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ABSTRACT 

 

In this dissertation, the laser spectroscopic methods, second harmonic generation 

(SHG) and ultrafast transient absorption, have been employed to study the reactions and 

dynamics in two different types of materials, namely, silver nanoparticles and micro-sized 

ultrathin crystalline oligoacenes. These two materials, although both are in small 

dimensions, represent two distinct types of systems with divergent characteristics: 1) 

systems in which interactions at the surface/interface are dominant, and 2) systems in 

which bulk interactions are dominant. 

Silver nanoparticles are an important member of the class of noble metal 

nanoparticles, and possess unique optical and chemical properties due to their ultrafine size 

and high surface-to-volume ratio. Strong SHG signal has been observed from silver 

nanoparticles dispersed in aqueous colloidal solution, in which the SHG signal is enhanced 

due to a resonance with the localized surface plasmon of silver nanoparticles. Further 

experiments proved that the SHG signal predominantly originates from the particle surface, 

in full agreement with the intrinsically interface-sensitive properties of SHG. With the 

surface origin of the signal now well established, SHG can be used to probe the adsorption 

and reactions of thiol molecules at the nanoparticle surface in situ and in real time. It is 

experimentally demonstrated that the free energy change, activation energy, as well as 

adsorption density of the reactions of a variety of neutral and anionic thiols at the particle 

surface can be measured by means of SHG. The reaction mechanisms at the molecular 

level have been deduced, and the neutral vs anionic thiols are found to exhibit qualitatively 
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different reaction mechanisms that reflect the effect of their molecular interactions with the 

particle surface. 

Oligoacenes, such as pentacene and hexacene, constitute a family of organic 

semiconductors that exhibit remarkable optoelectronic properties. In contrast to the 

nanoparticles in which surface interactions are dominant, as the sizes of materials become 

larger, the bulk characteristics become more deterministic. Therefore, polarized linear 

absorption and transient absorption spectroscopies have been applied to study the excitonic 

properties of crystalline pentacene and the mechanism of singlet fission in crystalline 

hexacene, respectively. The polarized absorption spectra of crystalline pentacene have 

been obtained by measuring transmitted light normal to the ab herringbone plane of micro-

sized ultrathin single crystals. The significant deviations between the spectral line shapes 

polarized along the b-axis and orthogonal to the b-axis provide detailed information on the 

anisotropic mixing nature of the Frenkel/charge-transfer excitons responsible for the 

pronounced Davydov splitting between the lowest-energy singlet states. Additionally, both 

singlet and triplet Davydov splittings were also observed from the linear and transient 

absorption experiments in micrometer-sized ultrathin hexacene single crystals. A two-step 

process of anisotropic singlet fission was uncovered from the kinetic data, in which singlet 

fission at different rates were deduced along the a- and b-axes. Both the spectral and kinetic 

features indicate that singlet fission in crystalline hexacene is an anisotropic and charge-

transfer mediated many-molecule process. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Colloids 

A colloidal suspension is a mixture of two or more phases that are finely separated 

by a well-defined interface, in which a dispersed phase (that is generally microscopic in 

size) is suspended in a dispersing phase.1-4 Colloids cover a variety of systems in which 

each phase (dispersed or dispersing) can be gas, liquid, or solid as listed in Table 1.1.3-4 As 

an ubiquitous system, colloids played an important role in human life long before the 

scientific definition emerged. In fact, colloidal pigments were used in stone age paintings, 

and are the earliest known example of the human usage of colloids. Nowadays, colloids 

are everywhere in our highly industrialized society, spanning from our daily life to the 

industrial productions.1-4 

The birth of Colloid Chemistry dates back to the 19th century when Thomas Graham 

first coined the term “colloid”, which stems from the Greek word for glue-like.3-4 In a 

typical colloidal system, the sizes of the dispersed phase typically range from 1 nm to 1 

μm.1-4 Due to the high surface-to-volume ratio, a significant portion of the molecules or 

atoms lie within or close to the inhomogeneous region associated with the interface 

separating the dispersed and the dispersing phases. A high free energy excess, as well as 

high curvature, leads to thermodynamic instability of the interface, which in turn initiates 

various physical and chemical processes (e.g., surface adsorption of molecules) aiming to 

decrease the surface energy.1-2 For this reason, Colloid Chemistry or, alternatively, Colloid 
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and Surface Science is often devoted to the investigation of the dispersed phase with 

particular attention to the interfacial phenomena. 

 

 

Table 1.1 Typical colloidal systems in human life 

Phases  

Dispersed Dispersing Systems 

Liquid Gas Liquid aerosol (fog), spray 

Liquid Liquid Emulsion (milk), butter, cream 

Liquid Solid Solid emulsion (toothpaste) 

Solid Liquid Sols, photography films, cement, coal slurry 

Solid Gas Solid aerosol (dust, smoke) 

Solid Solid Solids in plastics, pearl, stained glass, pigment 

Gas Solid Solid foam (Insulating foam) 

 

 

 

1.1.1 Nanoparticles in Colloids 

Suspensions of nanoparticles with particle sizes ranging from 1 nm to 100 nm can 

be seen as a subset of colloidal systems.5-6 Ever since the first scientific description of gold 

nanoparticles by Michael Faraday in the 19th century,7-8 nanoparticles have attracted 

tremendous attention as they behave as an intermediate bridge between the bulk materials 

and the isolated atoms or molecules.5 As a bulk material, both physical and chemical 



3 

properties should be constant regardless of the size. However, as the dimensions approach 

the nano-scale, size-dependent properties begin to emerge. A great number of materials 

exhibit unexpected physical and chemical properties as their sizes fall into the nanoparticle 

range.8-12 In this dissertation, we focus on one particular type of nanoparticle composed of 

a noble metal, namely, silver nanoparticles. 

There have been a large number of applications spanning in fields from optics to 

energy, catalysis, and biomedicine, which are based on the use of bare silver nanoparticles 

or particles with surfaces chemically modified with specific functional groups.5-6, 9-14 The 

surface characteristics become more deterministic as the particle size decreases, and 

therefore, to realize the potential of silver nanoparticles requires a better understanding of 

the structure and the functionalization of the particle surface.  

