H) 8.14-8.12 (d, 1H), 7.99-7.96 (dd, 1H), 7.67-7.64 (d, 1H), 7.63-7.60 
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(m, 1H), 7.58-7.56 (dd, 1H), 7.04-7.02 (d, 2H). 11B-NMR (160 MHz, DMSO-d6, 298 K) 

δ/ppm: -0.54. 19F-NMR (470 MHz, DMSO-d6, 298 K) δ/ppm: -148.07, -148.12 ppm; FTIR 

(KBr; 𝜗̅ cm-1): 1630, 1618, 1588, 1555, 1472, 1404, 1286, 1188, 1123, 1072, 982, 844, 758, 

638, 610. Elemental analysis (%) C27H17BF2O2: Calculated: C, 76.80; H, 4.06; Found: C, 

76.69; H, 4.12. 

 

Figure 2.1: 1H-NMR (400 MHz) spectra of HPPD and HPPD-BF in DMSO-d6.  

The D-A unit HPPD and its boron complex were prepared in four steps (Scheme 

2.1). First, pyrene was converted into 1-Bromopyrene  by using N-bromosuccinimide (NBS) 

and 1-Bromopyrene was transformed into the corresponding pyreneacryl aldehyde. 

Subsequently, pyreneacryl aldehyde was condensed with 2-hydroxyacetophenone through 

Claisen–Schmidt reaction to obtain the red HPPD dye in 54% yield (Scheme 2.1). The 1H- 

and 13C-NMR spectra (in CDCl3) exhibited chemical shift (δ) values of 12.09 ppm for the -

OH proton, and 193.5 ppm for the carbonyl carbon, respectively. The downfield shifted -OH 

peak is indicative of the intramolecular hydrogen bond in the solution state. Furthermore, 
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ESI-TOF-MS analysis clearly confirmed the formation of HPPD molecule (m/z 413.228 

[M+K]).  

In order to reduce the HOMO-LUMO gap, HPPD-BF was synthesized as a black 

solid from the HPPD ligand by using BF3·Et2O in dichloromethane (DCM). In the 1H-NMR 

spectrum (in DMSO-d6) of HPPD, the -OH proton peak appeared at 12.54 ppm, and after 

the addition of BF3.Et2O, the proton of -OH is replaced by boron atom.[213] Therefore, the 

peak at 12.54 ppm completely disappeared in HPPD-BF 1H-NMR spectrum (Fig. 2.1). In 

HPPD-BF, the 11B-NMR spectrum the peak at 0 ppm corresponds to the BF3.Et2O standard, 

whereas the peak at -0.54 ppm corresponds to the boron atom of HPPD-BF (Fig. 2.2). 

Even though the boron is supposed to exhibit triplet, it displayed singlet (single peak) in the 

spectrum, which is comparable with reported literature. [215]  This is due to rapid relaxation of 

11B-nucleus, which hinders the observation of 11B coupling constant (J) of other nuclei like 

H, O and F. Due to more sensitivity and better resolution at external magnetic field, broad 

signal (background signal) in the spectrum originated from NMR tube between 30 and -30 

ppm, stated as a boron hump. 19F-NMR spectrum of HPPD-BF displayed two peaks at -

148.07 and -148.12 ppm (Fig. 2.2). Though F-atom is assumed to exhibit 4 peaks; it 

displayed two sharp peaks (high sensitivity of F), which is consistent with reported 

literature.[216]    

 

Figure 2.2: 11B-NMR (160 MHz) and 19F-NMR (470 MHz) spectra of HPPD-BF in DMSO-d6.. 



  

 

47 

 

2.3.2. FTIR and Raman spectroscopic studies: 

In the FTIR spectra, the -OH and >C=O stretching frequencies of HPPD appeared at 

3450 cm-1 (broad) and 1630 cm-1 (sharp), respectively. In comparison to HPPD, the FTIR 

spectrum of HPPD-BF displayed a reduction of the >C=O stretching band (1630 cm-1) 

intensity, which signifies the formation of a B-O bond. Here, it is expected that in HPPD-BF, 

the reduced >C=O dipolar character due to the donation of lone pair of electrons to the B-

atom. Additionally, HPPD-BF exhibited a sharp peak at 609 cm-1 correspondings to the B-F 

deformation and the peak at 1406 cm-1associated to B-O stretching frequency (Fig. 2.3 

A).[217] The Raman spectrum (He-Ne: 785 laser) of HPPD exhibited two intense peaks at 

1063 and 1244 cm-1 (Fig. 2.3 B) in addition to other low-intensity bands. As the solid-state 

absorption band covered the entire visible region up to 800 nm and highly fluorescent even 

in the NIR region excitation, Raman spectrum could not be recorded in HPPD-BF complex. 

 

Figure 2.3: A) FTIR spectra of HPPD and HPPD-BF. B) Comparison of Raman and FTIR spectra of 

HPPD. 

2.3.3. Optical properties of HPPD and HPPD-BF: 

The optical absorption and emission properties of HPPD and HPPD-BF in DMF and 

spin-coated solid-state films are presented in Fig. 2.4 and Table 2.1. In DMF solution (c ≈ 

1.0 × 10−5 M), HPPD exhibited multiple absorbance maxima at 276/326/432 nm (Fig. 2.4 

C). For the interpretation of these peaks, it is essential to understand the structure of HPPD. 

The molecular structure of HPPD consists of an electron-withdrawing 2-HAP type unit 

coupled to a pyrene entity through a 1,3-butadiene -conjugated coupler. Intramolecular 

hydrogen bond also assists in enhancing the -conjugation of the aromatic -systems by 

restricting the rotation of the C21 and C22 bond, forming a planar structure (see Fig. 2.7 A). 

Moreover, pyrene acts as either A or D depending upon the substituents.[218] The high 
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intensity broad band appeared at 432 nm (with a shoulder at 402 nm)  in the absorbance 

spectrum of HPPD suggests towards its origin as a result of ICT. The FL band (λex = 432 

nm) of HPPD showed a broad emission with a peak maximum located at 607 nm with a 

Stokes shift of 172 nm (Fig. 2.4 C).  

 

Figure 2.4: A and B) Photographs of the HPPD and HPPD-BF in solution and solid-state at ambient 

temperature and under UV light irradiation. C and D) Solution (in DMF, black lines) and solid-state 

(red lines) absorbance and FL spectra of HPPD and HPPD-BF complex, respectively.  

Further, solvents of different polarities from nonpolar to polar aprotic [hexane, diethyl 

ether, THF, ethyl acetate, acetone, acetonitrile] were used to investigate the solvatochromic 

effects in the electronic spectra (Fig. 2.5). Though the absorption band moved a little to the 

low energy side, the emission band displayed a strong redshift (ca. 100 nm) upon varying 

the solvent from hexane to acetonitrile indicating the existence of the ICT process in HPPD. 

In contrast to solution-state, the HPPD in solid-state exhibited absorbance maximum 

centered at 442 nm and emission at 712 nm with a large Stokes shift of 270 nm. Because of 

very weak electronic coupling between the molecules, from the spectral data, it was not 

possible to recognize the typical J-band anticipated from the solid-state packing of HPPD.  

Moreover, the solution state absorbance spectrum of HPPD-BF showed pyrene 

spectral features (242, 278, 349 nm) and two new broadbands in the visible region, one at 

421 nm, followed by a second band at 556 nm. Further, HPPD-BF displayed FL maximum 
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at 672 nm with a Stokes shift of 122 nm (Fig. 2.4 D). The significant Stokes shift pointing 

out the strong dipolar character of the BF2-complex. Compared to the solution-state, solid-

state HPPD-BF showed a bathochromic shift in absorbance and emission spectra. The later 

 spectral band appeared in the range of ca. 620 to 950 nm, covering most of the NIR region 

indicating possible J-aggregated state.   

 

Figure 2.5: Absorbance and FL spectra of HPPD in different solvents.   

Table 2.1: UV-Visible absorbance and emission spectroscopy data of HPPD and HPPD-BF. 

Compound 
Solution-state (DMF) Solid-state 

Absorbance FL Absorbance FL 

HPPD 
432 nm, shoulder 

402 nm 
607 nm 442 nm 712 nm 

HPPD-BF 421 nm, 556 nm 672 nm 622 nm 743 nm 

2.3.3.1. FL lifetime studies: 

 

Figure 2.6: Steady-state lifetime measurements of HPPD A) and HPPD-BF B). 
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Both HPPD and HPPD-BF molecules in DMF exhibited monoexponential FL decay 

with lifetime (𝐹𝐿) of 0.97 and 1.97 ns, respectively (Fig. 2.6), which suggest the fast excited 

state dynamics of the HPPD molecule compared with that of HPPD-BF.[219,220]  

2.3.4. Self-assembly of HPPD and HPPD-BF:   

 

Figure 2.7: A) Confocal microscopic image of HPPD micro-ribbons. B) and C) FESEM image of 

flexible and straight micro-ribbons. D) Expanded view of the ribbon tip (shown in red box in C) 

displaying the presence of individual nanofibers along its growth axis. E) TEM image of a single 

crystalline micro-ribbon and F) its corresponding SAED pattern. G) AFM image of a single micro-

ribbon displaying its thickness (T) and width (W) profiles.  

The bottom-up self-assembly approach was followed to get micro-scale aggregates 

of HPPD and HPPD-BF. At first, 1 mg of HPPD was dissolved in a mixture of CHCl3/EtOH 

(2:1), followed by placing the solution at 0 oC for a day to obtain micro-crystals. Later, 2-3 

drops of solution from mother liquor (100 mL) having single crystals were drop casted on a 

clean glass cover-slip and the solvents were allowed to evaporate slowly. Investigation of 

the sample under a confocal optical microscope showed the presence of micro-ribbon type 

structures with linear and bent geometries, which specify their flexible nature (Fig. 2.7 A).  
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Moreover, FESEM analysis 

revealed the formation of flexible micro-

ribbons of variable lengths (L), widths 

(W), and thicknesses (T) (Fig. 2.7 B, 

C). A close examination of the ends of a 

single micro-ribbon revealed that every 

ribbon consists of several 

anisotropically stacked nanofibers (Fig. 

2.7 D). Further, TEM investigation of a 

selected micro-ribbon displayed a dark 

contrast due to its considerable 

thickness (Fig. 2.7 E). AFM topography 

images of a selected micro-ribbon 

showed T ~1.2 μm and W ~20 μm 

confirming the ribbon-like structure (Fig. 

2.7 G). The selected area electron 

diffraction (SAED) (Fig. 2.7 F) showed 

a clear, bright diffraction spot, indicating 

the single-crystalline nature of the 

micro-ribbonsTo unveil the photonic behavior of HPPD-BF, it was self-assembled (1 mg mL-

1) in CHCl3 by drop-casting the dispersion on a coverslip to generate micro-structures. 

Analysis of the micro-structures under FESEM revealed the rectangular feature of the 

micro-particles (micro-rods) (Fig. 2.8 A). Further energy dispersive X-ray (EDS) 

investigation performed on micro-rod, showed the presence of B, O, C, and F elements, 

which prove the chemical composition of the micro-rods (Fig. 2.8 B).  

2.3.5. Disassembly study of micro-ribbons:  

The formation of micro-ribbons are probably due to - stacking interactions (as 

shown by the single X-ray structure of HPPD; see Fig. 2.10 B) between adjacent molecules 

of pyrene units forming nano-fibers, which consequently aggregate  into flexible micro-

ribbon-like structures. To investigate the formation mechanism of micro-ribbons, they were 

slowly dissolved or disassembled and this process was followed by the confocal 

microscope as a function of time. In the dissolution process, the addition of a few drops of 

acetonitrile/EtOH or acetonitrile to micro-ribbons revealed the disassembly of the micro-

ribbons to produce numerous brush-like nano-fibers structures through intermediate 

 

Figure 2.8: A) FESEM image of a single 

crystalline HPPD-BF micro-rod and its EDS 

elemental map. B) EDS data exhibiting 

distribution of B, C, O, and F elements in the 

micro-rod.  
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structures. This mechanistic study revealed that the micro-ribbons are possibly 

superstructures that are formed due to several stacked nano-fibers (Fig. 2.9).  

 

Figure 2.9: Confocal optical microscopy images of disintegrating micro-ribbons (see label a) into 

nano-fibres (see label b). 

2.3.6. Crystal structure of HPPD: 

 

Figure 2.10: A) Single-crystal structure of HPPD. B) HPPD dimer displaying - stacking and 

intramolecular H-bond. C and D) Packing of - stacked molecules along the crystallographic c-axis.  

HPPD molecules formed single crystals in a mixture of C2H5OH/CHCl3 (1:2). 

Investigation of the single-crystal X-ray structure (monoclinic; P21/c; CCDC 1479670) (Fig. 
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2.10 A) showed the existence of supramolecular interactions required for the aggregation to 

occur. The solid-state packing of HPPD exhibited an intramolecular hydrogen bond 

interaction between the carbonyl oxygen and the hydroxyl group [O(1)···H (24) = 2.537 Ǻ] 

and intermolecular - stacking of pyrene units C(9)···C(18) ≈ 3.384 Å (Fig. 2.10 B). 

Moreover, the trans-configured 1,3-butadiene fragment connecting the pyrene donor and 

acceptor units retain the entire molecule in an in-plane configuration. The molecular packing 

specified a slipped ladder-type J-type aggregation of HPPD in solid-state (Fig. 2.10 C). The 

one dimensional (1D) - stacks are nearly 45o to the crystallographic b-axis and they 

propagate alongside the crystallographic c-axis. Unfortunately, attempts to acquire the 

crystal structure of HPPD-BF were not successful.   

 

Figure 2.11: A) Powder XRD data of micro-ribbons, powder HPPD, and calculated spectrum from 

the single-crystal data. B) Packing of HPPD molecules within the unit cell. C) Polarized optical 

microscopy images of HPPD micro-ribbons (white crossed arrow illustrate the crossed polarizers). 

Moreover, a comparison of the calculated powder XRD of micro-ribbons with its 

single-crystal XRD data revealed three intense as well as matching diffraction peaks at 2θ 

(hkl) values 10.04o (200), 12.16o (210), and 13.5o (020). The intensity of (200) peak in 

micro-ribbon was found to be higher than the calculated value. Further, the powder sample 

displayed approximately equivalent peak positions and intensities with the calculated data 

(Fig. 2.11 A). This outcome proves the presence of equivalent molecular packing both in 
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single crystals and micro-ribbons. The growth direction of the micro-ribbon is probably in the 

- stacking direction of pyrene units, which is the crystallographic c-axis (001 plane) (Fig. 

2.11 B). In order to check optical anisotropy and intrinsic molecular ordering in single-

crystalline micro-ribbon, the polarized optical microscopic study was carried out. In cross-

polarizer set-up, the micro-ribbons that are oriented 0o, 90o, 180o, 270o to the 

polarizer/analyzer appeared dark. Whereas, maximum brightness was observed when the 

micro-ribbons aligned almost 45o, 135o, 225o to the polarizer/analyzer suggesting the 

direction of the optical axis (a direction in which a ray of transmitted light suffers no 

birefringence) (Fig. 2.11 C). 

2.3.7. Single-particle micro-spectroscopy studies of HPPD:  

 

Figure 2.12: A) Bright-field and FL confocal optical micrographs of a single micro-ribbon. B) 

Excitation of a micro-ribbon tip with 488 nm Ar+ laser shows no light propagation along the fiber axis. 

C and D) Excitation along the corners shows light propagation in the transverse direction. The inset 

shows a cartoon depicting the F-P type resonator. 

To verify the resonator characteristics of the micro-ribbon single-particle micro-FL 

experiment was performed on a Laser Confocal Microscope (LCM) set-up. At first, the 

center of a single micro-ribbon (Fig. 2.12 A) was optically excited with a CW laser (488 Ar+, 

objective: 150x; NA: 0.95). Though this excitation produced red FL at the excitation point, 

no waveguiding of the FL was detected along the growth axis of the ribbon (Fig. 2.12 B). 

https://en.wikipedia.org/wiki/Ray_(optics)
https://en.wikipedia.org/wiki/Birefringence
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However, FL waveguiding was recorded in the lateral direction, indicating the effect of the 

optical anisotropy of the micro-crystalline ribbon (Fig. 2.12 C, D). Remarkably the 

corresponding single-particle spectrum (collected in a reflection mode) exhibited FL band 

together with series of wavelength-dependent intensity-modulated peaks. These intensity-

modulations indicate the resonator action of the single micro-ribbon. The separation 

between peaks FSR periodically increased towards the higher wavelength region (up to 850 

nm). This result shows the mirror-like reflection action of micro-ribbon surfaces, which allow 

multiple FL wave interferences.  

 

Figure 2.13: A) Single-particle FL spectra of three micro-ribbons of varying widths. B) A plot of FSR 

versus 1/W. C) A plot of 𝑄-factor versus W.  

To confirm the resonator type of micro-ribbons, the above experiments were carried 

out on several micro-ribbons with varying widths. Three different micro-ribbons and their 

FSR values are presented in Figure 2.13 A. When the W of the micro-ribbons decreased 

from 25, 15.6 to 7.2 µm, FSR values increased to 8.1, 14.8, and 29.7 nm, respectively as 

per equation 1.7 of Chapter-1 (Fig. 2.13 A). Moreover fitting a plot of spacing of optical 

modes (FSR) against inverse resonator width (1/W) showed nearly a linear relationship 

(Fig. 2.13 B), which further proves the F-P type resonance action of individual micro-ribbon, 

in which the two opposite lateral facets function as light mirrors by reflecting the FL waves. 
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The micro-ribbons exhibited a 𝑄-factor of up to 400 (Fig. 2.13 C). The 𝑄-factors in the plot  

Fig. 2.13 C specify the differences in the optical quality of different micro-ribbons. It is also 

imperative to mention here that sharp resonance lines produced by the micro-ribbons 

covered both Vis and NIR regions of the EM spectrum.   

 

Figure 2.14: A and C) 2D and 3D FL intensity maps of the micro-ribbon. The dotted lines indicate 

mirror-like surfaces that support F-P resonance. B) The excitation position-dependent F-P modes of 

the micro-ribbon. 