 

1.1.2 Study of Nanoparticles by Second Harmonic Generation 

Despite the importance, studies of nanoparticles face a great challenge due to the 

lack of experimental techniques that are able to directly characterize the colloidal surface. 

As for a suspension of silver nanoparticles, the particle surface is deeply buried in the 

colloidal solution. Many powerful surface technologies, such as atomic force microscopy 

(AFM), x-ray scattering (XRS), or scanning tunneling microscopy (STM),15 are not 

applicable for characterizing colloidal suspensions due to the presence of the solvent (i.e., 

dispersing phase). On the other hand, optical methods, such as ultraviolet-visible (UV-Vis) 

or infrared (IR) spectroscopy, although readily capable of penetrating the dispersing phase, 

suffer a distinct lack of surface sensitivity and selectivity, and are therefore likewise unable 

to probe the colloidal surface. This limitation stems from the fact that the signal in linear 
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optical spectroscopy is often dominated by contributions from molecules in the bulk phase. 

It is only in very rare cases that the linear spectral shifts resulting from atoms or molecules 

at the interface are sufficient to be differentiated.16-18 This method, however, is not 

universal and is limited to a small number of systems. 

For this reason, nonlinear optical spectroscopy, such as second harmonic generation 

(SHG), has been chosen in our interfacial studies of silver nanoparticles. Thanks to the 

modern development of ultrafast laser technology, nonlinear optical signal is sufficient 

enough to be observed in the laboratory. The intrinsically symmetric requirement of the 

nonlinear optics allows us to overcome the main obstacle of conventional linear optical 

techniques.19-21 As a second-order nonlinear optical spectroscopy, SHG is diminished in 

centrosymmetric systems, and is all but unmeasurable. Conversely, the inhomogeneous 

interface between two colloidal phases, however, breaks the centrosymmetry, and produces 

the sole source of SHG in the system. In this sense, the measured SHG signal from a 

nanoparticle colloidal suspension directly reflects the response of the nanoparticle surface.  

The unique optical properties of metal nanoparticles originate from the localized 

surface plasmon that is a collective oscillation of many electrons in the material.6, 10 Linear 

optical behaviors of silver nanoparticles have long been discovered and explained by Mie 

theory, such as linear light absorption or scattering.6, 10 As for second-order nonlinear 

optics, however, it was once believed that SHG was forbidden in small colloids, given the 

particles sizes are in close proximity to one another or smaller than the wavelength of the 

visible light.22 It wasn’t until 1996 when Ken Eisenthal’s group reported the first 

observation of SHG from dye molecules that adsorbed at the surface of spherical 

polystyrene particles.23 Further studies have demonstrated that SHG is accessible from 
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particles as small as tens of nanometers.24-26 Therefore, it is expected that SHG from silver 

nanoparticles with 80 nm average diameter can be detectable, especially considering the 

fact that the localized surface plasmon is in resonance with the second harmonic 

wavelength of the most-commonly used Ti-Sapphire femtosecond laser.10 A detailed 

discussion about the SHG signal from silver nanoparticles will be presented at Chapter 2. 

The effectiveness of SHG for the interfacial studies of the adsorption and reactions of 

various thiol molecules will also be demonstrated in the following chapters. 

 

1.2 Organic Semiconductors 

The unique properties of silver nanoparticles come from their ultrafine size and 

therefore high surface-to-volume ratio. On the other hand, we are also interested in 

characterizing materials in which the bulk contribution plays a more significant role, such 

as organic semiconductors. Organic semiconductors are a class of semiconductors that 

consist of π-conjugated organic molecules, such as oligoacenes and poly(thiophenes).27-31 

The history of the organic semiconductor can be traced back to the 1960s when the 

conductivities of organic crystals were studied.32-35 Unlike the classical inorganic 

semiconductors such as silicon, in which atoms are held together with strong covalent or 

ionic bonds, organic semiconductors are composed of individual molecules that are weakly 

bounded together through van der Waals, hydrogen-bonding, or π-π interactions.27-29, 31 In 

a molecular solid, the molecular orbitals are superimposed and form band structures 

analogous to the valence and conduction bands in inorganic semiconductor. The weak 

overlap between the wavefunctions, however, leads to much narrower bandwidths typically 

up to 200mV, in stark contrast to those on the order of electron volts that are typically 
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observed in inorganic semiconductors.36 The narrow bandwidth indicates that the electron 

and hole are more localized, and therefore, the bands in organic semiconductor are often 

referred to as highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) bands.27, 31, 36  

Another fundamental difference between organic and inorganic semiconductors 

lies in the significance of excitons in their electronic and photovoltaic properties. An 

exciton is an electrically neutral quasi-particle in which an electron and a hole are bound 

together by the Coulombic force. Since organic semiconductor possesses smaller dielectric 

constant (ε ≈ 4) than that of inorganic semiconductor (ε > 11), the Coulombic attraction is 

much less screened, leading to higher binding energies for excitons in organic 

semiconductors (0.1-1 eV) compared to that in inorganic semiconductors which are on the 

order of 0.01 eV.28, 32, 36 Therefore, both charge excitation and charge transport exhibit 

strong excitonic properties in organic semiconductors.  

Organic semiconductors possess a number of properties that are in some ways 

fundamentally different from that of inorganic semiconductors. Current and potential 

applications of organic semiconductors have formed an industry of billions of dollars, such 

as organic light-emitting diodes (OLED), organic field-effect transistor (OFET), and 

organic solar cells (OSC).27-31, 36-37 To further realize the potential of organic 

semiconductors requires fundamental understanding of the physical, chemical, electronic, 

and photovoltaic properties. In this dissertation, we will discuss the excitonic property and 

the singlet fission mechanism from oligoacenes, a particular family of organic 

semiconductors. 
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1.2.1 Excitons in Organic Semiconductors 

Excitons play an important role in the optoelectronic properties of organic 

semiconductors. Their significance can be revealed by the bandgap structure shown in Fig. 