Additionally, FL imaging was performed on a selected micro-ribbon segment to 

verify the electric field enhancement and its distribution indirectly within the micro-ribbons. 

The resultant 2D and 3D FL intensity maps of the selected micro-ribbon are presented in 

Fig. 2.14 A and C. Remarkably, the 3D map unveiled an improved FL signal intensity along 

the mirror-like walls of micro-ribbon compared with other areas. It indicated that electric field 
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is highly concentrated along lateral side of the resonator (Fig. 2.14 A).The number of 

modes and mode spacing in the FL spectrum of a resonator is dependent on excitation 

positions. The 2D FL image collected in reflection mode configuration demonstrated strong 

lateral position (a-d) dependent spectral patterns (number of modes) owing to disparity of 

the density of modes per unit volume at different places of the micro-ribbons (Fig. 2.14 B). 

2.3.8. Single-particle microscopic studies of HPPD-BF:  

 

Figure 2.15: A) Single-particle FL spectrum of a selected micro-rod displaying F-P type resonance 

(Inset: FESEM image of a single crystalline HPPD-BF micro-rod). B) FSR versus 1/W plot of HPPD-

BF micro-rod. 

Single-particle micro-FL spectroscopy studies were also performed on HPPD-BF 

micro-rods. Compared to its solid-state emission, the HPPD-BF micro-rods displayed a 

redshift of the FL bandwidth (650–900 nm) covering most of the NIR region of the EM 

spectrum (Fig. 2.15 A). Interestingly, the FL band also comprised of several wavelength-

dependent intensity-modulated resonance peaks. The FWHM of the resonance peaks were 

rather broad compared with those of HPPD micro-ribbons, which represents a weak optical 

confinement (more optical loss) within these rods. A plot of FSR values of selected micro-

rods of varying cross-sections showed the increase of the FSR value upon decreasing 

width, confirming that the micro-rods act as F-P type resonator (Fig. 2.15 B). However, the 

𝑄-factor was very low due to rough surface of the micro-rods facilitating optical loss due to 

scattering (𝑄𝑠𝑐𝑎𝑡) (see Fig. 2.15 A inset). 

2.4. Summary: 

This chapter presented the syntheses of novel push-pull type chalcone ligand, 

HPPD, and its BF2 complex, HPPD-BF. In the crystalline state, HPPD molecules aggregate 

in J-type via intermolecular π-π stacking (ca. 3.384 Å) of pyrene units. During self-
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assembly, ligand HPPD and its boron complex HPPD-BF produced visible emitting micro-

ribbons and NIR emitting micro-rods, respectively. The solid-state FL of  HPPD was weaker 

than that of the HPPD-BF complex. Single-particle micro-FL spectroscopy revealed both 

HPPD micro-ribbon and HPPD-BF micro-rods act as F-P resonators. The presented HPPD 

micro-ribbon and HPPD-BF micro-rods are the first of its kind in organic crystalline photonic 

resonators.   



*This chapter is adapted from: D. Venkatakrishnarao, C. Sahoo, V. Radhika, M. 

Annadhasan, S. R. G. Naraharisetty and R. 

Chandrasekar*  

Adv. Opt. Mater. 2017, 5, 1700695. 
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3.1 Abstract: 

 Luminescent CDs are evolving as a potential eco-friendly substitute to standard 

metal-based semiconductor inorganic quantum dots. This chapter presents a novel, N-rich, 

amine-functionalized, rare excitation wavelength-independent green-emitting (λmax ≈ 522 nm 

in solution and 536 nm in solid) crystalline CDs obtained from a pyridine diamine precursor 

in ethanol (EtOH) by solvatothermal method. In contrast to a neat thin film of CDs, a thin 

film of CDs doped PS micro-spheres (PS-CDs) shows a significant enhancement of the PL 

emission intensity facilitated by their light-trapping capacity or optical resonator effect. The 

FL lifetime imaging microscopy (FLIM) images of a thin film of PS-CDs exhibit an increase 

of the PL lifetime for bigger micro-spheres (~10.5 µm; 4.5 ns) compared to the smaller ones 

( ~ 2.3 µm; 1.87 ns), thus revealing their size-dependent light trapping tendency. Further, 

upon excitation with an 800 nm femtosecond (fs) pulse laser both the CDs and PS-CDs 

display enhanced up-conversion TPL compared to neat CD thin film.  

3.2 Introduction: 

Following the outline which is given in Sec. 1.5 on CDs, it also should be noted that 

although numerous articles report the synthesis of CDs from a variety of sources, there is 

no information available on their reproducibility. Hence in our case, the synthesis was 

performed multiple times under identical preparative conditions. To our surprise, the 

obtained CDs showed varying absorbance bands, indicating the sensitivity of CD formation 

to slight environmental fluctuations. Interestingly, the FL band of the CDs showed nearly 

same emission energy, which is very important as far as usefulness of CDs is concerned. In 

this context, Kim et al. have reported on the size and shape/edge-state effect on the 

absorbance and FL spectra of graphene quantum dots (GQDs). [221] They showed that the 

absorbance spectra varied drastically with respect to particle size/shape, while the FL band 

did not exhibit any shifts for GQDs of average sizes in the range of 25–35 nm, smaller dots 

(12–22 nm) exhibited FL shifts due to quantum confinement effect (QCE). Hence in our 

case, the observed diverse absorbance spectral features/shifts and similar FL energy can 

be attributed to a slight variation of the CDs sizes/surface states beyond QCE limit. 

In contrast to mechanism of FL in inorganic and organic molecules, there is no well-

defined mechanism is established to interpret the origin of FL in CDs due to their multi-

exponential FL decay lifetimes.[222-224] The FL of CDs is known to be dependent on various 

factors like size of CDs, surface-states, defects and edge shapes.[174-178] Till now, two 

mechanisms have been suggested, such as 1) intrinsic-state FL by electron-hole 

recombination and size effect and 2) defect-state FL by surface energy traps. The majority 
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of CDs exhibit excitation wavelength-dependent FL and excitation-independent FL is very 

rarely achieved.[187,188] Moreover CDs show low ΦFL, which is a barrier for practical 

application purposes. To address these two major issues simultaneously, starting materials 

containing amine and sulfur groups are used to make N, S-doped CDs, showing effective 

surface passivation, which leads to high ΦFL and excitation independent emission of CDs. 

The FL intensity of CDs can be enhanced by surface passivation, cooperativity of N, S-

CDs[185] and enhancing the excited life time[225] methods. Apart from the abovementioned 

methods, an alternative and yet unexplored method to achieve enhanced FL (either up or 

down conversion)  and even lasing from an ultra-low concentration of CD are by confining 

the FL via photonic cavity effect. To our knowledge, there have been few reports are 

available on the upconversion FL (TPL) of CDs.[181,182] 

Therefore, this chapter presents the fabrication of a novel N-rich, crystalline CDs 

with amine as surface passivation groups from PDA by solvatothermal method. The X-ray 

photoelectron spectroscopy (XPS) analysis of as-prepared CDs unveils the N-doping 

(pyridinic structure) and the presence of surface amine groups. The CDs show remarkable 

excitation-wavelength independent FL. It was found that CD-doped PS self-assemble into 

photonic grade thin film consists of PS-CDs micro-spheres. Surprisingly, the PS-CD 

photonic quality thin-film displays enhancement of the FL intensity (both FL and TPL) of 

CDs in comparison with a simple PS-CD thin film. This enhancement is due to the efficient 

light trapping tendency of micro-spheres via WGM resonance. Additionally, FLIM 

investigations exemplify the unique relationship between PS-CD particle size and photon 

lifetime values. 

3.3. Results and Discussion: 

3.3.1. Synthesis of CDs:  

 

Figure 3.1: A) Preparation of green-emitting N-doped amine-functionalized CDs from PDA via 

solvatothermal reaction. B) Solution-state optical properties of N-rich CDs. C) Pictures of graphene-

like flake structures formed in the vials.   
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PDA was chosen as a starting material for the synthesis of new and surface 

passivated crystalline CDs. The precursor was dissolved in C2H5OH and treated 

successively by solvatothermal method at 180 C for 12 h (Fig. 3.1). Eventually, the 

solution converted to black color and displayed a strong green emission when exposed to 

UV light (365 nm). Because of hydrothermal treatment, different fragments of CDs were 

formed. Along with green-emitting CDs, cyan emitting CDs were formed due to less 

conjugation. The acquired crude product was purified by column chromatography on silica 

(Eluents: CH2Cl2:CH3OH; 5:1 ratio) to remove remnants of cyan-emitting CDs from the 

green-emitting ones. Notably, after the slow evaporation of solvents, graphene-like 

sheets/flakes were formed around the inner walls of the vials (Fig. 3.1 C). Moreover, the 

graphene-like sheets and the morphology of these CDs were confirmed by TEM and the 

details will be provided in section 3.3.3. The obtained CDs are soluble in H2O, CH3OH, 

C2H5OH and THF and showed a long-standing homogeneous phase devoid of any 

substantial aggregation/precipitation at ambient temperature (Fig. 3.1 B). 

3.3.2. Optical properties of CDs: 

The photophysical properties of a methanolic solution of CDs were probed by UV-

Vis absorption and FL 

spectroscopy. The 

absorbance spectrum of 

CDs in solution state 

exhibited a sharp peak at 

333 nm (associated with n-

* transition of C=O bond) 

accompanied by weak 

broadband in the range of 

400-510 nm owing to the π-

conjugated structure of 

CDs (Fig. 3.2 left). The FL 

spectrum of CDs exhibited 

a green emission with a 

peak maximum centered at 522 nm (Fig. 3.2 right). Remarkably, the excitation wavelength 

(360-480 nm) dependent FL spectral studies of N-rich CDs disclosed no significant shift of 

the emission maxima (Fig. 3.2), specifying the non-existence of any trapped surface-states 

and surface in-homogeneity. In the thin-film state (λex = 488 nm),  CDs exhibited a slightly 

circa 14 nm bathochromic-shifted FL maximum with a shoulder around ca. 600 nm and ca. 

 

Figure 3.2: Solution-state UV-Vis and FL spectra of N-rich CDs 

at different excitation wavelength. The solid black line illustrates 

the solid-state FL spectrum. 
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700 nm (Fig. 3.2 solid black line), which is probably due to aggregated states in the solid-

state. 

3.3.3. Structural analysis of CDs: 

 To study the structure of CDs, Raman spectroscopy was carried out and results 

were compared with graphite 

powder (Fig. 3.3). The powder 

sample of CDs displayed two 

equally intense Raman peaks at 

1342 cm-1 (D band) and 1585 

cm-1 (G band; in-phase vibration 

of the graphite lattice) equivalent 

to E2g and A1g stretching modes, 

respectively, which are almost 

comparable with graphite D and 

G bands, suggesting the 

graphene-like structure of 

discrete CDs. FTIR 

spectroscopy showed the 

existence of NH2 (3363 and 

3385 cm-1; N-H stretch and747 

cm-1; NH2 wagging) and carbonyl (1721 cm-1) functional groups in the CDs (Fig. 3.4).  

 

 

 

Figure 3.4: FTIR spectra of PDA and CDs. 

 

Figure 3.3: Raman spectra of CDs in comparsion with 

graphite. The insets display the streching modes. 
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Figure 3.5: TEM image of A) CDs shown within the white dotted circles. B) Close-up view of a single 

CD. C) SAED pattern of a single CD. D) HR-TEM images of graphene-like sheets. The inset shows 

their SAED pattern. CDs size distribution from E) TEM and F) DLS histogram. 

 

TEM analysis of the sample proved the existence of CDs and graphene-like sheets 

in the sample (Fig. 3.5 A and D). From the TEM data, it was evaluated that the diameter of 

the CDs varied from 2-6.5 nm, with a broader distribution of CDs with size of ≈ 3.6 nm (Fig. 

3.5 E). With the help of dynamic light scattering (DLS) technique, the hydrodynamic radius 

of the CDs was found to be 4.1 ± 0.5 nm (Fig. 3.5 F). HR-TEM images of single CD 

displayed lattice spacing of ~0.24 nm 

equivalent to graphene-like atomic 

arrangements (Fig. 3.5 B). Furthermore, in 

agreement with the TEM and Raman 

spectroscopy analyses, the SAED pattern 

of a single CD showed clear bright 

diffraction patterns with a six-fold symmetry 

supporting the graphene-like structure of 

CDs (Fig. 3.5 C). The powder x-ray 

diffraction (PXRD) pattern of CDs 

displayed two broad peaks correspond to 

(002) and (100) hkl  planes (Fig. 3.6). 

Similarly, analysis of the TEM images of the graphene-like sheets (acquired after solvent 

evaporation) exhibited existence of single-, bi- and multi-layers of graphene sheets (Fig. 3.5 

D). SAED data of these sheets showed bright diffraction with an overlap of many spots with 

six-fold symmetries specifying the layered-structure of graphene-like sheets (Inset of Fig. 

3.5 D).  

 

Figure 3.6: Powder XRD pattern of CDs.  
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Furthermore, to identify the elemental composition, surface functional groups, 

chemical bonds and binding energies XPS investigation was performed for CDs. The XPS 

survey spectra indicated the presence of carbon, nitrogen, and oxygen in the CDs (Fig. 3.7 

A). The high-resolution spectrum of C1s displayed four characteristic peaks (Fig. 3.7 B). 

The peak position at 284.0 eV and 284.8 eV supported the graphitic structure (C=C)  and 

(sp2 C-C) of CDs.[226] The peak at 285.7 eV directed the presence of C-N bond. The other 

two peaks at 286.6 eV and 287.4 eV were assigned to C-O and C=O functional groups, 

respectively. The 13C-NMR spectra also confirmed the presence of (C=O) group in CDs by 

revealing a peak at 172 ppm (Fig. 3.8). The N1s spectrum displayed the presence of both 

pyridinic N (398.9 eV), amino N (400.1 eV) pyrollic N (400.9 eV) and graphitic N (402.1 eV) 

in the CDs (Fig. 3.7 C) which is in agreement with previous reports.[226,227] 

 

Figure 3.7: A) XPS survey spectrum of N-rich CDs. The high-resolution (XPS) binding energy survey 

spectra of B) C1s, C) N1s and D) O1s.  

The O1s spectrum (Fig. 3.7 D) of CDs could be disintegrated into two peaks such 

as OH/C-O (532.83 eV)  and COO (534.35 eV). The molecular precursor consists of only 

carbon and nitrogen elements, however, after solvatothermal treatment, it produced CDs, 
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which contain C, N and O. This result clearly proved that the starting material is oxidized 

and generated N-doped CDs having N and O containing functional groups on the surface.  

 

Figure 3.8: 1H (400 MHz) and 13C-NMR (100 MHz) spectra of CDs recorded in CDCl3 (with 2 drops 

of DMSO). 

3.3.4. Preparation of PS-CDs micro-spheres: 

  Most of the CDs show FL with low ΦFL as the nonsurface passivated  CDs is not a 

single species and it contains various kinds of nano graphenes. Due to internal quenching, 

recombination, deactivation of excited molecules, reversing of primary photochemical 

reaction and insufficient excitation energy, they exhibit low ΦFL. To enhance the solid-state 

emission of CDs for lighting/imaging applications polymer/CDs composite resonator was 

prepared. For the preparation CDs (1 mg) were doped with PS (25 mg) in THF (4 mL) and 

subsequently, H2O (1 mL) was added to this mixture. Finally, the solution was kept 

undisturbed for 10 min to grow photonic-grade PS micro-spheres doped with N-rich CDs. 

Afterwards, two drops of the solution were drop-casted on a clean cover-slip to form a thin 
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film of numerous PS-CDs micro-spheres after the evaporation of solvent at rt. (Scheme 

3.1). 

 

Scheme 3.1: Self-assembly of CDs doped PS into micro-spheres. 

3.3.5. Microscopic studies of PS-CDs micro-spheres:  

 

Figure 3.9: A) FESEM images of a film of PS-CDs micro-spheres. The inset shows the close-up 

view of the micro-spheres. B) 3D AFM topography image of micro-spheres. The right and left insets 

show the smoothness profile and cartoon representing PS-CDs composite. C) EDAX elemental map 

of PS-CD micro-sphere. 

 Investigation of the PS/CDs composite sample prepared by self-assembly under 

confocal microscopy demonstrated the presence of circular particles with an average 

diameter in the range of ≈ 2-12 µm. FESEM images established the spherical shape of the 

PS-CDs micro-particles and their extensive coverage area (Fig. 3.9 A). The AFM analysis 

of a selected PS-CDs micro-sphere confirmed its surface smoothness, which is essential 

for the achievement of optical cavity effect and high optical gain (Fig. 3.9 B, right inset). 
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The EDAX elemental mapping evidently displayed the presence of CDs within the PS 

spheres by unveiling N and O signals (Fig. 3.9 C). 

3.3.6. Single-Particle microscopic studies of PS-CDs micro-spheres: 

To verify the resonator characteristics of PS-CDs micro-spheres, the single-particle 

micro-FL experiment was carried out on LCM set-up. CW laser excitation (488 nm Ar+) of a 

single PS-CDs micro-sphere exhibited enhanced FL emission band covering 480 nm to 700 

nm range of the EM spectrum. The spectrum corresponding to FL emission contains a 

series of wavelength-dependent periodic intensity-modulated sharp peaks, clearly 

demonstrating the WGM resonance emanating from a single PS-CDs micro-sphere due to 

tight confinement of FL photons and successive FL wave interference (Fig. 3.10 

A).[44,51,69,71,74,95,201,203,207] In each single particle FL spectrum, multiple pairs of peaks were 

detected all over the spectral region. These pairs of peaks were known to be TM and TE 

modes, generally identified for WGM cavities.[228] According to the equation1.7 given in  

 

Figure 3.10:  A) Size-dependent WGM spectra of PS-CDs micro-spheres displaying different FSR 

values as per FSR~1/D relationship. B) A plot of 𝑄-factor versus micro-sphere D.  C) A plot of FSR 

versus 1/D. 

Chapter-1, particles with diameters of 8.5 µm, 6.4 µm, and 4.0 µm showed an apparent 

increase of the FSR values of 13.6 nm, 19.8 nm and 28.1 nm, respectively (Fig. 3.10 A  
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and C). The 𝑄-factor increased with an increase in the size of micro-spheres up to the 

value of 2000, due to better light confinement within larger micro-spheres (Fig. 3.10 

B).[162,229] This result specified that the 𝑄-factor and FSR values exclusively depend upon 

the size of the micro-spheres. To compare the magnitude of FL enhancement from the thin 

film of PS-CDs micro-spheres with the spin-coated PS-CDs thin film (of same CDs 

concentration), FL spectra were collected for a selected area under the same experimental 

conditions, such as laser power, 150× objective and integration time (Fig. 3.11).  

 

Figure 3.11: D) Comparison of FL spectra of A) thin film of CDs, B) thin film of PS-CDs, C) single 

micro-sphere of PS-CDs. 

 

For a reasonable estimation of the FL enhancement, thin films of CDs PS-CDs with 

same height were compared with a single micro-sphere displaying WGMs. Interestingly, the 

integrated FL intensity of photonic grade thin film of PS-CDs micro-sphere was about 40-

fold higher than the CDs, PS-CDs film under the same experimental condition. It should be 

noted that the FL enhancement order of the thin film of PS-CDs micro-sphere different from 

one area to another (though always higher than the spin-coated PS-CDs thin film), because 

of the disparity of the average size/surface coverage of the micro-spheres in a given area. 
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3.3.7. FL lifetime studies of PS-CDs micro-spheres:  

 

Figure 3.12: A) and B) FLIM images of PS-CDs micro-spheres. C) Size-dependent photon lifetime 

values of PS-CDs micro-spheres.  

FL lifetime decays and FLIM images of PS-CDs micro-sphere were recorded using 

TCSPC on a Micro-Time 200 confocal FLIM setup (Pico Quant).  A selected area of the 

sample surface was excited with a 405 nm ps pulse diode laser and the resultant FLIM 

images are shown in Fig. 3.12 A and B. Surprisingly, the larger micro-spheres showed 

longer lifetime (red color-coded), however, the lifetime of smallest micro-spheres dropped 

(blue color-coded) considerably. The variation of lifetime decay profile for several micro-

spheres of different sizes is plotted in Fig. 3.12 C. For example, the biggest (10.47 µm), 

medium (4.23 µm) and smallest (2.32 µm) particles exhibited lifetime values of 4.52 ns, 

3.29 ns, and 1.87 ns, respectively. To verify the influence of photonic properties of micro-

spheres on the particle size-dependent lifetime, for comparison, FLIM experiment was 

carried out on a neat PS-CDs homogeneous thin film (i.e. without micro-spheres) and the 

result showed a very short lifetime value of 1.31 ns. Here, the observed particle size-

dependent lifetime can be explained using quantum electrodynamics theory, which states 
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that the spontaneous emission rate of an emitter can be modified when the emission 

frequency couples to the resonator frequency as per Fermi’s golden rule. The suppression 

or enhancement of radiative optical modes also depends upon the mode density M(𝜗) (the 

number of modes per unit volume of the resonator per unit bandwidth surrounding the 

frequency (𝜗) and optical field fluctuations inside the cavities. The M(𝜗) of biggest particles 

is higher compared to smaller ones thereby possess superior light-trapping tendency and 

subsequently exhibiting longer FL lifetime (Fig. 3.12). 

3.3.8. NLO studies of PS-CDs micro-spheres:  

To examine the NLO property of PS-CDs samples, a Ti: Sapphire 800 nm fs pulse 

laser (pulse width 100 fs, repetition rate 1 kHz) was used. The experiment was done by 

placing the sample at focal volume having the spot size of 101.8 µm and is exposed by 

linearly polarized light with various input powers. To investigate pump power-dependence of 

TPL signal, the intensity at the focus is increased from 12.3 to 39.2 mJ/cm2 by changing the 

wave plate and the equivalent TPL spectra are shown in Fig. 3.13 C. The spectra showed 

that the TPL band intensity of PS-CDs micro-spheres surged very sharply after certain 

pump fluence (Fig. 3.13 C). 

 

Figure 3.13: A) Graphical representation of the emergence of enhanced TPL from organic NLO 

surface containing PS-CDs WGM micro-resonators. B) One-photon (400 nm) and two-photon (800 

nm) emission spectra of CDs (in liquid state; dotted lines) and PS-CDs micro-spheres (solid lines). 

C) TPL spectra of PS-CDs micro-spheres at different pump-fluence. The inset picture shows the 

emergence of TPL from the sample. D) A plot of laser pump-fluence versus TPL intensity.  
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Interestingly, beyond ≈ 25 mJ/cm2 laser fluence, the TPL band clearly exhibited an 

increase of the ≈ 489 nm signal and presence of a shoulder at ≈ 459 nm. A plot of ≈ 489 nm 

TPL band intensity with pump fluence demonstrated a second-order increase of the signal 

intensity of the random particles, thus confirming the TPA process. (Fig. 3.13 D). In contrast 

to FL, the TPL of CDs in CH3OH exhibited about 21nm hypsochromic shifted band with a 

maximum intensity at ≈ 496 nm, demonstrating their different excited-state emission 

processes (Fig. 3.13 B). Similar to FL, the average TPL intensity of PS-CDs micro-spheres 

was much higher than the weak signal exhibited by the PS-CDs thin film (≈ 4 µm thickness) 

under the same experimental conditions due to the cavity confinement effect of the WGM 

micro-spheres. 

3.4. Summary: 

This chapter presented the first successful preparation of N-rich CDs with efficient 

surface passivation by using solvatothermal technique. The obtained CDs exhibited a rare 

excitation wavelength-independent green FL. Moreover, for the first time, simple, high 

performance and an inexpensive method were developed to enhance the emission intensity 

of CD film by trapping the FL and TPL within the PS micro-spherical cavities. The resultant 

photonic grade PS-CDs micro-sphere film displayed about 40 times enhancement in FL 

contrast to their corresponding pure PS-CDs. Moreover, CDs films due to better light 

confinement or energy storage capacity of PS-CDs micro-spheres having 𝑄 value up to ≈ 

2×103. Further, FLIM experiments on the surface covered with PS-CDs composite micro-

sphere unravelled resonator size-dependent FL lifetime, as a result of QED effect. Our 

technique is very useful to get photonic-grade polymer-CDs composite with brilliant green 

FL appropriate for one and two-photon bio-imaging, deep tissue sensing, light-emitting and 

lasing devices. 
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4.1. Abstract: 

This chapter presents bandgap tunability and enhancement of one- and two-photon 

pumped optical emission intensities (blue, orange and red) of polymer micro-resonators. 

These resonators are formed through self-assembly of novel blue-emitting cross-linked 

copolymer poly(styrene-co-4-(1-pyrene)styrene-co-divinylbenzene) (PN) and orange and 

red-emitting CT polymer complexes such as PN-TCNB, and PN-TCNQ with the acceptor 

molecules like 1,2,4,5-tetracyanobenzene (TCNB) and 7,7,8,8-tetracyanoquinodimethane 

(TCNQ), respectively. FLIM studies show the decrease of PN decay lifetime from 1.7 ps to 

1.24 ps and 1.48 ps, for PN-TCNQ and PN-TCNB, respectively. Single-particle excitation of 

all the polymer particles with CW lasers reveals WGM resonator action through tight optical 

confinement with a 𝑄-value of up to 1000. Moreover, the trapped light enhances the light-

matter interaction and thus increases the FL intensity, including the TPL. In solution-state 

PN, PN-TCNB and PN-TCNQ display TPA and exhibit  values of 4.4×10-10, 3.18×10-10, 

and 3.28×10-10 cm/W, respectively. This distinctive combination of properties is beneficial 

for many upconversion based NLO applications. 

4.2. Introduction: 

Optical band gap tunability is imperative for applications such as micro-

lasers,[34,44,230-233] on-chip optical communications,[234] micro-resonators,[69,206,207] lighting,[235] 

electronics[236] and sensors.[237] So far, tuning the bandgap is achieved by concepts such as 

π-conjugation length,[238,239] crystal polymorphism,[240] crystalline-amorphous phase 

changes,[241] particle size effects,[242] host-guest interactions,[243] CT complex 

formation.[230,244] However, broadband tunability from Vis to NIR remains challenging.[245-247] 

Moreover, most of the potential applications of organic materials are limited to OPL and a 

little work has been performed on their NLO properties. A majority of the organic and 

polymeric NLO molecules exhibit weaker TPL than the OPL. Thus, polymers can be self-

assembled into micro-spherical particles, which can enhance the optical emission since 

they can act as high 𝑄 WGM resonators by confining high electric field intensity.  

Surprisingly, there have been no reports presented, which address both issues: (i) 

tuning the band gap in the linear and NLO systems and (ii) amplification of the optical 

emissions by means of self-assembled micro-resonators. Hence, novel micro-resonators 

were prepared from macromolecules with supra-molecular CT type pendant groups 

displaying both tunable and enhanced OPL and TPL. For this, pyrene was selected as a D 

unit as it forms D-A complexes with many A molecules like TCNQ and TCNB. They exhibit 

CT emissions at different wavelengths depending upon the strength of interaction within the 
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D-A pair.[248] To attach pyrene as a pendant group to the macromolecular chain, 

polymerization of PS and 1-(4-vinylphenyl) pyrene with DVB as a cross-linker is anticipated 

to be an ideal choice. Because it provides cross-linked micro-spherical particles with a 

smooth surface in the case of poly(styrene-co-divinylbenzene).[249] This approach provided 

easy synthetic accessibility, widely tunable optical emissions, optical nonlinearity and 

excellent solution processability for bottom-up and top-down technologies. [230,250-252] This 

chapter presents a novel blue-emitting cross-linked polymer network namely, PN in which 

the pyrene act as a D is directly linked to PS (Scheme 4.1). PN forms orange- and red-

emitting CT complexes, PN-TCNB and PN-TCNQ with acceptor molecules like TCNB and 

TCNQ, respectively and in DMF/H2O mixtures they convert into well-defined micro-spherical 

particles exhibiting WGM resonance. Owing to increased light-matter interaction time, these 

WGM micro-resonators exhibit one- and two-photon pumped optical emissions with 

increased intensity than their corresponding thin films. 

4.3. Results and Discussion: 

4.3.1. Synthesis of 1-(4-vinylphenyl)-pyrene (1) monomer, copolymer (PN) and 

preparation of PN-TCNB and PN-TCNB CT complexes: 

Synthesis of 1: This compound was prepared by Suzuki coupling reaction according to the 

reported procedure.[253] 

First, a THF solution (40 mL) was added to a degassed aqueous solution of 2M 

K2CO3 (1.47 g, 10.5 mmol). 1-bromopyrene (1 g, 3.5 mmol) and 4-vinylphenylboronicacid 

(0.52 g, 3.5 mmol) were dissolved in the prepared solution and N2 bubbling was carried out 

for 15 min. To the above solution, Pd(PPh3)4 (0.200g, 0.17 mmol) was added and the 

reaction mixture was heated to reflux for 24 hrs at 100 °C. After completion of the reaction, 

the reaction mixture was cooled to rt and the solvent was evaporated under reduced 

pressure. The residue was extracted with CH2Cl2/H2O (1:2 v/v) for 2 times. The organic 

layer was dried over Na2SO4. The crude solid was then purified by column chromatography 

on silica gel using n-hexane/EtOAc (95:5 v/v). Then target product was obtained as yellow 

powder with (0.920 g) 86% yield. Rf value ~0.40.  

1H-NMR (400 MHz, CDCl3, 298 K) δ/ppm: 7.99-8.21 (m, CH2CHC6H4C16H9, 9H), 7.6 (d, 

CH2CHC6H4C16H9, 4H), 6.9 (dd, CH2CHC6H4C16H9, 1H), 5.3(d, CH2CHC6H4C16H9, 1H) and 

5.9 (d, CH2CHC6H4C16H9, 1H). 

13C-NMR (100 MHz, CDCl3, 298 K) δ/ppm: 140, 137, 136, 131.5, 131.2, 131, 130, 128, 

127.56, 127.51, 127.48, 127.45, 126.3, 126, 125.9, 125.2, 125.1, 125.05, 125.01, 124.97, 

124.91, 124.73, 114.22. 
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ESI-TOF MS (m/z): Calculated: 304.13, Found: 304.12.  

FTIR (KBr; 𝜗̅ cm-1): 3036 (C-H stretching vibration of substituted benzene ring), 2921 (C-H 

stretching vibration of vinyl group), 1599 (C=C stretching vibration of aromatic ring), 905 (C-

H bending vibration of vinyl group) and 836 (C-H bending vibration of para di-substituted 

benzene). 

 

Scheme 4.1: Synthesis of cross-linked polymer (PN) and its CT complexes, PN-TCNQ and PN-

TCNB.  

Synthesis of PN: 

A mixture of azobisisobutyronitrile (AIBN) (30 mg, 0.16 mmol) and (1) (500 mg, 1.64 

mmol) was placed in a 250 mL two-neck round-bottomed flask equipped with magnetic 

pellet and was purged with N2 for 10 min. Then, THF (45 mL), styrene (2) (0.2 mL, 1.64 

mmol), DVB (3) (0.18 mL, 1.28 mmol) were added to the reaction mixture and stirred at 60 

°C for 24 hrs (Scheme 4.1). After cooling to rt, the generated sticky green semi-solid (gel + 

sol) was poured into a beaker having a large excess of CH3OH. The green color precipitate 

was separated (through a Büchner funnel) and washed with CH3OH for 3 times to remove 

unreacted monomers and sol at rt. The gel product (PN) was dried out under vacuum 

overnight. Yield (0.92 g) 74%. The product was subjected to Soxhlet extraction (ACN, 

CHCl3 and finally with THF). 

1H-NMR (400 MHz, CDCl3, 298 K) δ/ppm: 7.6-8.3(CH2CHC6H4C16H9, where C16H9 = phenyl 

pyrene), 6.3-7.2(CH2CHC6H5, CH2CHC6H4CHCH2, CH2CHC6H4C16H9), 1.2–2.2 

(CH2CHC6H5, CH2CHC6H4 CH CH2, CH2CHC6H4 C16H9).13C-NMR (100 MHz, CDCl3, 298 K) 
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δ/ppm: 145, 131.50, 131.02, 130.24, 128.04, 127.67, 127.44, 125.63, 124.97, 124.71, 

40.57, 37.11, 32.77, 31.93, 30.04, 29.71, 29.36, 27.10, 22.70, 19.73, and 14.11. 

FTIR (KBr; 𝜗̅  cm-1): 3024 (C-H stretching vibration of aromatic group), 2920 (C-H stretching 

vibration of methylene (-CH2) group), 1600 (C=C stretching vibration of aromatic group),
 

1494 (C-H bending vibration of methylene (-CH
2
) group), 1452 (C-H bending vibration of 

methylene (-CH
2
) group, 1260 (C-C stretching vibration of (-H

2
C-CH) group), 804 (C-H 

bending vibration of para di-substituted aromatic group) and 698 (C-H bending vibration of 

aromatic group). 

Synthesis of PN-TCNB and PN-TCNQ: 

For the preparation of CT polymer particles, three routes were considered: (1) 

Primarily A-units were directly integrated into D-units during polymerization. But it was not 

successful due to the decomposition of AIBN initiator in the presence of TCNQ [254] causing 

no particle formation. (2) Polymerization was done without the addition of A-units. 

Nevertheless, FESEM analysis of the precipitated PN powder after washing with CH3OH 

disclosed the formation of a combination of coalesced micro-particles and isolated particles. 

Even though the cross-linking density was not measured, the coalesced particles indicated 

the low degree of polymer cross-linking.[255,256] Moreover, post-polymerization incorporation 

of A-units into D-units became challenging due to poor dispersibility of the PN micro-

particles in THF and DMF. The two above methods evidently had shown a complex overlay 

between reality (trouble in filling A-units into the particles, coalescence of particles and poor 

dispersibility) and the necessity (CT particles, spherical micro-particles and cross-linked 

particles with the smooth surface). (3) lastly, the best quid pro quo is using the sol part 

having lightly cross-linked PN.[256] Hence, the sol was Soxhlet extracted at high temperature 

from the PN powder. The acquired portion was dispersed and partially dissolved in DMF to 

facilitate A-units could be easily integrated into D-units (Scheme 4.2 and Fig. 4.1 to 4.3). 

Further, the last approach was chosen as the sol part in DMF readily precipitates as 

spherical micro-particles upon the addition of H2O and subsequent ultrasonication. 

Moreover, these micro-particles are still superior to linear chain PS particles in terms of 

surface smoothness and mechanical stability, which are important for tight light 

confinement. The mechanism of micro-particles formation is maybe relatively comparable to 

that of PS micro-spherical particles in THF/H2O under ultrasonication.[35,71] CT polymers 

were prepared by dissolving PN (1 mg) and TCNB or TCNQ (0.5 mg) in DMF solvent and 

stirred at rt for 2 days under dark conditions to acquire brown- and black-colored solutions 
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respectively. After solvent evaporation, the yields of CT polymers PN-TCNB and PN-TCNQ 

were found to be 47% and 78%, respectively. 

 

Scheme 4.2: Schematic representation of methods used for the preparation of PN, PN-TCNB and 

PN-TCNQ micro-spheres. 

4.3.2. NMR spectroscopy analysis: 

The accomplishment of polymerization reaction was confirmed by the 1H-NMR 

spectrum which revealed three broad resonance peaks (8.01, 7.09 and 6.68 ppm) devoid of 

vinylene peaks of the 1 (Fig. 4.1). After soxhlet extraction, 𝑀𝑛 of PN was found to be in the 

range of 7.6 kDa against the PS standard in gel permeation chromatography (GPC) study. 