1.1A.36 There are two types of bandgaps: the transport gap, Et, and the optical gap, Eopt. In 

an organic semiconductor, the transport gap, Et, is the energy to generate spatially well-

separated electrons and holes, namely, the free carriers, while the optical gap, Eopt, is the 

energy required for the formation of bound electron-hole pairs, known as excitons. The 

energy difference between Et and Eopt corresponds to the binding energy of excitons, Eb. 

As for organic semiconductors, due to the large value of Eb, the photo-induced carrier is 

excited to the exciton states, and thus the carrier mobility of organic semiconductors relies 

on the diffusion of neutral excitons. 

There are two distinct kinds of excitons in organic semiconductors: i.e., Frenkel 

excitons and charge transfer (CT) excitons.32, 36, 38 A Frenkel excition, named after Yakov 

Frenkel, is often found in materials with small dielectric constants. The Coulombic 

interaction between an electron and a hole is so strong that the exciton is small with a radius 

of about 10 Å. With respect to a molecular crystal, the exciton often resides within one 

single molecule. On the other hand, a CT exciton is sufficiently large that the electron and 

the hole occupy two adjacent molecules, respectively, in which one molecule appears to be 

cationic and the other anionic. A schematic example of a Frenkel exciton and a CT exciton 

is given in Fig. 1.1B based on the ab plane of a pentacene single crystal. 

The existence of both Frenkel and CT excitons makes a great impact upon the 

optical properties of organic semiconductors. It is generally believed that the mixture of 
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Frenkel and CT excitons are responsible for the anisotropic optical features observed in 

crystalline oligoacenes. 

 

 

 

 

 

Figure 1.1 (A) Bandgaps of organic semiconductors. (B) Schematic representations of 

Frenkel (green dashed line) and CT (red dashed line) excitons in the ab plane of a 

pentancene single crystal. 
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1.2.2 Singlet Fission 

Singlet fission is a phenomenon that was first discovered in 1965 from the 

photophysical study of crystalline anthrancene, a member of the oligoacene group.37 

Considerable efforts have been made in the study of the singlet fission phenomenon due to 

its extraordinary nature (see Fig. 1.2): one organic chromophore, after being photoexcited 

to an excited singlet state, interacts with an adjacent ground-state molecule and eventually 

converts both molecules into triplet states. Subsequently, singlet fission can have a 

quantum yield as high as 200%, and it is expected to be one of the potential methods to 

break the Shockley-Queisser limit for single p-n junctions in solar cells.37, 39-41 

Unlike the ubiquitous intersystem crossing between singlet and triplet states within 

one single molecule, singlet fission has been observed only in a small number of organic 

systems that satisfy the spatial and energetic requirements:37 1) singlet fission only occurs 

in two neighboring molecules that are close enough to possess strong coupling, 2) favorable 

energetics ought to be encountered in which the singlet excitation energy E(S1) must 

exceed or at least be close to twice the triplet excitation energy 2E(T1). For this reason, 

oligoacenes, such as tetracene, pentacene, and hexacene, have been intensively studied as 

they give rise to high efficiency singlet fission.37 Fig. 1.3 illustrates the energy levels of 

tetracene, pentacene, and hexacene, where E(S1) of tetracene is slightly lower than 2E(T1), 

while E(S1) of the others exceed 2E(T1).
37, 42 

At present, due to the lack of knowledge regarding the singlet fission mechanism, 

the proposed use of singlet fission is still at the stage of fundamental research. Thus, a 

deeper understanding of singlet fission is required for not only the fundamental science, 

but also practical applications of organic semiconductors. 
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Figure 1.2 Schematic of singlet fission: (1) photoexcitation of one molecule to lowest 

excited singlet state, S1, (2) singlet fission between the two adjacent molecules, generating 

two triplet states, T1.  

 

 

 

Figure 1.3 Energy levels of oligoacene series. From left to right: tetracene, pentacene, and 

hexacene. 
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1.2.3 Crystalline Oligoacenes 

Organic semiconductors in the form of single crystal have been central in our 

studies of the excitonic properties and the mechanism of singlet fission. Despite the weak 

bonding between organic molecules, oligoacenes, such as pentacene and hexacene, are still 

able to crystallize into a herringbone structure.28, 32 The crystal structure of pentacene is 

displayed in Fig. 1.4. In the ab plane, the inequivalent molecules at (0,0) and (1/2, 1/2) 

adopt an edge-to-face arrangement to minimize π-orbital repulsion. The special molecular 

ordering of the oligoacene single crystal, in return, gives rise to some important features, 

such as the anisotropic excitonic properties and anisotropic singlet fission, providing us a 

great opportunity to uncover the sophisticated mechanism of singlet fission. 

 

 

Figure 1.4 (A) Triclinic crystal structure of pentacene and (B) the ab herringbone plane of 

pentacene.  
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1.2.4 Study of Micro-Sized Ultrathin Oligoacene Single Crystals 

Compared to nanoparticles for which the surface contribution is deterministic, 

studies of crystalline oligoacenes often focus on the bulk contribution as the percentage of 

molecules at the surface is comparatively insignificant. Therefore, odd-order optical 

spectroscopies, such as linear absorption and transient absorption techniques, have been 

applied in our studies: linear absorption provides us information associated with the steady 

state of excitons in the single crystal, and transient absorption enables us to study the 

ultrafast evolution of the singlet and triplet excitons in the singlet fission process. 

Although both linear and transient absorption spectroscopies have been well-

developed, a relatively small number of optical spectroscopic studies have been reported 

with respect to crystalline oligoacenes.43-46 A direct optical measurement in the 

transmission geometry still remains an experimental challenge due to the high absorption 

coefficients of pentacene and hexacene. The optimal thickness of a single crystal for the 

transmitted absorption experiment is about 100-500nm, and therefore micrometer-sized 

ultrathin single crystals have to be prepared. Conventional setups for linear and transient 

absorptions are designed for large samples, usually with dimensions on the millimeter-

scale. Therefore, we have built a linear and transient absorption spectrometer coupled with 

an optical microscope to study micrometer-sized ultrathin single crystals. 
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1.3 Scope and Objective of the Dissertation 

There are two major aspects in this dissertation. In the first part, from Chapter 2 to 

Chapter 4, we report strong SHG signal observed from silver nanoparticles in colloidal 

solution. The surface origin of the SHG signal was experimentally demonstrated, which, 

in return, allows us to exploit the adsorption and reactions of neutral and anionic thiol 

molecules on silver nanoparticles. The second part includes chapter 5 and 6, where 

microscopic linear and transient absorption have been used to study the micrometer-sized 

ultrathin pentacene and hexacene single crystals, respectively. The excitonic compositions 

of a pentacene single crystal as well as the singlet fission mechanism in crystalline 

hexacene are discussed.  