The 13C-NMR spectra evidently confirmed the stability of the CT complexes even in the 

solution state (Fig. 4.2 and 4.3). The respective TCNB peaks observed at 137.45, 120.60 

and 112.30 ppm were shifted to up-fields to the values of 136.54, 119.70 and 112.20 ppm in 

PN-TCNB. Similarly, the 150.83 and 111.4 ppm peaks of TCNQ were also correspondingly 

shifted to 152.04 and 114.2 ppm in PN-TCNQ. 
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Figure 4.1: 1H-NMR (CDCl3) spectra of 1-(4-vinylphenyl)pyrene (1) and polymer (PN).  

 

Figure 4.2: 13C-NMR (CDCl3) spectra of PN, PN-TCNB and TCNB. 
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Figure 4.3: 13C-NMR (CDCl3) spectra of PN, PN-TCNQ and TCNQ.  

4.3.3. FTIR spectroscopy analysis of PN, PN-TCNB and PN-TCNQ: 

 

Figure 4.4: FTIR spectra of (A) PN, TCNB and PN-TCNB  and (B) PN, TCNQ and PN-TCNQ.   

The FTIR spectra of PN-TCNB and PN-TCNQ exhibited shifts of the C≡N stretching 

vibration (𝜗̅ (C≡N)) to 2335 cm-1 and 2218 cm-1, respectively in comparison to neutral TCNB 

(2244 cm-1) and TCNQ (2222 cm-1) molecules, proving the formation of CT complexes (Fig. 

4.4 A and 4.4 B). TCNQ is a good acceptor molecule with neutral quinonoid form, which 
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undergoes a one-electron reduction during CT process forming a stable radical monoanion 

TCNQ-. Thus triple bond character is reduced to double bond.[257,258] Eventually, the value of 

stretching frequency of CN group decreased with decrease in the bond strength. Like PN-

TCNQ, in PN-TCNB also, TCNB-. formation leads to change in the stretching frequency of 

CN group. 

4.3.4. Thermal properties of PN, PN-TCNB and PN-TCNQ: 

The thermal stability (the ability of a compound to resist decomposing when heated) 

of PN, PN-TCNB and PN-TCNQ was probed by TGA analysis. PN exhibited degradation 

that began almost at 385 °C and continued 

rapidly till 426 °C, pointing to the bulk 

decomposition of PN. Whereas, PN-TCNB 

degradation takes place in two steps 

beginning the first step at 234 °C and 

terminating at 263 °C indicating the TCNB 

molecules decomposition in the CT complex, 

while the second step started at 383 °C and 

closed at 421 °C for the degradation of 

polymeric chains in the CT complex (Fig. 4.5). 

Like in the previous case, PN-TCNQ too 

underwent decomposition in two steps. In the 

first step, it suffered weight loss in the temperature range of 274 °C to 309 °C equivalent to 

degradation of TCNQ molecules in the CT complex and in the second step it decomposed 

in the range of 386 °C to 426 °C due to loss of polymeric chains in the CT complexes.  

4.3.5. Optical properties of PN, PN-TCNB and PN-TCNQ in DMF solvent: 

 

Figure 4.6: UV-Vis absorbance A) and FL spectra B) of PN, PN-TCNB and PN-TCNQ in DMF 

solvent.  

 

Figure 4.5: Thermogravimetric analysis 

(TGA) curves of  PN, PN-TCNB and PN-

TCNQ. 
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The absorption and emission properties of PN, PN-TCNB and PN-TCNQ in DMF 

solvent (Fig. 4.6) were evaluated by UV-Vis absorption and FL spectroscopy. Two 

absorption features at 278 and 347 nm were observed for PN owing to -* transitions. 

While PN-TCNQ absorption spectrum comprised of two bands with maxima at 284 and 353 

nm attributed to -* 

transitions and two weak 

absorption features that 

extend through Vis 

(460–540 nm) and NIR 

(720-780 nm) regions 

specifying the 

association of TCNQ 

with pyrene unit of PN 

making a CT complex 

(Fig. 4.6 A). Two 

absorption bands were 

found at 285/355 nm for 

PN-TCNB besides a 

shoulder in the range of 400-600 nm can be credited to -* and CT transitions, 

respectively. PN emission spectrum showed multiple bands at 381, 410 nm in the blue 

region of EM spectrum. It should be noted that Bardeen et al. observed no measurable FL 

from pure pyrene/TCNQ in the solution state,[259] but in the case of PN-TCNB and PN-

TCNQ, two distinct broad emission bands centered at 542 nm (orange) and 587 nm (red), 

respectively were found (Fig. 4.6 B). This reason is because of PS, which serves as a 

matrix and assists deliberate charge recombination, henceforth suppressing non-radiative 

relaxation and FL quenching. The FL spectrum of PN displayed bands at 381 and 410 for 

the pyrene derivative and an additional concentration sensitive broadband at ~464 nm for 

the excimer species (Fig. 4.7).  

In solution state, the ΦFL of PN, PN-TCNB and PN-TCNQ are measured to be 46%, 

3% and 8.4%, respectively. The longer wavelength absorbance peaks demonstrated 

substantial shifts depending upon the solvent polarity indicating the polar ground state of 

PN-TCNB and PN-TCNQ (Fig. 4.8 A and 4.8 C). Further, the emission maxima of PN-

TCNB and PN-TCNQ showed apparent shifts in solvents of different polarity, indicating the 

involvement of sizeable excited-state molecular dipole moment and different solvation 

dynamics involved in the excited-state of PN-TCNB and PN-TCNQ (Fig. 4.8 B and 4.8 D). 

 

 

Figure 4.7: PN concentration  (in DMF) dependent FL spectra.  
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Figure 4.8: UV-Vis absorbance and FL spectra of PN-TCNB (A and B) and PN-TCNQ (C and D) in 

different solvents.  

4.3.6. Optical properties of PN, PN-TCNB and PN-TCNQ in solid state: 

 

Figure 4.9:  Photographs of compounds under ambient conditions and UV light (365 nm). 

In contrast to the solution, solid-state samples (Fig. 4.9 and 4.10) revealed a 

bathochromic shift in the absorption and FL spectra. PN exhibited bands at 266, 333 and 

374 nm, whereas PN-TCNB showed two maxima at 306 and 382 nm in their corresponding 



 

84 

 

absorbance spectrum. PN-TCNQ displayed multiple absorption bands corresponding to -

*/CT transitions in visible and NIR regions (Fig. 4.10). Remarkably, in comparison to PN  

 

Figure 4.10: UV-Vis absorbance (A) and FL spectra (B) of   PN, PN-TCNB and PN-TCNQ in solid 

state. 

emission at cyan-colored region ((max ~440-540 nm), PN-TCNB, and PN-TCNQ FL spectra 

displayed massive redshifts of nearly 140 nm to 190 nm, respectively and observed in the 

orange (max ~587 nm) and red (max ~632 nm) part of the EM spectrum. The optical  

 

Figure 4.11:  Emission colors of PN, PN-TCNB and PN-TCNQ in solution and solid states in a CIE 

standard observer chromaticity diagram. 
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spectroscopy results specify that the CT interaction from pyrene to TCNQ is stronger than 

that of TCNB, therefore decreasing the optical bandgap of the former complex. Further, 

comparative Commission Internationale de l’Eclairage (CIE) color coordinate values of all 

polymers in the solution and the solid state shown in Fig. 4.11 prominently illustrate 

emission shifts. 

4.3.7. Self-assembly of PN, PN-TCNB and PN-TCNQ into micro-spheres: 

To a solution of PN (1 mg of PN/1 mL of DMF), millipore water (15 µL) was added, 

ultra-sonicated for 30 s and left undisturbed for 10 min at rt. Afterward, two drops of the 

solution was spread on a clean glass coverslip and allowed to evaporate slowly at rt to 

produce self-assembled particles. In case of PN-TCNB and PN-TCNQ, millipore water (15 

µL) was added directly into the reaction solutions and similar procedure was followed as in 

the case of PN to make spherical micro-structures (Scheme 4.2). 

 

Scheme 4.2: Self-assembly of PN, PN-TCNB and PN-TCNQ into micro-spheres.  

4.3.8. Microscopic studies of PN, PN-TCNB and PN-TCNQ micro-spheres: 

Investigation of micro-particles of PN, PN-TCNB and PN-TCNQ by using FESEM 

showed the formation of micro-spheres of almost similar size (Fig. 4.12 A and 4.12 B). 

Micro-particles surface smoothness is a crucial factor that governs the quality of the 

resonator. Particles which have rough surfaces (> 𝜆
2⁄ ) generally decrease the 𝑄-factor of a 

resonator caused by light scattering and in extreme situations[260] (surface irregularity) even 

do not generate the WGMs. AFM was performed to probe the surface smoothness of the 

micro-spheres. As one can see in the inset of Fig. 4.12 C, the roughness of a 

representative micro-sphere is lower than the detection limit signifying the suitability of the 

https://www.researchgate.net/figure/Commission-Internationale-de-IEclairage-CIE-1931-color-coordinates-calculated-for_fig2_283244995
https://www.researchgate.net/figure/Commission-Internationale-de-IEclairage-CIE-1931-color-coordinates-calculated-for_fig2_283244995
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particle for photonic studies. TEM studies presented dark contrast indicating the dense 

packing of the polymer chains within the micro-spheres (Fig. 4.12 D). Expectedly, the 

SAED unveiled no diffraction spots showing the amorphous nature of the micro-particles 

(Fig. 4.12 E). For CT micro-spheres EDS analysis confirmed the incorporation of A-units 

within PN by proving the nitrogen (N) element distribution (Fig. 4.12 F). 

 

Figure 4.12: A) and B) FESEM images of PN micro-spheres. C) AFM image of a single PN micro-

sphere. The right inset shows the surface smoothness. D) TEM image of PN micro-spheres. E) 

SAED pattern of micro-spheres. F) EDAX elemental (C and N) map of PN-TCNQ micro-sphere. 

4.3.9. Raman spectra of PN-TCNB and PN-TCNQ: 

 

Figure 4.13: Raman spectra of (A) PN, PN-TCNB and TCNB and (B) PN, PN-TCNQ and TCNQ.  

To further confirm the composition of the CT complexes Raman spectra were recorded.It 

was observed that the Raman peaks originating from TCNB molecules, were seen in the 
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spectrum of the PN-TCNB CT complex (Fig. 4.13 A). However, these peaks shifted from 

those of the TCNB single-crystal relative to each other. In the PN-TCNB CT complex, -C≡N, 

-C=C- stretching vibration modes were shifted to 2243 cm-1 and 1598 cm-1, respectively, 

compared to that of TCNB  stretching vibration modes (-C≡N 2,245 cm-1, -C=C- bonds 1602 

cm-1). Figure 4.13 B shows the Raman spectra of the PN-TCNQ CT complex obtained from PN 

and TCNQ. A shred of strong evidence to prove the formation of the CT complexes is the shift of 

the TCNQ -C=C- ring stretching frequency and a bending vibration mode of C-H bond. The -

C=C- ring stretching band and C-H bending vibration band were observed at 1603 cm-1   and 

1,207 cm-1, respectively for TCNQ, while those bands were shifted to 1611 cm-1, 1195 cm-1 for 

the PN-TCNQ. Besides, new peaks which do not belong to TCNQ appeared in the PN-TCNQ 

CT complex.  

4.3.10. Lifetime imaging of PN, PN-TCNB and PN-TCNQ micro-spheres: 

 

Figure 4.14: Lifetime decay profiles of  (A) PN, TCNB and PN-TCNB and (B) PN, TCNQ and PN-

TCNQ.  

To examine the FL lifetime properties of PN, PN-TCNB and PN-TCNQ in DMF 

solvent, FLIM studies were performed. A picosecond (ps) pulse laser (λ = 405 nm) was 

used for the excitation and the decay profile was acquired through a time-correlated single-

photon counting (TCSPC) technique. All compounds showed bi-exponential decay with 

varying lifetime values. FL lifetime measurements (Fig. 4.14) displayed FL lifetime 

(𝐹𝐿) value of 1.7 ns for PN. The measured 𝐹𝐿 values of PN-TCNB and PN-TCNQ are 1.48 

and 1.24 ns, respectively which are dissimilar from pure TCNB (1.43 ns) and TCNQ (0.41 

ns). This finding indicates that PN-TCNB and PN-TCNQ complexes have fast excited-state 

dynamics compared to pure PN.    
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4.3.11. Single-particle microscopic studies of PN, PN-TCNB and PN-TCNQ micro-

spheres: 

To examine the light-trapping capacity of PN, PN-TCNB and PN-TCNQ micro-

spheres, single-particle FL spectroscopy studies were performed on LCM set-up in 

reflection geometry. For excitation, CW (Ar+ 488 nm and diode 405 nm) lasers were 

employed. Single PN micro-sphere was illuminated at the middle using a 405 nm laser 

(objective 150×; NA 0.95) displayed an intense blue emission spectrum. Remarkably, while 

tangential excitation of micro-sphere generated a blue ring-like pattern and its 

corresponding FL spectrum revealed a series of multiple pairs of sharp lines or optical 

modes signifying WGM resonance (Fig. 4.15). The obtained frequency-dependent optical 

modes specify tight confinement of circulating FL photons within the micro-resonator via 

 

Figure 4.15: Single-particle FL spectra of PN, PN-TCNB and PN-TCNQ exhibiting WGMs. The 

insets show the corresponding WGMs emissions shown by the micro-spheres. 

repeated TIR at the air-resonator surface boundary. These resonator modes originate as a 

result of constructive wave interference of the circulating FL and their number surge with 

the increase of the resonator size. These resonance modes can be noticed only if the FL 

frequencies equivalent to the frequencies of the resonator allowed modes, as termed by the 
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so-called Purcell effect.[261] In the same way, PN-TCNB and PN-TCNQ micro-spheres upon 

illumination with 488 nm laser showed orange and red color emissions, respectively 

accompanied by WGMs. A pair of periodic sharp peaks correspond to TE and TM WGMs 

(Fig. 4.15), which generally show up due to breakdown of TE/TM degeneracy. Further, the 

spacing between modes or FSR and the number of observed modes are very much 

sensitive to the size of the micro-sphere. 

 

Figure 4.16:  Single-particle FL spectra of micro-spheres of PN (A), PN-TCNB (B), and PN-TCNQ 

(C) displaying particle size-dependent WGM resonance. The insets show the corresponding FL 

images. D) The 𝑄-factor versus D plot is shown at the left-bottom. E) FSR vs 1/D plots of different 

sizes micro-spheres.  

To study the particle size-dependent photonic effects, three representative micro-

spheres of varying diameters were identified. FSR values increase upon decreasing the 

diameter of micro-spheres valued from the confocal microscope images (Fig. 4.16 A, B and 

C). A plot of FSR versus 1/D was evidently in line with the relation of FSR and 1/D (Fig. 

4.16 E), which further confirms the WGM type resonating action of each micro-sphere, 

through TIR. In case of PN, PN-TCNB and PN-TCNQ, the 𝑄-factor of the micro-resonators 

are in the range of 600-1000, which is a better value for a polymer-based optical 

resonator[10] (Fig. 4.16 D). For the OPL enhancement, thin films of PN, PN-TCNB and PN-
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TCNQ were compared with a thin film of micro-spheres displaying WGMs.  Interestingly, the 

average  OPL intensities of PN, PN-TCNB and PN-TCNQ micro-spheres were found to be 

nearly 10 times higher than the corresponding thin films under identical experimental 

conditions (Fig. 4.17). It should be noted that the OPL enhancement order of the thin film of 

micro-spheres varied from one area to another (though always higher than the spin-coated 

thin film). The above single-particle experiments make evident the potential usage of self-

assembled polymer CT complexes to achieve bandgap tunable micro-resonators 

generating enhanced optical emissions.  

 

Figure 4.17: Comparative FL intensity of thin-film and micro-spheres of PN (A), PN-TCNB (B), and 

PN-TCNQ (C). a) and b) 3D FL images of thin film of selected area (33 µm2) and micro-sphere of 3 

µm D, respectively. Their corresponding spectra are shown in c. d) AFM 3D topography thin film with 

3 µm height together with their corresponding height profile plots. 

4.3.12: Nonlinear absorption coefficient () measurements:  

As stated earlier, CT complexes are familiar to display NLO properties when 

irradiated with high energy lasers, since the applied electric field intensities are equivalent 

to internuclear atomic fields. The nonlinear optical absorption measurements were done by 

Z-scan technique with 100 fs pulse width and 1 kHz repetition rate, 800 nm Ti: sapphire 
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laser.   of the PN, PN-TCNB and PN-TCNQ in solution were determined by performing the 

open aperture Z-scan experiment. Concisely, in a distinctive Z-scan experimental method, a 

single laser beam with a Gaussian profile is concentrated by using a lens. The sample in a 

1 mm thick cell was then translated along the path of the focused beam. At the focal point, 

 

Figure 4.18: Open aperture Z-scan curves of PN, PN-TCNB and PN-TCNQ.  

the sample encounters maximum intensity, which slowly declines in both directions from the 

focus. The thickness of the sample was taken such that it was smaller than the Rayleigh 

range of the focused beam, which is approximately 1 mm, well-calibrated neutral density 

filters were used to regulate the laser intensity. The data is then collected by scanning the 

cell across the focus and the   is acquired by fitting the nonlinear transmission expression 

for an open aperture Z-scan curve. 

                                                          T = 1 −
 𝛽 L𝑒𝑓𝑓I𝑜

2
3
2 [1+(

𝑧

𝑧𝑜
)

2
]
                                                    (1.30)                                                            

where z is the sample position, zo = πωo
2/λ is the Rayleigh range, ωo is the beam waist at 

the focal point (z = 0), λ is the laser excitation wavelength, Io is the intensity on the sample 

at focus,   is the effective nonlinear absorption coefficient, effective optical path length in 

the sample of length L is given as L𝑒𝑓𝑓 = 1 − 𝑒
−α L

α⁄ , and α is the linear absorption 

coefficient. Figure 4.18 illustrates the open aperture Z-scan curve for PN, PN-TCNB and 

PN-TCNQ, solid lines indicate the theoretical fit achieved using the above equation. The 

open aperture Z-scan curve displayed TPA process. The  assessed from the theoretical 

fitting is 4.4×10-10 cm/W, 3.18×10-10 cm/W, and 3.28×10-10 cm/W for PN, PN-TCNB and PN-

TCNQ, respectively having intensity at the focus 1.9 × 1012 𝑊

𝑐𝑚2 (Fig. 4.18).  

4.3.13: TPL Studies of PN, PN-TCNB and PN-TCNQ:  

As stated earlier, CT complexes are familiar to display NLO properties when 

irradiated with high energy lasers, since the applied electric field intensities are equivalent 



 

92 

 

to internuclear atomic fields. Hence, to probe the NLO properties of a thin-film of PN, PN-

TCNB and PN-TCNQ micro-spheres, each sample was illuminated by Ti: Sapphire 800 nm 

fs pulse laser (pulse width 100 fs, repetition rate 1 kHz). The experiment was done by 

placing the sample at focal volume having spot size of 101.8 µm wrapping a dozen of 

particles and is exposed by linearly polarized light with different input powers. The intensity 

at the focus was varied by adjusting the wave plate. According to our anticipation, a thin film 

of PN has shown a TPL band at ~ 488 nm, almost matching with its OPL (Fig. 4.19 B) by 

emitting intense blue light. In the same way PN-TCNB and PN-TCNQ thin films containing 

micro-spheres also exhibited TPL spectra at ~ 580 nm and ~ 602 nm, respectively 

corresponding to their OPL bands. The observed narrower FWHM of the TPL spectra in 

comparison to the OPL spectra is attributed to reabsorbance effect of the samples. [115] 

Further, upon increasing the pump power, the TPL intensity of the micro-spheres showed 

square dependence with the pump energy, suggesting the TPA process (Fig. 4.19 C). 

 

Figure 4.19: A) TPL photographs from solution and micro-spheres of PN, PN-TCNB and PN-TCNQ. 

B) TPL spectra (solid line) of PN, PN-TCNB and PN-TCNQ micro-spheres together with their OPL 

(solid fill). and C) The corresponding linear relationship between TPL intensity and excitation power 

in (mW)2 unit. The blue, orange and red dotted lines correspond to PN, PN-TCNB and PN-TCNQ.  
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In order to observe the TPL enhancement, homogeneous thin films of PN, PN-

TCNB and PN-TCNQ were compared with the corresponding micro-spheres exhibiting 

WGMs. Interestingly, the TPL intensities (collected at different areas) of PN, PN-TCNB and 

PN-TCNQ micro-spheres were found to be several orders of magnitude higher than the 

corresponding thin films owing to the optical-resonator effect of the former (Fig. 4.20). Most 

of the areas of thin films did not display any measurable TPL signal. It should be noted that 

the TPL enhancement order of the thin film of micro-spheres different from one area to 

another (although always higher than the spin-coated thin film). As per the stability is 

concerned PN-TCNB is more stable than PN-TCNQ since the former showed strong TPL 

even after several months compared to the latter (only a week stable). 

  

Figure 4.20: Comparative TPL intensity of thin-film and micro-spheres of PN, PN-TCNB, and PN-

TCNQ. 

4.4. Summary: 

This chapter presented the successful synthesis of CT-type polymer particle micro-

resonators via the principle of supramolecular CT interactions. For this, at first, a new cross-

linked macromolecule (PN) with pyrene as pendant D-group was made to incorporate 

acceptors A-molecules like TCNB and TCNQ. Nevertheless, very low dispersability of the 

polymer particles turn into one of the restrictions, inhibiting solution state incorporation of A-

units into D-components of PN. Alternatively, to prepare mechanically stable particles with 

good surface smoothness, polymer cross-linking was needed. Hence, the sol part of the PN 

having lightly cross-linked polymer was isolated and dispersed in DMF to integrate TCNB 

and TCNQ acceptors successfully. Later, the obtained cross-linked polymer and its CT 

complexes were precipitated as micro-particles by the addition of H2O and successive 

ultrasonication. The mechanism of formation of polymer particles from PN is maybe 

somewhat comparable to the dye-incorporated PS micro-particle formation. The resulting 

micro-particles consisted of PN, PN-TCNB and PN-TCNQ emit blue, orange and red colors 

upon one-photon excitation due to CT interactions. The single-particle photonic experiment 

was performed on these CT micro-spheres showed multimodal WGM emissions in the vis-
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NIR range with a 𝑄-factor as high as 1000 indicating increased photon residence time 

within the resonators. Two-photon pumped (800 nm) NLO spectroscopy studies of micro-

resonators displayed TPL almost comparable with their OPL bands. Moreover, the high 𝑄-

micro-spheres exhibited improved emissions in both linear and NLO systems in contrast to 

their analogous homogenous thin films proving improved light-matter interaction. Our 

method evidently proves the efficiency of supramolecular CT micro-resonators to get 

diverse Vis-NIR range up-conversion CT emissions appropriate for numerous NLO 

applications. 
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5.1. Abstract: 

Two novel, green-emitting, chiral, conjugated copolymers abbreviated as R- and S-

BP are synthesized by copolymerizing of R- and S-6,6’-dibromo-2,2’-diethoxy-1,1’-

binaphthyl (R- and S-BINOL derivatives) with 1,4-diethynyl-2,5-bis(octyloxy)benzene by 

Sonogashira coupling reactions. 𝑀𝑛 of R- and S-BP are 15 and 13 kDa, respectively. 

Moreover, these R- and S-BP self-assemble in THF/H2O/EtOH mixture generates micro-

spherical structures. The depiction of intra- and inter-polymer structural changes in the self-

assembly are explored by CD and UV-Vis spectroscopy studies. The former technique 

demonstrates the surge of the ellipticity of the optical response of the chiral component and 

its conversion from cisoid to transoid conformation during polymer aggregation.In contrast, 

the latter technique shows the lowering of the conjugation between diethynyl benzene and 

1,1’-binaphthyl unit along the chain during the self-assembly procedure. Remarkably, these 

micro-spheres exhibit WGM resonances (500-720 nm) in the one- and TPL with a 𝑄 of up to 

~700. Nevertheless, at high laser power (10 mW), the TPL spectral features of micro-

spheres changed significantly with the increase in the ratio of 𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿 , broadening of the 

linewidth and red-shift hinting transformation of polymer packing. Similar spectroscopic 

changes were observed for micro-spheres heated thermally (range: 60 C-160 C) or with 

high power (10 mW) continuous-wave laser confirming the laser-triggered heat. FLIM 

studies using a TCSPC unambiguously confirm the transformation of polymer packing 

from a homogeneous J type to heterogeneous (J, H and H-like).The TPL-CD value 

averaged over the whole spectral range for R- and S-BP micro-spheres is 6% with the 

opposite sign. This original work demonstrates the tremendous potential of laser-triggered 

heat in introducing polymer packing heterogeneity to achieve multi-color emitting 

conjugated polymer structures useful for many applications.    

5.2. Introduction:   

Recently, -conjugated polymers (CPs)[230,262,263] with multi-functional properties 

such as chirality, NLO, and electronic coupling tunability (ECT, for example, aggregation-

dependent optical emission shifts)[173] have gained vital importance. The presence of chiral 

groups in the donor-acceptor type CP facilitates the production of the chiro-optical effect 

and NLO emissions, respectively. For example, CD is one such chiro-optical effects that 

arises from the different absorption of left and right-handed circularly polarized light by the 

enantiomeric chiral materials.[264] The envisaged applications of the above-mentioned 

multifunctional CP materials include biomedical sciences, quantum information technology , 

chiral optical-tweezers, and quantum networks,[110,265] to name a few. Hence, the creation of 
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multi-functional CPs with chirality, NLO, and ECT properties is a challenging endeavor. 

Notably, compared to the former two properties, there is no design principle available for 

the latter. 

 Further, the practical applicability of (any) chiral NLO materials is limited by two 

critical features: (i) weak NLO signals and (ii) weak chiro-optical responses. Thus, so far, 

most of the experiments on chiro-optical effects from small chiral molecules or polymers 

were recorded only in the linear optical regime.[110,266,267] Alternatively, to increase the 

strengths of NLO and chiro-optical signals, effects suitable for confining or trapping the 

incident light have been created in plasmonic nanostructures, metamaterials, 

nanoantennae, and optical resonators.[111,268-274] For example, in an optical resonator, the 

increased residence time or photon lifetime (𝑃) of the trapped incident photons is expected 

to increase the light-matter interaction, thereby amplifying the signal strength.[59,111,274-276] In 

this regard, spherical NLO resonators obtained via solvent-assisted self-assembly chiral 

polymers are advantageous.[276] The reason is that these resonators are prone of trapping 

light via WGM resonance[49,51,59,72,206,276] and of improving NLO and related CD-NLO signals. 

Additional advantages of polymer-based resonators are that they can be obtained defect-

free and with a smooth surface due to tightly packed polymer chains. These features are 

essential to realizing high 𝑄 polymer resonators (high light storage) by minimizing scattering 

induced optical losses.[59] 

ECT is observed in CPs as a function of temperature in the solution state. [69,277,278] 

The temperature-dependent emission shift is usually attributed to various inter and intra 

polymer chain coupling mechanisms such as H- and J-aggregations[279] or excimer 

formation,[280] and backbone planarization.[281] Spano et al. have proposed a theoretical 

model that distinguishes H and J-type aggregates based on the ratio of the first two vibronic 

peaks (0-0 and 0-1) of the FL spectrum.[279,282] In J-type polymer aggregates, the head-to-

tail arrangement of chains favors intra-chain electronic coupling and the 0-0 vibronic 

transition is dipole allowed. Further, in J-type compared to the uncoupled system, the 

𝐼0−0
𝐹𝐿 /𝐼0−1

𝐹𝐿  (where, 𝐼0−0
𝐹𝐿  and 𝐼0−1

𝐹𝐿  are FL intensity of 0-0 and 0-1 peaks, respectively) ratio 

increases, 𝐹𝐿 reduces, and emission shifts to the red side of the electromagnetic 

spectrum.[173,279,282] In contrast, the H-type aggregate requires a face-to-face arrangement of 

polymer chains, thereby facilitating inter-chain electronic coupling. Here, the 0-0 transition is 

dipole forbidden, and the FL spectroscopic changes are opposite to those of J-type 

aggregate. Recently, Eder et al. have elegantly demonstrated the reversible switching of 

electronic coupling (H-type and J-type) in nanoscopic isolated CP aggregates by partially 
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swelling and drying the aggregates embedded inside a non-fluorescent polymer 

matrix.[173,279,282] 

Typically, laser-based spectroscopy studies on organic or polymer samples involve 

the interaction of ultrafast pulse CW laser beam with the sample. However, above a specific 

pump power, the produced local heat might induce morphological or phase changes within 

the polymer and thus shift the optical emission wavelength (depending upon the polymer 

structure and molecular weight). However, to the best of our knowledge, there exists no 

literature either on ultrafast laser- or CW-induced changes in polymer chain packing and 

subsequent shifts of the polymer electronic coupling. We believe that these overlooked 

spectral outcomes from micro-spectroscopy experiments treating polymer samples at high 

laser intensities are worth a detailed investigation and report.  

This chapter presents chiral micro-resonators made from self-assembly of 

enantiomeric -conjugated NLO copolymers, namely, R- and S-2,2'-diethoxy-1,1'-

binaphthyl-co-1,4-diethynyl-2,5-dioctyloxy benzene (R-BP and S-BP). These tailor-made 

polymers prepared via Sonogashira coupling reaction are made of (i) enantiomeric 1,1’-

binaphthyl with electron-donating ethoxy groups substituted at the 2,2’ positions; (ii) 

moderately electron-withdrawing 1,4-diethynyl phenyl units provide ECT to the polymer[281] 

and (iii) flexible n-octyloxy polymer side chains to attain solution processability (Scheme 5. 

1).  As the enantiomeric copolymers are hydrophobic, their self-assembly in THF solution by 

adding antisolvents (water/ethanol) produced corresponding micro-spheres. The diameter 

of the obtained R- and S-BP micro-spheres ranged from ~3-8 m as evident from the 

confocal- and electron-microscopy techniques. In conjugated polymers, their order is 

related to alkyl side-chain positions, chain length/shape, molecular weight, and backbone 

curvature. The spectroscopic snapshots of the self-assembly process were obtained by 

adding the antisolvent mixture in portions (0-70%) to the THF solution of the polymers. A 

comparative analysis of these mixed solutions in various ratios using optical absorption, FL- 

and CD-spectroscopy techniques revealed weakening of the -conjugation along the 

polymer chain (blue shift of the optical emission) and change of the ellipticity of the polymer 

(dramatic changes of the CD signals), respectively. 

Remarkably, each R- and S-BP polymer micro-sphere upon one- and two-photon 

(low-power: <2 mW) pumping perform as WGM micro-resonator exhibiting high 𝑄-factor. 

TPL of R- and S-BP polymer micro-spheres displayed an intense band at ~466 nm (0-0 

transition) and a relatively broad low-intensity sideband at ~502 nm (0-1 transition) with a 

𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿  ratio of 1.8. However, at high laser pump powers (>10 mW), we could detect a 
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dramatic change in the emission spectra intensity with the decrease of the 𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿  ratio 

and broadening of the 0-1 peak together with the red-shift (up to 100 nm). Intuitively, these 

dramatic spectral transformations, directly hint at changes in the polymer electronic 

coupling as a result of the alteration of the polymer nanoscopic morphologies (packing type, 

H or  J) triggered by the heat produced by the high power laser beam. In line with above-

findings, upon increasing the temperature (up to 120 C) CW laser power (up to 15 mW) the 

micro-spheres exhibited nearly similar broadening and redshifts of the emission spectra 

confirming the ultrafast laser-induced heating hypothesis. 

    Generally, during single micro-sphere TPL or FL spectroscopy experiments, the 

spot-size or the exposure area of the laser beam is kept smaller than the micro-sphere size 

(down to a spot size of <1 m). However, ultrafast laser pulses trigger more localized 

heating (a lower heat-affected region and greater heat) in samples compared to CW laser 

(higher heated affected region and lower heat) for the same average power. [286,287] 

Therefore, to find the answer to the question, whether the transformation of polymer chain 

packing within the micro-sphere is homogeneous or heterogeneous, we have carried out FL 

lifetime imaging experiments. The latter experiments revealed the heterogeneous 

distribution of polymer chain packing within the micro-spheres or in other words existence of 

both H, H-like[291] and J-type electronic coupling, after exposure to high power CW laser. 

These light-trapping micro-spheres exhibited a much sought after CD effect in the TPL with 

different signs at low pump powers. Finally, these results enhance our understanding of 

laser-triggered ECT in CP polymers, which has ongoing relevance to polymer based nano-

photonic structures, and optical meta materials useful from opto-electronics and to quantum 

information processes. 

5.3. Results and Discussion: 

5.3.1. Syntheses of monomers and polymers: 

The syntheses of R- and S-BP polymers are outlined in Scheme 5.1. 

Compounds 2-iodo-1,4-dioctyloxybenzene (M1), 1,4-diethynyl-2,5-

bis(octyloxy)benzene (M2) and R- and S-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthyl 

(M3) were synthesized according to reported procedure.[281-283]  

Synthesis of 2-iodo-1, 4-dioctyloxybenzene (M1): 

1,4-dioctyloxybenzene (1 g, 2.98 mmol, 1 eq.) was taken in a round-bottomed 

flask containing acetic acid (10 mL) and H2SO4 (0.1 mL). To this reaction mixture, a 
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solution containing KIO3 (127 mg, 0.6 mmol, 0.2 eq.), I2 (378 mg, 0.2 eq.), two drops 

of conc. H2SO4 and H2O (1 mL) were added by drop-wise. The reaction was heated 

to reflux for 5 h. The progress of the reaction was examined by TLC to check the 

formation of the mono iodinated product. The reaction was quenched by addition of 

aqueous Na2S2O3 solution to quench excess I2. The precipitate formed was collected 

by filtration and extracted with CHCl3, dried over Na2SO4 and evaporated in vacuo. 

The obtained crude compound was refined by column chromatography on silica gel 

with n-hexane/ EtOAc (95:5 v/v) as eluents to get M1 (0.23 g, 82%) 1H-NMR (400 

MHz, CDCl3, 298K) δ/ppm: 6.83 (dd,1H), 6.72 (d,1H) 7.34 (d, 1H), 3.93 (t, 2H), 3.87 

(t, 2H), 1.84-0.90 (m, 24H), 0.88 (t, 6H). 13C-NMR (100 MHz, CDCl3, 298K) δ/ppm: 

153.69, 152.07, 125.32, 115.36, 113.09, 87.00, 70.24, 68.89, 31.99, 29.66, 29.42, 

29.38, 26.19, 26.09, 22.76, 14.19.       