In detail, Chapter 2 first presents a brief theoretical treatment of SHG from the 

planar interface as well as the nanoparticle surface. It provides a prediction that SHG signal 

from silver nanoparticles with an average diameter of 80 nm can be observed in a large 

scattering angle, which was later proved by an angle-resolved experiment. Strong SHG 

signal has been observed using a Ti-Sapphire laser oscillator. To investigate the origin of 

the SHG signal, ethanethiol was introduced in silver colloids to quench the surface second-

order susceptibility through the silver-sulfur covalent bonding. As ethanthiols saturated the 

particle surface, a majority of the SHG signal was attenuated, proving that the surface 

contribution dominates the total SHG signal.  

Given the facts that SHG signal mainly originates from the surface of silver 

nanoparticles and the silver-sulfur covalent bonding quenches SHG signal, SHG can be 

applied as an optical probe to monitor the adsorption and reactions of thiol molecules on 

silver nanoparticles. In Chapter 3, the adsorption of a neutral thiol molecule i.e., 1,2-
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benzenedithiol, was exploited by performing both concentration-dependent and 

temperature-controlled time-resolved experiments. The adsorption was found to follow the 

Langmuir process, enabling the acquisition of the maximum number density of the bonding 

sites as well as the Gibbs free energy change from the adsorption isotherm. In addition, the 

activation energy has also been obtained based on the Arrhenius equation. The magnitude 

of the deduced activation energy indicates that the adsorption is not a diffusion-limited 

process. Instead, chemical reaction between the thiol molecule and silver atoms is rate-

determining in the adsorption process. 

To examine how charge affects the molecular adsorption onto silver nanoparticles, 

anionic thiol molecule with a sulfonate endgroup i.e., 3-mercaptopropanesulfonate (MPS), 

was used in Chapter 4. The chemisorption of an anionic thiol was found to occur in two 

different regimes of concentration, in contrast to the neutral thiols which display only 

monotonic concentration dependence. This two-step adsorption is primarily a result of the 

charge-charge repulsion among the anionic thiols adsorbed on the surface: at low MPS 

concentration, a low coverage of the anionic thiol possess negligible molecular interaction, 

while, as the surface coverage increases, the inter-thiol repulsion builds up to obstruct 

further adsorption. The activation energy acquired from the temperature-dependent 

experiment agrees with such a two-step model: the activation energy at the first step is 

close to that in the neutral thiol adsorption, while the second step has a much higher 

activation energy containing both the silver-sulfur chemical bonding and the 

intermolecular repulsions. 

In Chapter 5, we present polarized linear absorption spectra of the micro-sized 

ultrathin crystalline pentacene utilizing direct transmission measurements. Compared to 
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the unpolarized absorption spectrum of monomer pentacene in solution, the polarized 

spectra of crystalline pentacene showed dramatic spectral changes upon crystallization. In 

addition, significant deviations were also observed between the spectral lineshapes 

polarized parallel and perpendicular to the crystallographic short b-axis, such as a 

pronounced Davydov splitting (≈1000 cm-1). Collaborating with Dr. Spano and his 

coworkers, the anisotropic linear absorption spectra were theoretically analyzed using a 

Holstein-like Hamiltonian based on both Frenkel and CT excitons. The results established 

that the different Frenkel/CT mixing compositions are the cause of the anisotropic property 

of the low-lying excitations. 

Chapter 6 discusses the direct observations of the anisotropic singlet fission in 

hexacene single crystals. Both the singlet and triplet Davydov splittings have been 

obtained, suggesting strong CT characters in hexacene. Additionally, polarized kinetic 

experiments also indicate that singlet fission in crystalline hexacene is a two-step process, 

different from the traditional one-step dominant picture. The anisotropic rates of singlet 

fission along two crystallographic axes present strong dependence on the intermolecular 

packing.   
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CHAPTER 2 

SECOND HARMONIC GENERATION FROM THE SURFACE OF SILVER 

NANOPARTICLES 

 

2.1 Introduction 

Colloids containing particles with sizes ranging from micrometers to nanometers 

are of great current interest. Many of the unique properties of colloids originate from the 

high ratio between the number of atoms at the surface and that in the bulk. As the particles 

become smaller, the surface characteristics become more deterministic of the colloidal 

properties. Among the various colloidal particles, noble metal nanoparticles, such as those 

made of gold and silver, have been the focus of intensive studies. There have been a large 

number of applications spanning in fields from optics to energy, catalysis, and biomedicine 

that are based on the use of noble metal nanoparticles.1-5 Consequently, the ability to 

characterize the structure and functionalization of the particle surface is crucial in the field 

of noble metal nanoparticles.  

Despite the great desire for sensing nanoparticles, a lack of effective tool limits the 

in situ study of colloidal particles surface. Part of the difficulty comes from the fact that, 

in a great deal of applications, the surface/interfaces of particles are deeply buried in the 

colloidal medium. Depositing the particles out of colloidal solution may cause loss of 

surface functionality and therefore is not suitable for direct surface studies. In this sense, 

optical methods are often chosen for their advantage of making little alteration to the 

system.6-9 However, conventional optical techniques, such as UV-Vis linear absorption, 

although being proved effective in a number of colloidal researches, provide little 
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information about the particle surface, due to the fact that the bulk contribution dominates 

the signal. Hence, second harmonic generation (SHG), a particular second-order nonlinear 

optical technique, has emerged as a versatile tool for interfacial/surface studies. 

As a nonlinear optical phenomenon, SHG was first discovered by Franken et al. in 

1961, shortly after the invention of the first working laser by Maiman in 1960, marking the 

start of nonlinear optics fields.10-11 The nature that SHG converts two photons with 

frequency ω into one photon with second-harmonic (SH) frequency 2ω,10, 12 makes it 

extremely useful in science and engineer areas and therefore inspires great efforts on the 

experimental and theoretical investigations of SHG phenomenon. Among a series of 

experiments, SHG exhibited unique sensitivity and selectivity to the symmetry that have 

drawn considerable attention from scientists interested at the surface field. It has been 

demonstrated experimentally and theoretically that SHG is forbidden in the media with 

inversion symmetry.11, 13-17 Attributed to the symmetry-break nature of interfaces, SHG 

signal was found only originated from the interface as the boundary between two inversion 

symmetric media.10, 12 Therefore, SHG has great potential in the in situ study of 

interface/surface. Indeed, ever since the pioneer work by Shen and his coworkers,18-20 SHG 

has been developed as an effective tool for the characterization of planar surfaces, such as 

air/water interface and metallic surface. 

SHG’s intrinsic, symmetry-based surface sensitivity is not limited to planar 

interfaces. The effectiveness of SHG for detecting molecules at surface of micrometer-size 

particles was first demonstrated by Eisenthal and his coworkers.21 Our group, along with 

others,22-25 has extended the application of SHG for probing the surface of nanometer-size 

particles in colloids. Compared with the planar interfaces, SHG signal from the particle 
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surfaces interfere with each other and hence scatter into the space, leading to the 

phenomenon as second harmonic scattering (SHS), a particular kind of nonlinear light 

scattering. Previous studies have been focusing on the surface of polymer particles, 

liposomes and E.coli systems.22-27 As the particles themselves are not resonant with the 

fundamental or the second harmonic (SH) light, they often require an addition of SHG-

active dyes, such as malachite green.22-27 Although a system with center of inversion 

symmetry on a scale much smaller than the optical coherence length does not facilitate 

dipole allowed SHG, its finite size still enables the phase matching condition for SHS to 

be satisfied at large scattering angles.23-24, 28-29 In the case of silver nanoparticles (Ag NPs), 

due to the localized surface plasmon that is in resonance with the SH light, the surface layer 

should have a large enough hyperpolarizability to allow for direct detection of surface 

generated SH signal even in the absence of an adsorbed layer of hyperpolarizable 

molecules. Therefore, SHS can be developed for probing the surface of noble metallic 

particles buried deeply in a condensed medium.  

In this chapter, we present an experimental observation of strong SHS signal from 

Ag NPs with 80nm diameter in average. A direct experimental evident is provided to prove 

that SH signal mainly originates from the surface of Ag NPs. In addition, angular scattering 

patterns of Ag NPs have been measured in angle-resolved SHS experiments in various 

polarization combinations. The results not only support our prediction that SH signal emits 

at large scattering angles, but also agree with the theoretical calculation based on nonlinear 

Mie theory (NLM).  

 

 



24 

2.2 Second-Order Nonlinear Spectroscopy: Second Harmonic Generation 

To facilitate SHS as an effective tool for sensing nanoparticles, fundamental 

understanding of the second-order nonlinear optical process is necessary. Optics is the 

study of phenomena that occur as a consequence of the interaction between material 

systems and the applied optical field. The modification of the optical properties by the 

presence of light, generally, can be described by the polarization, ( )P t , as a power series 

in the applied optical field, ( )E t , shown in Eq. 2.1,10 

(1) (2) 2 (3) 3

(1) (2) (3)

( ) [ ( ) ( ) ( ) ]

( ) ( ) ( ) ( ) ( )L NL

P t E t E t E t

P t P t P t P t P t

      

     
 (2.1) 

where   is the permittivity, (1) , (2)  and (3)  are the first, second, and third order 

optical susceptibilities, respectively. For simplicity, both the polarization, ( )P t , and the 

optical field, ( )E t , are taken to be scalar quantities. The tilde symbol, ~, means that they 

are fast oscillating quantities.  

In the case of linear optics, only the first linear term, (1)( ) ( )LP t E t , is 

considered. However, when the applied optical field is sufficiently intense, the high order 

terms, (2) 2 (3) 3( ) [ ( ) ( ) ]NLP t E t E t     , become non-negligible. Hence, nonlinear 

spectroscopy differs from linear spectroscopy in that the response of a material to light 

depends on the strength of the applied optical field in a nonlinear manner.  

 

2.2.1 General Theory of Second Harmonic Generation 

In this chapter, we focus on a special case of the second-order nonlinear 

spectroscopy, second harmonic generation (SHG). An example of SHG is illustrated 
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schematically in Fig. 2.1A. Here, a laser beam with frequency ω, is incident upon a 

homogeneous material with the second-order susceptibility (2) . The second-order 

polarization, (2)P , subsequently, results in the generation of radiation at the SH frequency 

2ω. 

(2) (2)

2 0P P E E      (2.2) 

To acquire a complete description of the SH radiation, we need to solve the 

Maxwell’s equations. Assuming there is no free charge and free current, the Maxwell’s 

equations lead to the wave equation,10, 12, 30  
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 
  

 

(2)
E E P  (2.3) 

with (1) the relative permittivity. An analytical solution can be obtained at the condition 

that ignores the depletion of the fundamental light:10, 12, 30  

(2) 2 2 2

2 2
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8 | |
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eff I k L
I L

n n c





 

 



 
  (2.4) 

where 
(2)

eff  is the effective second-order nonlinear susceptibility, 2n   and n are the 

refractive indices of the material at the frequencies of 2ω and ω, L is the optical length, I  

is the intensity of the fundamental light, and k is the difference of wave vectors between 

the fundamental and the SH light, i.e. 2 2k k k    . 

In Eq. 2.4, there are two critical parameters that determine the SH signal, namely, 

(2)

eff  and k . 
(2)

eff  is the intrinsic nonlinear property of the material. In a two-level 

system between the ground state and the excited state (Fig. 2.1B), the second-order 

susceptibility can be expressed as,10  
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where | |g i   represents the transition dipole moment from the ground state g to the 

intermediate state i, gi  is the corresponding frequency of the transition, ig  is the 

linewidth for the transition, and etc. Since the SH intensity is proportional to the square of 

the second-order susceptibility (2) , Eq. 2.5 shows that the magnitude of (2) , and 

consequently the SH intensity, 2I  , can be greatly enhanced when the fundamental or/and 

the SH frequency is in resonance with any of the transitions. As for k , it appears that the 

SH signal becomes larger as k  is closer to 0. This is called phase-matching condition. 