Synthesis of 1,4-diethynyl-2,5-bis(octyloxy)benzene (M2): 

A mixture of 2,5-diiodo-1, 4-dioctyloxybenzene (5 g, 8.5 mmol, 1 eq.), CuI 

(150 mg, 0.789 mmol, 0.1 eq.) and Pd(PPh3)2Cl2 (300 mg, 0.427 mmol, 0.05 eq.) 

were added to a clean and dry two neck round-bottomed flask and was subjected to 

a freeze-pump-thaw cycle for three times. To this mixture, dry Et3N (60 mL) was 

added under N2 condition. Further, trimethylsilylacetylene (3.5 mL, 25.5 mmol, 3 eq.) 

was added dropwise to the reaction mixture. The reaction was continued with stirring 

for 12 hrs at 70 °C. Afterwards cooling the mixture to rt, the solvent was removed in 

vacuo and the crude product was refined by chromatography on a short plug of silica 

gel with n-hexane/ ethyl acetate (95:5 v/v) as eluent to afford golden coloured oil (4.7 

g, 83%) that solidified slowly upon storing at rt. Then, the as-obtained product was 

dissolved in THF (35 mL) and methanol (CH3OH) (50 mL). Later, an aqueous NaOH 

(2.5 N, 7.5 mL) was added to the reaction mixture. The deproduction reaction was 

continued with stirring at rt for 5 h. The solvent was evaporated under reduced 

pressure. To the crude porduct was added H2O (20 mL) and extracted the organic 

layer with DCM (20 mL). The solvent was concentrated under reduced pressure to 

get the target compound M2 as yellow solid (3.4 g, 97%). 1H-NMR (CDCl3, 400 MHz, 

298K) δ/ppm: 6.94 (s, 2H, Ph-H), 3.98 (t, 4H, O-CH2), 3.33 (s, 2H, ≡C-H), 1.78 (m, 

4H), 1.54-1.28 (m, 20H), 0.9 (t, 6H, CH3). 13C-NMR (CDCl3, 100 MHz, 298K) δ/ppm: 

151.3, 117.4, 109.2, 81.9, 78.7, 68.1, 31.9, 29.7, 29.3, 25.9,22.6, 14.1.  
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Synthesis of R- and S-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthyl (M3): 

A suspension of R- and S- 1,1’-binaphthol (2.0 g, 7 mmol) in acetonitrile (20 mL) was stirred 

under N2 atmosphere, later K2CO3 (3.8 g, 28 mmol) and C2H5Br (1.5 mL, 21 mmol) were 

added to it and the mixture was heated to reflux at 85 °C for 24 h. The solvent was removed 

in vacuo, and the mixture was diluted with CH2Cl2 (30 mL). The organic layer was further 

washed with H2O and brine and dried over anhydrous Na2SO4. After removal of solvent, the 

crude product was refined by column chromatography (silica gel, hexane/EtOAc, 95:5) to 

give 2,2’-diethoxy-1,1'-binaphthalene as a viscous liquid. Yield (1.86 g, 78%). 1H-NMR (400 

MHz, CDCl3, 298K) δ/ppm: 7.93 (d, 2 H), 7.85 (d,  2 H), 7.42 (d, 2 H), 7.42 (d, 2 H), 7.30 

(dd, 2 H), 7.20 (dd, 2 H), 7.13 (br d, 2 H),  4.04 (m, 4 H), 1.05 (t, 6H). 13C-NMR (100 MHz, 

CDCl3, 298K) δ/ppm: 154.22, 134.08, 129.15, 128.97, 127.68, 125.93, 125.40, 123.31, 

120.58, 115.77, 65.10, 14.88. 2,2’-diethoxy-1,1'-binaphthalene (2 g, 5.8 mmol) was 

dissolved in CH2Cl2 (50 mL) and cooled to 0 °C. Br2 was added to it in increments, starting 

with 1.8 eq. until the reaction went to completion. The reaction mixture was then extracted 

with 10% NaHSO3 and brine. After drying over Na2SO4 and filtering, the solvent was 

removed to yield the product R- and S-6,6'-dibromo-2,2'-diethoxy-1,1'-binaphthalene in the 

form of oil (2.14 g, 74%). 1H-NMR (400 MHz, CDCl3) δ/ppm: 8.00 (d, 2H), 7.84 (d, 2H), 7.42 

(d, 2H), 7.26 (dd, 2H), 6.95 (d, 2H),  4.03 (m, 4H), 1.06 (t, 6H), 13C-NMR (100 MHz, CDCl3, 

298K) δ/ppm: 154.42, 132.41, 130.11, 129.68, 129.34, 128.32, 126.98, 119.93, 117.16, 

116.35, 64.96, 14.89.      

Syntheses of R- and S-BP polymers:  

R- and S-M3 (178 mg, 0.35 mmol), M2 (136 mg, 0.356 mmol), Pd(PPh3)4 (41 mg, 

0.03 mmol) and CuI (7 mg, 0.03 mmol) were added to a mixture of solvents of THF (8 mL) 

and Et3N (4 mL) under N2 atmosphere. The mixture was stirred at 70 °C under N2.  End 

group molecule, M1 (32 mg, 0.03 mmol, 0.2 eq.) was added to the reaction mixture after 15 

min of starting the reaction. After 72 h, the mixture was brought to rt, and the solvent was 

evaporated. Then the residue was washed with CH3OH to take away any small molecular 

impurities. The product was dried under vacuum overnight. The yields of R- and S-BP are 

0.066 g and 0.064 g, respectively.  The product was submitted to Soxhlet extraction 

(acetonitrile, CHCl3 and lastly with THF) to discard low molecular weight fraction and isolate 

soluble high molecular weight polymer fractions. S-BP: 1H-NMR (400 MHz, CDCl3, 298K)  

δ/ppm:  8.02 (s, 20H), 7.82–7.85 (d, 22H), 7.72 (s, 9H), 7.64-7.69 (m, 52H), 7.53-7.56 (m, 

30H), 7.44-7.48 (m, 58H), 7.40-7.42 (m, 26H), 7.33-7.35 (m, 3H), 7.31-7.32 (m, 6H), 6.90-

6.95 (m, 39H), 6.81-6.83 (d, 2H), 6.70-6.73 (d, 2H), 4.02-4.04 (m, 70H), 3.95-3.97 (m, 32H), 
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3.91-3.92 (m,8H), 3.85-3.88 (m, 10H), 1.04-1.09 (m, 113H), 0.86-0.88 (m, 174H). R-BP: 1H-

NMR (400 MHz, CDCl3, 298K) δ/ppm: 8.02 (s, 14H), 7.83–7.85 (d, 14H), 7.72 (s, 3H), 7.65-

7.68 (m, 23H), 7.53-7.55 (m, 12H), 7.45-7.48 (m, 25H), 7.41-7.42 (m, 16H), 7.31-7.33 (m, 

3H), .24-7.2 6(m, 3H),6.94-6.95 (m, 18H), 6.81-6.83 (d, 2H), 6.71-6.73 (d, 2H), 4.04-4.06 

 

Scheme 5.1: Syntheses of R- and S-2,2'-diethoxy-1,1'-binaphthyl-co-1,4-diethynyl-2,5-dioctyloxy 

benzene (R- and S-BP).  

(m, 36H), 3.95-3.97 (m, 6H), 3.91-3.92 (m,6H), 3.85-3.88 (m, 6H), 1.04-1.07 (m, 77H), 0.86-

0.88 (m, 151 H). 𝑀𝑛  [by 1H-NMR] ≈ 6.3 KDa and 7.8 KDa  for R- and S-BP polymers, 

respectively. 13C-NMR (100 MHz, CDCl3, 298K) δ/ppm: 154.54, 132.52, 132.22, 132.12, 

132.04, 131.90, 130.34, 130.23, 129.85, 129.77, 129.65, 129.45, 129.29, 128.75, 128.52, 

128.42, 127.54, 127.08, 125.37, 120.07, 117.27, 116.48, 115.45, 113.16, 70.22, 69.78, 

68.87, 65.07, 37.08, 32.73, 31.90, 31.78, 30.31, 30.01, 29.67, 29.63, 29.33, 29.30, 29.26, 

29.21, 29.05, 27.06, 26.07, 26.04, and 25.97. 
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5.3.2. NMR spectroscopy analysis of R- and S-BP polymers: 

  The R- and S-2,2'-diethoxy-1,1'-binaphthyl-co-1,4-diethynyl-2,5-dioctyloxy benzene 

copolymers end-capped with M1 were synthesized by copolymerizing diethynyl benzene 

linker (M2) and chiral monomers (R- and S-M3) via a palladium-catalyzed Sonogashira 

cross-coupling reaction (Scheme 5.1).[282-284] The obtained polymers were washed via 

 

Figure 5.1: 1H-NMR (DMSO-d6) spectra of R- and S-BP polymers.  

 

Soxhlet extraction to remove low molecular weight oligomers with solvents like hexane, 

MeOH, ACN, CHCl3 and finally with THF. The polymers (yield 48-52%) were soluble in 

common organic solvents (THF, DCM and toluene) due to the presence of flexible n-

octyloxy group substituent in the polymer side chain. The THF insoluble high molecular 
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weight R- and S-BP polymer fractions (yield 19-23%) were partially soluble in DMSO. The 

remaining very high molecular weight R- and S-BP polymers (yield 16-18%) were insoluble 

in any solvents. In the 1H-NMR spectra (in DMSO-d6) of R-and S-BP, the disappearance of 

a peak at 3.33 ppm, which corresponds to the ethynyl proton (-C≡C-H) hint at the formation 

of polymers. The aromatic proton (see label “a”) of the end-capping unit appeared as 

doublet around 6.72−6.75 ppm (Fig. 5.1). In the 13C-NMR spectra of R-and S-BP, the 

acetylenic carbon peaks appeared in the deshielded regions at 87.9 and 87.0 ppm (Fig. 

5.2). The chemical shifts values of these deshielded peaks are different from the polymer 

obtained from the homocoupling of M2 (as the buta-1,3-diyne carbon peaks of the 

homocoupled product appear at 89.2 and 79 ppm),[290] which confirms the formation of R-

and S-BP polymers. 

 

Figure 5.2: 13C-NMR (CDCl3) spectra of R- and S-BP polymers.   
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5.3.3. Number average molecular weight (𝑴𝒏) of R- and S-BP polymers: 

 With the assumption that the majority of the polymer chain ends have been 

end-capped, the 𝑀𝑛 was estimated from the 1H-NMR spectra (Fig. 5.1). For S-BP, 

the relative signal intensities of binol proton (marked as “d”) to protons of 1,4-

dioctyloxybenzene of end group (marked as “a”) was 34:2. This ratio suggested 

degrees of polymerization (𝑋𝑛) of 17 corresponding to 𝑀𝑛  of about 13 kDa. A similar 

analysis revealed 𝑋𝑛   value of about 19.5 for R-BP with 𝑀𝑛  of ~15 kDa. The above 

results show that the molecular weight of the insoluble polymers obtained during the 

Soxhlet extraction is much higher than the DMSO soluble ones. As THF is 

convenient for solution processability polymers, we have used the THF soluble 

polymer fractions [R-BP: 𝑀𝑛  ~6.3 kDa and S-BP: 𝑀𝑛  ~7.8 kDa] for further studies).  

5.3.4. FTIR spectroscopy analysis of R- and S-BP polymers: 

 

Figure 5.3:  FTIR spectra of A) M2, R-BP and M3 and B) M2, S-BP and M3.  

The FTIR spectra of R- and S-BP displayed shifts of the C≡C stretching 

vibration (𝜗C≡C) to 2359 cm-1 and 2356 cm-1, respectively in comparison to C≡C 

stretching vibration (𝜗 C≡C) ≈ 2104 cm-1 of M2 proving the formation of enantiomeric 

polymers (Fig. 5.3 A and B).  

5.3.5. Differential scanning calorimetry (DSC) of R- and S-BP polymers: 

The glass transition temperature (Tg) (the range of temperature in which 

glassy state transforms to to viscous rubbery state) and melting temperature (Tm)  
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(endothermic peak) of R- and S-BP were 

determined by DSC in the temperature 

range of 25 to 230 °C under N2 atmosphere 

(heating rate of 10 °C/min) (Fig. 5.4). The Tg 

values of R- and S-BP were found to be in 

the range of 85-90 °C specifying the 

amorphous nature of enantiomeric polymers. 

Moreover, R- and S-BP exhibited Tm at 129 

and 128 °C, respectively (Fig. 5.4). From the 

above results, it can be anticipated that the 

chiral polymers are semi-crystalline in 

nature. 

5.3.6. Optical properties of R- and S-BP polymers:   

 

Figure 5.5: UV-Vis absorbance and FL spectra of chiral polymers R- and S-BP in A) THF and B) 

thin-film state, respectively.  

The photophysical properties of R- and S-BP are presented in Figure 5.5. 

The UV spectra of R- and S-BP in THF solution (c ≈ 1.0 × 10−5 mol/L) displayed 

multiple absorption maxima at 248/278/337 nm which can be allocated to the π-π* 

transition of the M3 unit (Fig. 5.5 A). A new low energy absorption band situated at 

~423 nm exhibited by both R- and S-BP (which is not present in case of binol 

monomers (R- and S-M3)) directs the conjugated structure connecting binol units 

and diethynyl benzene unit. The intensity variation and redshifts shown by this ~423 

nm band in solvents of low dielectric constants point towards its CT nature (Fig. 5.7 

A and B). The solution state FL bands of R- and S-BP appeared very similar with 

peak maxima at 474/512 and 482/523 nm, respectively (Fig. 5.5 A). Here, the red-

 

Figure 5.4: DSC curves of chiral polymers 

R-and S-BP. 
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shifted (~8 nm) emission band showed by R-BP 

polymer points to better -conjugation along the 

longer polymer chains. The solid-state absorption 

spectrum of R- and S-BP showed numerous 

absorption maxima for both polymers at 

~270/339/423 nm. Contrary, to solution state, the 

solid state FL bands of R- and S-BP looked 

broad with maxima at ~555 nm with a shoulder at 

612 nm (Fig. 5.5 B). The electronic CD spectra 

are shown in Fig. 5.6. displayed mirror image CD 

bands in THF solution owing to different 

handedness of R- and S-BP.  The R- and S-BP exhibited bands of opposite signs at 

~328 and 469 nm demonstrating their opposite chiral handedness. 

 

Figure 5.7: A and B) UV-Vis absorbance spectra of R- and S-BP polymers in various solvents. C 

and D) FL spectra of R- and S-BP polymers in various solvents.    

 

Figure 5.6: Solution-state (in THF) CD  

spectra of R- and S-BP polymers. 
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5.3.7. Self-assembly of R- and S-BP polymers:  

Hydrophobic R- and S-BP were transformed into micro-structures through 

self-assembly method. In short, in a vial 1 mg of hydrophobic R- and S-BP were 

dissolved in 1 mL of THF, and the obtained solution was transferred gently alongside 

the walls of a vial consisting of a mixture of 2 mL of H2O/EtOH (7:1). The obtained 

turbid solution was left uninterrupted for 6 hrs to sustain the development of the 

micro-particles. Then, 2 drops of the solution were drop casted on a coverslip, 

followed by slow evaporation of solvent under ambient conditions to acquire several 

micro-spheres wrapping a huge surface area of the coverslip (Scheme 5.2).  

 

Scheme 5.2: Self-assembly of R- and S- BP polymers into micro-spheres. 

5.3.8. Microscopic studies of R- and S-BP:  

R- and S-BP were self-assembled into micro-spherical particles in 

THF/H2O/EtOH mixture (Scheme 5.2). It is assumed that the generation of micro-

spheres through aggregation is driven by the poor solvent i.e; water.[72,276] 

Investigation of the sample under confocal microscopy displayed the formation of 

circularly-shaped micro-particles (Fig. 5.8 A). Moreover, FESEM analysis 

established the spherical geometry of the micro-particles with comparatively narrow 

size-distribution with a diameter 3-8 m (Fig. 5.8 E). TEM studies showed dark 

contrast for the micro-spheres directing tight packing of the polymer chains within the 

micro-structures (Fig. 5.8 B). SAED pattern of a single micro-sphere showed no 

noticeable diffraction spots from micro-particles (Fig. 5.8 C). AFM examination of a 

selected micro-sphere confirmed the smooth surface of the micro-sphere, which is 

important to minimize the light scattering loss and increase the Q-factor of optical 

micro-resonators (Fig. 5.8 D). 
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Figure 5.8: Confocal optical microscope image of micro-spheres. B and C) TEM image of a single 

chiral polymer micro-sphere and its SAED image, respectively. D) AFM topography image of a micro-

sphere with its dimension profile. The right inset shows the surface smoothness and E) FESEM 

images of micro-spheres. The top three figures show a close-up view of a single micro-sphere of 

varying diameters.    

5.3.9. Aggregation studies of R- and S-BP polymers: 

 

Figure 5.9: A and B) Photographs of R- and S-BP polymer solutions with 0% and 70% 

H2O+EtOH. 

To understand the influence of polymer conformation/packing in self-assembled 

micro-spheres, the evolution of absorption, emission, and CD spectroscopic signatures of 

THF solution of R- and S-BP polymers with different volume fractions (fwater:EtOH (7:1) = 0-70%) 

of the antisolvent mixture (Fig. 5.9). Here, the gradual change of the composition of a mixed 

solvent decreases the solubility of the polymer in a controlled manner to induce inter and 
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intra chain interactions and provide the snapshots of molecular-level structural changes 

during polymer self-assembly (Fig. 5.10). Upon increasing the fraction of the non-solvent 

mixture in the THF solution of polymers, the optical absorption (Fig. 5.10 A, B) and 

𝑰𝟎−𝟎
𝑭𝑳 /𝑰𝟎−𝟏

𝑭𝑳  ratio (Fig. 5.19 B) did not reveal any significant changes. However, the FL spectra 

of both polymers showed slight blue shifts along with FL quenching.To correlate how the 

conformational changes of 1,1’-binaphthyl affect polymer backbone and subsequent 

electronic coupling, we have also recorded the CD spectra of the same solutions used for 

the absorption and emission measurements (Fig. 5.11 A, B). In CD spectroscopy the 

 

Figure 5.10: A and B) UV-Vis absorbance spectra of R- and S-BP polymers in THF with different 

vol% ratios of water/EtOH. C and D) FL spectra of R- and S-BP polymers in THF with different vol% 

of water/EtOH mixture.     

magnitude of CD peaks and their shift  provides structural information of the polymer chains 

during their self-assembly. Both R- and S-BP in THF exhibited well pronounced positive 

and negative CD peaks at 470 and 473 nm, respectively Fig. 5.11 A, B). Upon addition of 

water, the intensity of the ~470 nm peak decreased, and a new peak at ~319/326 nm 

emerged from R- and S-BP polymer solution. Zhang et al. have computationally 

demonstrated that for the structurally analogous conjugated polymer,[285] the torsion angle 
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(Θ) of 1,1’-binaphthyl increases with the water content of the solvent mixture due to its 

transformation from cisoid to a transoid conformation (Fig. 5.12 A, B).[286] 

 

Figure 5.11: A and B) CD spectra of R- and S-BP polymers in THF with different vol% of water/EtOH 

mixture. 