 

 

 

 

Figure 2.1 (A) Schematic of SHG from an isotropic material. (B) Two-level system for 

SHG. 
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2.2.2 Second Harmonic Generation from Planar Interface 

SHG, ever since its discovery, has been widely applied in a great number of areas 

for research and industry. One of the areas we are interested in is the study of interfacial 

phenomena. 

The advantage of SHG in interfacial research results from its intrinsic property 

related to inversion symmetry. For isotropic media, an inversion symmetry operation 

changes all vectors’ signs. Therefore, the second-order polarization, (2)P , must satisfy Eq. 

2.6,  

(2) (2)

0 ( )( )P E E       (2.6) 

Fulfilling both Eq. 2.2 and Eq. 2.6 requires (2) (2)   , which is impossible 

unless (2) 0  . Therefore, as an even-order nonlinear process, SHG must vanish in media 

with inversion symmetry. On the other hand, interfaces between two media with inversion 

symmetry can be seen as a boundary layer in that the inversion symmetry is broken. The 

fact that SHG is forbidden from the bulks indicates that SHG can only arise from the 

interfacial layer, making SHG an intrinsically interfacial technique. 

To investigate SHG from the interface, we start with the planar interface model as 

displayed in Fig. 2.2. Complete treatment of SHG from planar interface can be found in 

literatures.10, 12, 16 In brief, the second-order polarization (2)P  generated from the interface 

is governed by the Maxwell’s equations with new boundary conditions.16 Seeking the 

solution must take into account the vector nature of the polarization and the optical field. 

Therefore, the second-order susceptibility should be treated as a third-rank tensor,10, 12 and 

the second-order polarization can be expressed as, 
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(2) (2)

,

j k

i ijk

j k

P E E   (2.7) 

with i, j, k the three normal coordinates of laboratory system (i, j, k)=(x, y, z), respectively. 

The boundary conditions16 for Fig. 2.2 include 
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where '  is the relative permittivity from the interface, and Q  represents the difference 

of quantity Q across the interface ( 0 ) ( 0 )Q Q z Q z      , for Q=Bx, By. Bz, Ex, Ey, 

Dz. 

Solving the Maxwell’s equations leads to the modification of 
(2)

eff  in Eq. 2.7 that,16  

(2) (2)ˆ ˆ ˆ[ (2 ) (2 )] : [ ( ) ( )][ ( ) ( )]eff ijke L L e L e             (2.9) 

with ê  the unit electric field vector for the fundamental and SH light, and L  the Fresnel 

coefficients as functions of refractive indices and the angles of the fundamental and SH 

light. 

As a third-rank tensor, the second-order nonlinear susceptibility 
(2)

ijk  has 

3×3×3=27 elements. The number can been reduced given the symmetry of the system.31-32 
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For an isotropic interface, although the inversion symmetry is broken along the z-axis, other 

symmetries are still preserved. According to the rotational symmetry around the z-axis, the 

x and y-axis are indistinguishable, and hence many elements of 
(2)

ijk  vanish except for 7 

elements with only 3 independent values: (2)

zzz , 
(2) (2)

zxx zyy  , 
(2) (2) (2) (2)

xzx yzy xxz yyz      .32 

 

 

 

 

Figure 2.2 Schematic of SHG generated from a planar interface between two isotropic bulk 

media. 

 

 

2.2.3 Second Harmonic Generation from Colloidal Interface 
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Aside from the planar interface, highly-curved interface, such as the interface 

between colloidal particle and its solvent, is also an important aspect of interest. Compared 

to planar surfaces in which SHG is emitted along the reflective direction, SH signal from 

the surfaces of colloids scatter into the space with an angular distribution determined by 

the sizes, shapes, and compositions of the particles.28-29, 33-34 Therefore, SH signal from 

particles are often called second harmonic scattering (SHS). As discussed in last section, 

both the second-order nonlinear susceptibility 
(2)

eff  and the phase-matching condition 

govern the SH signal. High absolute value of 
(2)

eff  can be obtained when the particle itself 

is in resonance with the fundamental or SH light, or the non-resonant particle is covered 

by SHG-active probes, such as malachite green. As for the phase-matching condition, 

however, the situation becomes complex. As shown in Fig. 2.3, for a spherical particle, the 

phase difference between two ends of the particle along the diameter will be k L    , 

in which π results from the centrosymmetry of the spherical shape.22-23 In the forward 

direction,  

2
2

4 ( )
| | | ( 2 ) |

n n
k L k k L D 

 








        (2.10) 

with D being the particle diameter. If both refractive indices are close to each other and L 

is smaller or close to the wavelength  , then | | 0k L    and the SH signal will 

destructively interfere with each other and end up with cancellation. However, consider 

other propagation directions at angle s  in that the fundamental and SH light are not 

parallel, Eq. 2.10 should be written as 

2
2

2

4
| | | 2 sin | sin

2 2

s sn
k L k L D
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  
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assuming refractive indices of the fundamental and SH light are the same for the solvent. 

As the diameter D is smaller than the wavelength 2 , the equation | |k L     is valide, 

when the angle s  is large. On the other hand, when the diameter D is larger, multiple 

angles can satisfy the equation | | (2 1)k L n      for n=0,1,2,…, indicating that there 

exist multiple maxima in the angular distribution pattern.24-25  

The above discussion is based on a simple picture of SHS from colloidal particles. 

A complete treatment of SHS requires theoretical frameworks, such as the nonlinear 

Rayleigh-Gans-Debye theory (NLRGD) or the nonlinear Mie (NLM). Details can be found 

in the literature.25, 28-29, 34 Briefly, NLRGD applies to particles with various shapes, but the 

refractive index of particles’ must be close to the solvent. On the other hand, NLM theory 

works regardless of the composition, but is only suitable for spherical shape. The 

coordinate system commonly used for SHS from the colloidal surfaces also differs from 

the planar interfaces. Instead of using the laboratory coordinate system, for spherical 

particles, the directionality of the surface polarization is often defined by the spherical local 

surface coordinates, in which  and   represent the directions parallel and perpendicular 

to the local surface, respectively. With respect to isotropic systems, out of 7 non-zero 

elements, only 3 independent values exist. In local surface coordinates, they correspond to 

 ,   and   . 
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Figure 2.3 Schematic of SHS from colloidal particles with diameter larger (A) and smaller 

(B) than the wavelength. 

 

 

 

 

 

 

 

2.3 Experiment 
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2.3.1 Experimental Setup 

Two experimental setups have been built for collecting the SH emission spectrum 

as well as the angular distribution of SHS. The setup for the SH emission spectrum is shown 

in Fig. 2.4. The fundamental 800 nm pulse laser we used was provided by a Ti-Sapphire 

femtosecond laser (Coherent, Micra V oscillator) with 130 fs pulse duration, 78 MHz 

repetition rate and 300 mW average power. The polarization of the fundamental laser 

(horizontal to the optical table out of the laser oscillator) was controlled by a half-wave 

plate (HWP). A longpass filter (Schott RG695) was used to remove any possible SH signal 

from the optical components up to the sample. 

The SH signal was obtained by focusing the 800 nm fs pulse onto a liquid jet of 

colloidal solution produced in a micropump-driven flow system. The beam diameter at the 

focus area was 40μm, corresponding to 2.4×109 W/cm2 peak power. As it is expected that 

SHS from Ag NPs has a wide distribution of scattering angles, the SH signal was collected 

by 2-inch lenses in a wide solid angle (within ±20° in both horizontal and vertical angles 

around the fundamental beam propagation direction). After passing through a bandpass 

filter (Schott BG39, 340 nm - 600 nm) that got rid of the fundamental beam, the collected 

light was delivered into a monochromator (Princeton Instrument, Acton SP2300) and 

measured by a photomultiplier tube (PMT, R1527 Hamamatsu). The electronic signal from 

PMT was further amplified by a fast preamplifier (350 MHz, Stanford Research) and 

analyzed by a photon counting system (Stanford Research SR400). A labview (National 

Instrument) program was written to control the monochromator and to record data from the 

photon counting system. The emission spectrum was measured by scanning the wavelength 

through the monochromator. And the time-resolved experiment was performed by fixing 
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the monochromator at 400nm and collecting the SH signal at 1 sec interval synchronized 

by the computer. 

The angle-resolved experiments were conducted at a similar setup but with different 

signal collection system (Fig. 2.5). The jet that was perpendicular to the optical table was 

located at the center of a motorized rotational stage (CR1-Z7E, Thorlabs). The scattered 

light was first filtered by a bandpass filter that blocked the scattered fundamental light, and 

then collected by a lens with 1-inch diameter and 6-inch focus length. An iris was put in 

front of the lens for the purpose of adjusting the angular resolution. The collected SH light 

subsequently passed through a pair of lenses that reduce the beam diameter, and focused 

onto an optical fiber by a collimator. All the collective optics were assembled on an arm 

mounted on the motorized rotational stage so that the collection angle can be scanned. The 

light transferred by the optical fiber was filtered by a bandpass filter (20 nm FWHM, 

Thorlabs) centered at the SH wavelength (400 nm), and was eventually delivered into a 

PMT. The SH signal was amplified and analyzed by the same photon counting system. The 

polarization of the fundamental 800nm light was adjusted by a half-wave plate (HWP) and 

the polarization of the SH light was selected by a Glan-Thompson polarizer before the 

optical filter. The experiment was controlled by an ad hoc labview program that 

synchronized all instruments. 
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Figure 2.4 Schematic of the experimental setup for the SH emission spectrum 

 

 

 

 

Figure 2.5 Schematic of the experimental setup for angle-resolved SHS experiments 
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2.3.2 Sample Flow-jet Circulation System  

As for SHS experiments, sample system plays an important role because the SH 

signal can be weaker orders of magnitude compared to linear optical measurements. In our 

experiments, a flow-jet circulation system was used: a micropump made of stainless steel 

pull the Ag NPs suspension from the container and formed perpendicularly at the exit a 

liquid jet where Ag NPs was radiated by the fundamental laser. 

Such flow-jet circulation system has several advantages: 1) the diameter of the 

liquid jet can be set based on the opening of the tip installed at the exit; 2) the Ag NPs 

suspension was under constant circulation that kept the nanoparticle number density 

uniform and also worked as stirring for the titration experiment; 3) the windowless liquid 

jet prevented the SH signal from the background material or the nanoparticle that adsorbed 

on the walls; 4) the cross-section of the liquid jet is centrosymmetric and suitable for angle-

resolved experiments. Experimentally, the jet diameter was set at 2 mm so that the optical 

length (2 mm) would be much shorter than that using a conventional quartz cuvette (1 cm). 

This effort minimized the reabsorption of the SH signal by Ag NPs.  

 

2.3.3 Sample Preparation 

The citrate-stabilized Ag NPs with average particle diameter of 80 nm were 

purchased from British Cellbio International. Its original particle number density was 

1.1×109 particles/ml and was diluted by 36 times in volume with deionized water 

(Millipore, 18.2 MΩ·cm), so that the number of Ag NPs in the laser focus zone was around 

1.0×102. TEM picture of Ag NPs is shown in Fig. 2.6. Ethanethiol (Sigma-Aldrich, 97%) 
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was also dissolved in deionized water. And sodium citrate (Sigma-Aldrich, 99%) was used 

to keep a citrate concentration of 5 μM for all samples used in the experiments. 