It is clear from the CD data that the reason for the FL blue shifts presented by R- 

and S-BP polymers is the increase of the Θ-value, which weakens the -conjugation 

through the 1,1’-binaphthyl units. Therefore, in the case of R- and S-BP polymers a cisoid 

to a transoid conformation change of the 1,1’-binaphthyl is expected during the self-

assembly process (Fig. 5.12 A, B). It is interesting to note here that the absorption spectra 

of both R- and S-BP polymers (see Fig. 5.10 A, B) showed nearly no peak shifts in 

response to the Θ value change exhibited by CD spectra. Nevertheless, it is clear from the 

CD data that the reason for the FL blue shift presented by R- and S-BP polymers is the 

increase of the Θ values, which causes weakening of the conjugation through 1,1’-bond 

connecting the biphenyl units (Fig. 5.12 A, B). 

 

Figure 5.12: A) Repeating unit of BP polymer. B) From cisoid to the transoid conversion of the 1,1’-

bond of binol unit of the polymer. 

5.3.10. Single-particle microscopic studies of R- and S-BP micro-spheres: 

Single-particle micro-FL experiments were carried out on a confocal 

microscopy (back scattering mode) was used to examine the light-trapping ability of 

micro-spheres. Upon electronic excitation of an edge of a single micro-sphere with 
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CW 488 nm (Ar+) laser (power: 5 mW) exhibited a broad green emission spectrum 

(from 500-750 nm) with multiple pairs of sharp peaks identified as WGMs (Fig. 5.13 

A and B). These pairs of peaks equivalent to TE and TM modes. One can conclude 

from the FL spectrum that the wavelength-dependent periodic intensity variation of 

the peaks is a function of micro-resonator diameter. To investigate the size-

dependency on the number of optical modes, and FSR values, micro-particels of 

different sizes were studied. The FSR values of three representative S-BP micro-

particles of different diameters are presented in the Figure 5.13 B. In line with the 

relation: FSR 1/D (see equation 1.7 in Chapter-1) the three representative micro-

spheres of diameters ~7.6, 6.2 and 3.9 μm (diameters calculated from LCRM 

images) displayed reduction in the number of modes from 38 to 18 and increase in 

FSR values from 10.1, 14.1 to 20.4 nm, respectively (Fig. 5.13 B).  

 

Figure 5.13: Particle size-dependent single-particle FL spectra of micro-spheres of A) R-BP 

and B) S-BP exhibiting WGM resonances. The insets show the FL images of micro-resonator 

during excitation with CW laser (488 nm, Ar+). 

Further, fitting a plot of FSR Versus inverse of micro-resonator size presented 

approximately a linear relationship within the limits of experimental errors as per the 

equation 1.7 given in Chapter-1 (Fig. 5.14 A). These experimental results found that 

the spherical micro-particle acts as a WGM resonator by reflecting the FL photons 
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within the boundary multiple times via TIR. Likewise, R-BP micro-spheres displayed 

particle size-dependent resonance behaviour (Fig. 5.13 A and 5.14 A). The 𝑄-factor 

of S- and R-BP micro-spheres increased linearly with the diameter to the value of 

680 and 610, respectively (Fig. 5.14 B).  

 

Figure 5.14: A) A plot of FSR versus 1/D for R- and S-BP micro-spheres. B) A plot of 𝑄-factor 

versus particle D for R- and S-BP micro-spheres. 

5.3.11. NLO microscopy studies of R- and S-BP micro-spheres:   

As these R- and S-BP polymers in solution state exhibited sizable -values, 

we have explored the NLO properties of micro-resonators as well. Open aperture Z-

scan experiment (Fundamental 

wavelength: 800 nm) was performed to 

evaluate the  of R- and S-BP. The 

estimated -values of R- and S-BP are 

0.124×10-11 and 0.155×10-11 cm/W, 

respectively, which confirm their NLO 

properties (Fig. 5.15).  NLO 

microscopy studies were carried out by 

exciting a single micro-resonator using 

a Ti:Sapphire femtosecond pulse laser 

(wavelength 740 nm, pulse width 60 fs, 

repetition rate 80 MHz). Interestingly, 

at low power (4 mW), both R- and S-BP micro-resonators (D ~13 µm and 9 µm, 

respectively) revealed WGMs signatures in TPL spectra (Fig. 5.16 A, B).  

 

Figure 5.15: Open aperture Z-scan data of  

R- and S-BP polymers. 
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The TPL spectra of R- and S-BP micro-resonator comprised of a high-

intensity 466 nm peak and a relatively broad low-intensity ~502 nm peak. As 

expected, here, the increase of the pump power of the fundamental excitation beam 

increased the intensity of both peaks. Interestingly, at high pump powers, an 

unexpected result was obtained when we analyzed the TPL spectra. The profile of 

the TPL spectra changed drastically with selective amplification of ~502 nm (0-1) 

peak (with a red-shift of about 100 nm)  relative to high energy (0-0) peak and 

displayed several vibronic structures (Fig. 5.17 A, B).  

 

Figure 5.16: A and B) TPL spectra revealing WGMs excitation for single R-BP and S-BP micro-

resonators.  

 

Figure 5.17: A and B) Shape of the TPL spectra R-BP and S-BP micro-resonators as a 

function of pump power.  

5.3.11.1. Polymer chain packing dependent electronic coupling of R- and S-BP 

micro-spheres: 

            In general, the electronic coupling in conjugated polymer is sensitive to its 

conformation and chain packing. The amplification of 0-1 peak compared to 0-0 peak 
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in the TPL spectra at high laser power indicates a dramatic change of the polymer 

packing within the micro-resonators. Earlier reports have established that ultrafast 

laser pulses trigger more localized heating (a lower heat-affected region) in samples 

compared to CW laser.[288,289] Further, the short-pulse laser increases the sample 

temperature greater than the CW laser of the same average power. [288] It is possible 

that the ultrafast laser triggered a local temperature increase within the micro-

resonators, prompting a transformation of polymer packing. In order to validate the 

“laser-induced heating” hypothesis, we have heated the coverslip (20 to 160 C) 

containing the R- and S-BP polymer micro-resonators and collected the temperature-

dependent FL spectra by exciting them with a continuous wave CW laser (405 nm; 5 

mW power) (Fig. 5.18 A, B). The spectra recorded at high-temperatures (40-160 C) 

 

Figure 5.18: A and B) Temperature-dependent one-photon pumped FL spectra of R- and S-BP 

micro-resonators. 

 

Figure 5.19: The ratio 0-0/0-1 optical emission peak intensities as a function of A) fs laser power and 

B) thermal heating for R- and S-BP micro-spheres. 
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exhibited an intensification of the 610 nm peak accompanied by red-shift with rising 

temperature in comparison to low-temperature (20 C) spectrum. Overall, the above 

experiments confirm the premise that heat-induced spectral changes in polymer micro-

resonators occur due to the absorption of ultra-fast laser light.[289] However, the FL spectra 

of thermally heated samples cannot be entirely matched with TPL spectra as the latter 

samples were heated by fs laser and arises due to TPA Interestingly, at high pump powers, 

an unexpected result was obtained when we analyzed the TPL spectra.  

In order to explain the temperature-dependent optical spectral shifts, it is essential to 

understand the polymer chain packing-dependent electronic coupling using Spano’s model. 

However, this model is directly applicable to polymer systems with a homogeneous 

distribution of polymer chain packing type (either H or J), not for heterogeneous type. 

Notably, during the TPL experiments using high power ultrafast laser, the centre of the 

micro-particle was subjected to light irradiation. Therefore the question that remains 

unanswered is whether the polymer packing distribution within the micro-sphere is 

homogeneous or heterogeneous. In the case of latter distribution, correlating pump-power-

dependent TPL spectra with polymer packing type is not straight forward. However, it is 

expected that the micro-spheres with heterogeneous polymer chain packing should reveal 

aggregation-type dependent FL values. Thus, we have probed FL down to a single micro-

sphere level by FLIM technique using a TCSPC. For a fair comparison of results, we have 

used the same micro-particle before and after a high power laser (CW 405 nm) irradiation 

or thermal heating (Fig. 5.20). 

We have investigated R- and S-BP micro-spheres before treating them with high 

power CW laser (15 mW), which exhibited a single exponential FL decay with a nearly 

uniformly distributed average 𝑭𝑳 values of 0.54-0.61 ns (Fig. 5.20 A, D). However, the 

same micro-spheres after laser treatment revealed dramatic changes and heterogeneous 

distribution in the 𝑭𝑳 values, a shorter radiation time at the center (core) of the particle 

(pump area) and moderate radiation around the core (<1 ns) and a much longer radiation 

time  (up to ~10 ns) exhibited by their circular periphery (Fig. 5.20 B, E). Here, the regions 

with higher and lower 𝑭𝑳 values point to H (inter-chain electronic coupling) and J (intra-

chain electronic coupling) type polymer chain packing, respectively.[278,280,288] The regions 

with intermediate 𝑭𝑳 possibly arise due to polymer chain packing much H-like but with 

disordered octyl side chains. The increase of 𝑭𝑳 in the micro-spheres from the core to 

periphery validates the heterogeneous transformation of polymer chain packing at different 
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regions due to laser-induced heating. The 𝑭𝑳 also indicates that the polymer chains are 

tightly packed at the periphery of the micro-spheres compared to its core.  

 

Figure 5.20. Confocal microscopy (left) and the corresponding FLIM-TCSPC (right) images 

of R- and S-BP micro-spheres A and B) before and D and E) after laser-induced heating. C 

and F) FL spectra of  R- and S-BP micro-spheres (used in FLIM experiments) at different 

CW laser (450 nm) pump powers. G) H) The ratio 0-0/0-1 optical emission peak intensities 

as a function of CW laser power for R- and S-BP micro-spheres. H) Schematic illustrating 

the mechanisms of H-type and J-type coupling in R- and S-BP polymer chains. 

The 𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿  ratios of R- and S-BP polymer micro-spheres excited with fs laser at 

low pump power (<1 mW) was about 1.8 (Fig. 5.19 A), which is close to J-type polymer 

packing (with a homogeneous distribution of FL) but may not be the predominant one. For 
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example, in the case of trans-polydiacetylene polymer chains, the ratio goes up to 

severalhundreds[69,277] due to an effective long-range J-coupling. However, at high fs laser 

power (>10 mW) these micro-spheres show a decrease in 𝐼0−0
𝐹𝐿 /𝐼0−1

𝐹𝐿  ratio (Fig. 5.20 G) due 

to a substantial reduction of the 0-0 peak intensity. This result confirms the H-type coupling 

observed in the micro-sphere peripheral regions by the 𝑭𝑳 measurements. The R- and S-

BP polymer micro-spheres heated either thermally (>80 C) or CW laser (>10 mW)  showed 

lessening trend of the 𝐼0−0
𝐹𝐿 /𝐼0−1

𝐹𝐿  ratio (Fig. 5.19 B and Fig. 5.20 G). Nevertheless, both 0-0 

and 0-1 peak intensities reduced considerably (Fig. 5.18 A, B and Fig. 5.20 C, F). This 

result is not surprising as the FLIM experiments demonstrated the heterogeneous 

distribution of polymer chain packing in the R- and S-BP polymer micro-spheres. Further, 

the manifestation of slightly broadened and red-shifted emission spectra (0-3 vibronic peak) 

with high intensity (Fig. 5.19 A, B and Fig. 5.20 C, F) arises possibly due to intra-chain 

level planarization of the aromatic backbone in the core region of the micro-sphere (more J 

character),[288] and excimer like-transition[281] from the peripheral regions the micro-sphere.  

One of the unprecedented applications of the above experiments is that these laser-

triggered aggregation changes can be effectively used to control the electronic coupling in 

conjugated polymers.   

5.3.11.2. CD-TPL studies of R- and S-BP micro-resonators:  

 

Figure 5.21: A) Schematic view of the experiment on the CD effect in the TPL response of R- 

and S-BP micro-spheres excited by left- and right-polarized light. B) TPL-CD signal of R- and 

S-BP as a function of pump wavelength. C and D) TPL intensity of R- and S-BP micro-

spheres as a function of pump wavelength.  
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Enantiomeric NLO micro-spheres are presumed to exhibit CD effects in the 

TPL signal owing to different handedness. It has been described by the coefficient 

CD(TPL) equation 1.13 in Chapter-1. The scheme of the experiment is given in 

Figure 5.21 A. To examine this CD(TPL) effect in R- and S-BP micro-spheres, 

experiments were carried out by exciting the single micro-sphere with RCP and 

LCP fundamental lights of wavelength (λ) from 750 to 880 nm [power: 7 mW; 0.4 

GW/cm2]. It is worth mentioning that in this excitation power, degradation of the 

micro-spheres was not observed. The TPL spectra for R- and S-BP micro-spheres 

at various fundamental excitation wavelengths are shown in Figure 5.21 C and D. 

The TPL intensity of a single micro-sphere when excited with LCP and RCP 

fundamental lights of different wavelengths showed that the TPL intensity variation 

is prominent at the region of maximum TPA, i.e., at 750 nm. Further, a noticeable 

TPL intensity difference for R- and S-BP micro-resonators upon excitation with light 

of matching handedness was observed (Figure 5.21 B). The CD (TPL) spectra of 

R and S-BP micro-spheres displayed nearly constant CD values of about ~6% 

(with opposite signs) without any apparent spectral dependence. As mentioned 

earlier, both CD and TPL signals are usually feeble.[263,266,276] However, the 

remarkable manifestation of CD effect in the TPL signal from a single micro-

resonator (R or S-BP) point at the increased light-polymer interaction due to light 

confinement.  

5.4. Summary and Conclusions:  

Two novel chiral-NLO-CPs, abbreviated as R- and S-BP via Sonogashira cross-

coupling reaction with 𝑀𝑛 = 13 and 15 kDa, respectively were synthesized.  The obtained 

polymers self-assemble into micro-spheres (diameter ~3-8 m) in THF/EtOH/H2O mixture. 

Individual micro-spheres displayed FL spectra with WGMs with a 𝑄-factor of up to 700. This 

result confirms the potential of R- and S-BP polymer micro-spheres in nanophotonic device 

applications in the form of micro-resonators. Remarkably, due to donor-acceptor nature, 

these R- and S-BP polymer micro-resonators, upon two-photon excitation (at low pump 

power), displayed TPL emission together with WGMs. A noteworthy feature of this chiral R- 

and S-BP polymer micro-spheres is that when excited with CPL of different handedness, 

they exhibited a much sought after CD effect in the TPL signal with values ~6%. The 

observation of (generally weak) CD effect in the TPL emission of a single micro-resonator 

confirms amplified light–polymer interaction within the high 𝑄-resonator, which is attractive 

for chiral nanophotonic applications.  
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Unexpectedly, both R- and S-BP polymer micro-spheres during pump-power-

dependent experiments revealed very significant results related to ECT. However, at high 

two-photon pump power (> 10 mW), due to laser-induced heating, the spectral feature of 

the TPL band has significantly altered. The spectral alternation include the decrease of the 

𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿  ratio, line broadening and red-shifts. The hypothesis that the spectral 

transformation is due to ultrafast laser triggered heating was confirmed by heating the 

micro-sphere samples thermally. Unlike TPL spectra, the R- and S-BP polymer micro-

spheres, when (i) excited with high power CW laser, and (ii) thermal heating revealed 

reduction of the 𝐼0−0
𝐹𝐿 /𝐼0−1

𝐹𝐿  ratio. Further, these FL spectra showed similarity with TPL spectra 

by exhibiting emission line broadening and red-shifts compared to the spectra obtained at 

low pump powers. As the observed spectral transformation is a direct indicator of the 

changes in the inter and intra polymer chain electronic coupling, FLIM-TCSPC experiments 

were carried out down to single micro-sphere level to probe the distribution of 𝐹𝐿. The 

obtained 𝐹𝐿 image of R- and S-BP polymer micro-spheres after exposer to CW laser at 

high power (10 mW) established the existence of H-type, J-type and H-like polymer chain 

packing in comparison to homogeneous J-type polymer packing showed by the micro-

spheres which were not exposed to high power laser irradiation. Additionally, comparison of 

the optical emission spectra and 𝐹𝐿 image of R- and S-BP polymer micro-spheres revealed 

that the use of Spano’s theoretical model based on 𝐼0−0
𝑇𝑃𝐿 /𝐼0−1

𝑇𝑃𝐿  ratio to polymer samples 

having severe polymer packing heterogeneity is not straight forward. However, this model is 

still useful to study the formation of heterogeneous polymer chain packing with the help of 

FL imaging experiments.      

Nevertheless, the above studies pinpoint the cautious approach one should take 

while interpreting the spectral changes observed from organic/polymer micro-resonators at 

high pump powers. Another very important aspect of this work is the laser-based original 

approach allows aggregation-dependent ECT in CP useful for the control of charge carrier 

mobility and optical emissions of electronic and photonic polymer devices. 
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Conclusions  

This thesis entitled “Organic and Polymer Nonlinear Optical Micro-Resonators – A 

Single-Particle Micro-Spectroscopy Investigation” presented the syntheses of D-A type CT 

organic/polymer molecules and exploration of their self-assembly properties to fabricate micro-

ribbons, micro-rods and micro-spheres, having resonating behavior and TPL features. 

Particularly the beginning part of the thesis, Chapter-1 introduced various types of organic 

optical micro-resonators and resonator parameters such as FSR, 𝑄-factor, and the relationship 

between 𝑄-factor and 𝑃. An economical approach i.e.; bottom-up technique such as self-

assembly and aggregation behavior (H, J, and H-like) in chiral polymer particles were 

presented. A special attention had been paid to outline of CT complexes, luminescent CDs and 

their photophysical properties reported in the literature. Finally, a short overview of nonlinear 

absorption co-efficient, NLO processes such as two-photon absorbance and emission, circular 

dichroism (CD) in TPL, NLO molecule-design principle is also presented.  

   Chapter-2 described the synthesis and self-assembly of novel push-pull type organic 

chalcone derivative and its BF2 complex for photonic cavity applications. X-ray crystal structure 

of HPPD and its solid state optical studies directed towards J-type aggregation. By following 

bottom-up self-assembly approach flexible micro-ribbons and rigid micro-rods have been 

prepared from HPPD and HPPD-BF, respectively. The obtained micro-ribbons and micro-rods 

displayed F-P modes due to optical resonator effect in the Vis-NIR region and enhanced the FL 

intensity due to increased 𝑃  as well. Finally, FL imaging performed on these micro-ribbons had 

shown position-dependent cavity modes, which revealed the presence of 

6
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electric field distribution mainly along the lateral walls of the resonator. Application point of 

view, these micro-scale particles may act as coherent laser sources, and label-free ultra-

sensitive biosensors for single species (molecule, nanoparticle, virus, DNA, etc.) 

Chapter-3 presented the successful preparation of N-rich, crystalline, green emitting 

CDs form PDA precursor by solvatothermal method in the EtOH solvent. In contrast to 

mechanism of FL in inorganic and organic molecules, there is no clear mechanism is 

established to interpret the origin of FL in CDs due to their multi-exponential FL decay life 

times. Interestingly, the obtained CDs exhibited excitation wavelength independent FL in the 

green region (λmax ≈ 522 nm in solution and 536 nm in solid) of electromagnetic spectrum. The 

photonic grade thin film of PS-CDs micro-sphere revealed about 40 times enhancement in OPL 

contrast to their corresponding pure PS-CDs. Additionally, CDs films due to better light 

confinement or energy storage capacity of PS-CDs micro-spheres displayed WGM resonance 

with 𝑄-value up to ≈ 2×103 when excited with CW (488 nm Ar+) laser. Further, FLIM 

experiments on surface covered with PS-CDs composite micro-sphere unraveled cavity size-

dependent FL life time, as a result of QED effect. Remarkably, upon excitation with 800 nm fs 

pulse laser both the CDs and PS-CDs display enhanced up-conversion TPL in the range of 

around 410-580 nm. Our technique is very useful to get photonic-grade polymer-CDs 

composite with brilliant green FL appropriate for one and two photon bio-imaging, deep tissue 

sensing, light-emitting and lasing devices. 

Later in Chapter-4, we have shown band gap tunability and enhancement of optical 

emission intensities from novel polymer based CT micro-particles. For this, a novel cross-linked 

blue emitting copolymer poly(styrene-co-4-(1-pyrene)styrene-co-divinylbenzene) (PN) has 

been prepared using precipitation polymerization. Further, incorporation of acceptors such as 

TCNB and TCNQ into PN produces orange and red emitting PN-TCNB and PN-TCNQ CT 

micro-resonators, respectively through self-assembly technique. Moreover, thin films of PN, 

PN-TCNB and PN-TCNQ micro-spheres have exhibited nearly 10 fold enhancements in OPL 

intensities compared to their corresponding neat thin film under same experimental conditions. 

Single-particle microscopic studies were performed on these CT micro-spheres displayed 

multimodal WGM emissions in the Vis-NIR range with a 𝑄-factor as high as 1000 

demonstrating increased photon residence time (𝑃) within the resonators. Two-photon 

pumped (800 nm) NLO spectroscopy studies of micro-resonators exhibited TPL emission 

almost comparable with their OPL bands. Our method significantly proves the effectiveness of 
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supramolecular CT micro-resonators to get various Vis-NIR range up-conversion CT emissions 

suitable for numerous NLO applications. 

 Finally, Chapter-5 demonstrated the successful syntheses of green emitting Chiral, 

conjugated copolymers abbreviated as R- and S-BP [𝑀𝑛~ 15 and 13 kDa, respectively] are 

prepared by copolymerization of R- and S-6,6’-dibromo-2,2’-diethoxy-1,1’-binaphthyl (R- and S-

BINOL derivative) with 1,4-diethynyl-2,5-bis(octyloxy)benzene by Sonogashira coupling 

reaction. The R- and S-BP copolymers self-assemble in a THF/H2O/EtOH mixture producing 

micro-spherical structures.  CD and UV-Vis spectroscopy titration (THF:EtOH/H2O at %ratio) 

reveal the structural snap-shot of the polymer during self-assembly. Remarkably, these R- and 

S-BP polymer micro-spheres support excitation of WGM resonances in the one- and TPL (500-

720 nm) with a 𝑄 up to ~700. However, at high laser power (10 mW), the TPL spectral 

features of micro-spheres changed significantly with the increase in the ratio of 0-0/0-1 peaks 

intensity together with broadening of the linewidth and red-shift hinting alteration in the polymer 

packing. Similar spectroscopic changes were observed for micro-spheres heated thermally 

(range: 20 C-160 C) or with high power (10 mW) continuous-wave laser confirming the 

laser-triggered heat. FILM studies down to a single micro-sphere level unambiguously 

confirm the transformation of polymer packing from a homogeneous J type to heterogeneous 

mixture of J, H and H-like types. Additionally, due to their chiral nature, the TPL signals of the 

enantiomeric polymers also display a CD effect of about 6% with opposite signs. This original 

work demonstrates the tremendous potential of laser-triggered electronic coupling tunability in 

conjugated polymers useful for many applications. 
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APPENDIX-A 

ABBREVIATION FOR CHEMICALS PRESENTED IN THESIS 

AIBN Aldrich, 98% 

Pd(OAc) 2 Aldrich, 98% 

Pd(PPh3)4 Aldrich, 99% 

CuI Avra Synthesis Pvt. Ltd. 98% 

Pd(PPh3)2Cl2 Aldrich, 99% 

BF3·Et2O Aldrich, 98% 

DVB Aldrich, 85% 

HIO3 Sigma Aldrich, 99.5% 

I2 Finar Reagents, 99.5% 

KI Merck Chemicals Pvt. Ltd. 99% 

tetrabutylammonium acetate Aldrich, 97% 

TMSA Avra Synthesis Pvt. Ltd. 98% 

Triethylamine Aldrich, 99.5% 

Pyridine di amine Aldrich, 95% 

Pyrene Aldrich, 98% 

K2CO3 Aldrich, 99.99% 

KCl Aldrich, 99% 

DMF Aldrich, 99.8% 

HCl Aldrich, 99% 

Et2O Aldrich, 99%  

CDCl3 Aldrich, 99.8% 

Na2SO4 Aldrich, 99% 

2-hydroxyacetophenone Aldrich, 98% 

EtOH Aldrich, 96% 

MeOH Aldrich, 99.8% 

NaOH Aldrich, 98% 

EtOAc Aldrich, 99.8% 

Hexane Aldrich, 95% 

CH2Cl2 Aldrich, 99.8% 

DMSO-d6 Aldrich, 99.9% 

THF Aldrich, 99.9% 

Styrene Aldrich, 99.9% 

TCNQ Aldrich, 98% 

TCNB Aldrich, 97% 

Polystyrene Aldrich, 95% 

R- and S-1, 1′-binaphthol  Aldrich, 99% 

H2SO4 Aldrich, 98% 

Acetic acid Aldrich, 99.8% 

C2H5Br Aldrich, 98% 

acetonitrile Aldrich, 99.8% 

KOH Avra Synthesis Pvt. Ltd. 98% 
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APPENDIX B 

Instrumentation 

 

Nuclear Magnetic Resonance Spectroscopy   

1H- and 13C-NMR spectra were recorded on a Bruker 400 & 500 MHz NMR 

spectrometer. Spectra were recorded using the solvent peaks as the internal standard. 

Mass Spectrometry 

Shimadzu LC-MS 2010A equipment was used to record the mass spectra of the 

isolated compounds following atmospheric pressure chemical ionization (APCI) technique. 

Elemental Analysis 

Elemental analysis was carried out on a Thermo Finnigan Flash EA-1112 series CHNS 

analyzer. 

Infrared Spectroscopy  

FT-IR spectra were recorded on a JASCO FT/IR-5300 or Nicolet 5700 FT-IR. Solid 

samples were recorded as KBr pellets and liquid samples as thin films between NaCl plates. 

Optical Absorption Spectroscopy  

Absorption spectra were recorded on a Shimadzu UV-3600 UV-Vis-NIR 

Spectrophotometer or Cary 100 Bio UV-Visible spectrophotometer.  

Solid State Optical Absorption Studies 

The solid state absorbance spectra were collected from a Shimadzu UV-3600 

spectrometer in a diffuse reflectance UV-Visible (DR-UV-Vis) mode. The reflectance spectra 

were converted to a absorbance spectra using Kubelka-Munk function.   

Fluorescence Spectroscopy  

Steady-state fluorescence emission and excitation spectra were recorded on a Jobin 

Yvon Horiba model Fluoromax-3 spectrofluorometer. 
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Transmission Electron Microscopy (TEM) 

TEM images were obtained on a TECNAI G2 FEI F12 TEM at an accelerating voltage 

of 120 kV. Samples were prepared by placing a drop of the samples on a polymer (polyvinyl 

formvar) − coated copper grid (200 mesh) and air drying. 

Field Emission Scanning Electron Microscopy (FESEM) 

FESEM images were recorded on a Philips XL30 ESEM and a HITACHI S-4300SE/N 

FESEM respectively using beam voltages of 20 kV. The samples were fixed on aluminium 

platforms using carbon tapes; a conducting connection was made between samples and 

aluminium platform by silver paint. Samples were coated with a thin layer (3−5 nm) of sputtered 

gold prior to imaging. 

Atomic Force Microscopy (AFM)   

AFM imaging was carried out on NT-MDT Model Solver Pro M microscope using a 

class 2R laser of 650 nm wavelength having maximum output of 1 mW. All calculations and 

image processing was carried out by a software NOVA 1.0.26.1443 provided by the 

manufacturer. The images were recorded in a semi-contact mode using a noncontact mode tip 

purchased from NT-MDT, Moscow. The dimensions of the tip are as follows: Cantilever length 

= 95 (±5) µm, Cantilever width 30 (±5) µm, and Cantilever thickness = 1.5-2.5 µm, Resonate 

frequency = 140-390 kHz, Force constant = 3.1-37.6 N/m, Chip size = 3.4×1.6×0.3 mm, 

Reflective side = Au, Tip height = 14-16 µm, Tip curvature radius = 10 nm, and Aspect ratio 

3:1-5:1. 

Confocal Raman Micro Spectroscopy Studies 

Single-particle micro-spectroscopy experiment was carried out on a back scattering 

mode set-up of the Wi-Tec alpha 300 AR laser confocal optical microscope (T-LCOM) facilities 

equipped with a Peltier-cooled CCD detector. Using a 300 grooves/mm grating BLZ = 750 nm, 

the accumulation time was typically 10 s and integration time was typically 1.0 s. Ten 

accumulations were performed for acquiring a single spectrum. A 150x (0.95 NA) objective was 

used to excite  single micro-structures. Argon ion 488 nm CW laser, 405 nm diode laser were 

used as an excitation source.  Laser power was estimated using THOR Labs power meter. 
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Figure S1: Laser confocal Raman microscopy experimental set up for single particle spectroscopic 

studies. 

Single Crystal X-ray Diffraction: Data Collection, Solution and Refinement 

The X-ray intensity data of crystals were collected on a Bruker Nonius SMART APEX 

CCD area detector system equipped with a graphite monochromator and a MoKα fine-focus 

sealed tube (λ = 0.71073 Å) (40 kV, 35 mA). The detector was placed at a distance of 6.003 

cm from the crystal. The frames were integrated by Bruker SAINT and the structure was solved 

and refined using the direct method analysis in Bruker SHELXTL Software Package.   

 

Nonlinear Optical (NLO) Spectroscopy Studies 

For TPL measurement a home build experimental set up was developed by using a 

commercial Ti: Sapphire laser having central wavelength 800 nm, pulse width 100 fs, repetition 

rate 1 kHz. The laser output is directed by a half-wave plate and polarizer combination to 

control the laser power, a lens having a focal length of 50 cm is used to focus the laser beam 

on the sample. The reflected beam is filtered by a notch filter to cut down the fundamental 

excitation wavelength, the filtered beam is collected by a fiber-coupled spectrometer, and the 

spectrometer output is displayed by a computer. The experiment is performed by keeping the 

https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjppqrS37LfAhVWAXIKHV3pAR0QjRx6BAgBEAU&url=http://www.fz-juelich.de/ics/ics-7/EN/Research/Methods/RamanMicroscopy/ramanMicroscopy_node.html&psig=AOvVaw35j88voXyvBZh_i3XTFqjm&ust=1545544365730899
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sample at focal volume having a spot size of 102 μm and is exposed by linearly polarized light 

with different input powers. 

 

Figure S2: Experimental setup for TPL measurement. 

Nonlinear absorption co-efficient (𝜷) Measurements (Z-scan)  

The 𝛽 value can be determined by open aperture Z-scan technique. While doing 

measurement, sample is dissolved in a suitable solvent taken in 1-mm-thick cell. Experiment is 

carried out using 800 nm, 100 fs pulse width and 1-kHz repetition rate, Ti:sapphire laser. 

Normally in Z-scan measurement, a single laser beam with a Gaussian profile is concentrated 

by means of a lens and then sample is moved along the direction of the focused laser beam 

and determining the light intensity at the detector as a function of its position along this z-axis. 

The sample encounters maximal intensity at the focal point, but the intensity falls in both 

directions starting from the focus point. The sample thickness is selected in such a way that 

slightly lesser than the Rayleigh range of the focused laser beam, which is approximately 1mm. 

Even more, intensity of the laser is regulated with well calibrated neutral density filters. Finally, 

data is collected by scanning the cell across the focus and the 𝛽 is acquired by fitting the 

nonlinear transmission equation for an open aperture Z-scan curve. 

T = 1 −
 𝛽 L𝑒𝑓𝑓I𝑜

2
3
2 [1 + (

𝑧
𝑧𝑜

)
2

]
 

where 𝛽 is the effective nonlinear absorption coefficient, 𝑧 is the position of the sample, 𝑧𝑜 = 

πω0
2/λ is the Rayleigh range, ω0 is the beam waist at the focal point ( 𝑧 = 0), λ is excitation 

wavelength of the laser, I𝑜 is the intensity on the sample at focus, effective optical path length 



130 

 

in the sample of length L is given as L𝑒𝑓𝑓 = 1 − 𝑒
−α L

α⁄  , and α is the linear absorption 

coefficient.  

Fluorescence Lifetime Imaging Microscopy (FLIM) 

FL decays and FL lifetime images were recorded on a time–resolved Micro-Time 200 

confocal FLIM setup (PicoQuant) equipped with an inverted microscope (Olympus IX 71). 

Measurements were performed under ambient conditions, at room temperature, on a 

microparticles deposited cover-slip. Samples were excited by a 405 nm ps diode pulse laser 

with a stable repetition rate of 20 MHz (FWHM: 176 ps). The data acquisition was performed 

with a SymPhoTime software controlled PicoHarp 300 time-correlated single-photon counting 

(TCSPC) module in a time tagged time-resolved mode. The overall resolution of the setup was 

4 ps. The FLIM images of microspheres were recorded using a 60× Nikon objective with a 

scanned speed of 0.60 ms/pixel. The image pixels for micro-particles are 72×72 and 512×512, 

respectively.  

 

Figure S3: Experimental setup for life time measurement by FLIM set up. 
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APPENDIX C 

Table A1: Crystal data and structure refinement parameters of HPPD (CCDC: 1479670) 

X-ray crystal structure information 

Chemical Formula C27 H18O2  

FW 374.13 

Color Red 

Crystal System Monoclinic 

Space group P 21/c 

a 17.656 (2)  

b 13.1736 (18) 

c 8.0101 (10)  

α 90.00 

β 95.111(11) 

γ 90.00 

V (Å) 1855.7 (4) 

Z 4 

ρ 1.324 

T 298 K 

 (Å) 0.71073  

F (000) 1705.9 

Theta  71. 265 

Index Ranges (h, k, l) 21, 16, 8 

R1 (Reflections) 0.1095 

Goodness of Fit on F2. S 1.093 
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        Glogarová, Macromolecules 2013, 46, 4276. 

268. P. Rizzo, C. Daniel and G. Guerra, Macromolecules 2010, 43, 1882. 

269. E. A. Mamonov, I. A. Kolmychek, S. Vandendriessche, M.Hojeij, Y. Ekinci, V. K. 

http://pubs.acs.org/author/Zhou%2C+Gang
http://pubs.acs.org/author/Baumgarten%2C+Martin
http://pubs.acs.org/author/M%C3%BCllen%2C+Klaus
https://www.sciencedirect.com/science/article/pii/S0079670008000725#!
https://www.sciencedirect.com/science/article/pii/S0079670008000725#!
https://www.sciencedirect.com/science/article/pii/S0079670008000725#!
https://www.sciencedirect.com/science/article/pii/S0079670008000725#!
https://www.sciencedirect.com/science/article/pii/S0079670008000725#!


 

148 

 

        Valev, T. Verbiest and T. V. Murzina, Phys. Rev. B 2014, 89, 121113. 

270. E. Ozbay, Science 2006, 311, 189. 

271. M. Aeschlimann, M. Bauer, D. Bayer, T. Brixner, F. J. García de 

        Abajo, W. Pfeiffer, M. Rohmer, C. Spindler and F. Steeb, Nature 2007, 446, 301. 

272. I. Lieberman, G. Shemer, T. Fried, E. M. Kosower and G. Markovich, Angew. 

        Chem. Int. Ed. 2008, 47, 4855. 

273. M. Schaferling, X. Yin and H. Giessen, Opt. Express 2012, 20, 26326. 

274. S. Yoo and Q.-H. Park, Phys. Rev. Lett. 2015, 114, 203003. 

275. N. Mitetelo, D. Venkatakrishnarao, J. Ravi, M. Popov, E. Mamonov, T. V. 

        Murzina and R. Chandrasekar, Adv. Opt. Mater. 2019, 7, 1801775. 

276. D. Venkatakrishnarao, E. A. Mamonov, T. V. Murzina and R. Chandrasekar, Adv.  

        Opt.  Mater. 2018, 6, 1800343. 
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