 

 

Figure 2.6 TEM picture of Ag NPs 

 

 

2.3.4 Sample Stability  

To assure that our experiments did not alter the bulk properties of Ag NPs, such as 

the size or the shape, complementary measurements have been performed. Dynamic light 

scattering (DLS, 90Plus/BI-MAS, Brookhaven Instrument) was used to measure the 

average diameters of the particles. No change of the average diameter has been detected 

before and after the irradiation of the fundamental 800 nm fs laser. The average diameters 

during the surface modification of thiols were also monitored by DLS. Size changes less 

than 5% of standard deviation have been measured, that was within the experimental 
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uncertainty. Therefore, we concluded that no coagulation or fragmentation of nanoparticles 

occurred in our experiment, verifying that the decrease in the SH signal did not result from 

the change of particles size. 

Additionally, UV-Vis absorption measurement was also applied to characterize Ag 

NPs. Fig. 2.7 shows the extinction spectra of silver colloidal sample before and after the 

surface modification of ethanethiol using a Shimadzu UV-1800 spectrophotometer. A 

minor (<5%) change in intensity was observed with no peak position shift. As the shape 

and peak position in extinction spectra mainly depend on the particle shapes and sizes,35 it 

was concluded that the bulk of Ag NPs did not change upon the adsorption of ethanethiol, 

which is reasonable considering the small size of ethanethiol molecules used here. The 

change of peak intensity can be explained as the quench of surface plasmon by ethanethiol.  

 

 

Figure 2.7 Extinction spectra of silver colloids before (red) and after (green) the addition 

of ethanethiol. 
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2.4 Results and Discussion 

The SH emission spectrum from a colloid of Ag NPs is shown in Fig. 2.8. The peak 

centered at 400 nm is assigned to SHS while the weaker but broader peak at longer 

wavelength is assigned as two-photon fluorescence (TPF) of Ag NPs. The emission 

spectrum in Fig. 2.8 can be empirically fit by a combination of a squared Gaussian function 

for the 400 nm (SH) peak and a regular Gaussian function for TPF. Compared to polymer 

particles with similar size,24 Ag NPs present much higher SHG signal. However, due to the 

practical difficulty, Ag NPs are not perfectly spherical (see Fig. 2.6). To some extent, the 

centrosymmetric property of Ag NPs is broken.  

Fig. 2.9 illustrates the angular distribution patterns of SHS from 80 nm Ag NPs at 

different combinations of the input (the fundamental light) and the output (the SH light) 

polarizations. Since the refractive index of noble metallic nanoparticles is much higher than 

that of the solvent (water in this case), we applied the previously developed nonlinear Mie 

theory (NLM) to analyze the patterns.34 It predicted that, out of the four combinations, P-

in/P-out gives the highest SH intensity, in agreement with our experimental results. By 

evaluating the contributions from the susceptibility tensor components,  ,   and 

  , it was found that   is the only component able to produce the pattern with well-

resolved lobes displayed in Fig. 2.9A, while the other two give little contribution to the SH 

intensity. This result differs from our group’s previous work in which   dominates the 

SH signal arising from malachite green adsorbed at the polystyrene nanoparticle surface.24-

25 The difference may originate from the different nanoparticles’ compositions, metallic 

vs. dielectric, as well as the orientation of malachite green molecules at the surface of the 
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polystyrene nanoparticles. A closer comparison between the experimental data and the 

theoretical calculations, however, shows some discrepancies, particularly in the 

combinations of P-in/S-out and S-in/S-out. Based on the NLM prediction, they ought to be 

forbidden, while we observed weak SH signal as seen in Fig. 2.9 C and D. This violation 

can be attributed to the fact that the shapes of Ag NPs are not perfectly spherical.  

Although the theoretical calculation supports our deduction that the SH signal 

mainly originates from the surface, an experimental demonstration is still required. 

Previous studied carried out at flat silver or gold surfaces under ultrahigh vacuum 

conditions or in solution phases have showed that the chemical bonding localizes the 

electrons at the surface and hence reduces the nonlinear polarization and susceptibility.36-

39 Therefore, ethanethiol that contains a sulphydryl group was introduced to explore the 

source of the SH signal from Ag NPs. As ethanethiol molecules chemically bond with Ag 

atoms at the particle surface, the surface contribution to the total SH signal can be 

quenched. The amount of decay quantitatively indicates the portion of the SH signal from 

particle surface. Fig. 2.10 shows the SH intensity recorded as a function of time, following 

the addition of ethanethiol into the colloidal solution. The addition of thiols resulted in a 

considerable decrease in the SH intensity until minimum as ethanethiols reacting with the 

surface silver atoms reached equilibrium. The concentration of ethanethiol used here was 

chosen to assure that the saturation was reached at the surface. The percentage of the SH 

intensity decay, at saturation of quenching, was around 60% of the original SH intensity. 

The response of the SH signal to the addition of ethanethiol provides a direct experimental 

proof that the majority of the SH signal originates from the surface of Ag NPs. The 
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remaining part (<40%) may arise either from the unquenched surface contribution and/or 

contributions associated with the particle bulk. 

 

 

 

 

 

 

Figure 2.8 Emission spectrum of Ag NPs. SH signal (blue) is fitted by a squared Gaussian 

equation, and TPF (black) is fitted by a Gaussian equation.   
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Figure 2.9 Angle-resolved SHS patterns in the horizontal plane for 80nm Ag NPs at four 

polarization combinations of the fundamental (input) and SH light (output): (A) P-in/P-out, 

(B) S-in/P-out, (C) P-in/S-out, and (D) S-in/S-out   
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Figure 2.10 The SH intensity, normalized to unity at t = 0, as a function of time after the 

addition of 1μM ethanethiol   
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2.5 Summary 

In summary, the SH signal from Ag NPs with average diameter of 80 nm have been 

observed in our group. The angular-dependent patterns of SHS are in good agreement with 

our predication based on nonlinear Mie theory.34 It is established that   is the 

dominant second-order surface susceptibility tensor element for Ag NPs. The discrepancies 

between the theoretical calculation and SHS data indicates that the shapes of the Ag NPs 

are not uniformly spherical, supported by our TEM measurement. Despite the imperfect 

centrosymmetric shape of the particles, experimental evidence has been presented that the 

majority of the SH intensity originated from the surface, not from the bulk. Thus, SHS can 

serve as a probe to characterize adsorption and reactions occurring at the surface of metallic 

nanoparticles in situ and in real time, particularly when the molecules of interest do not 

possess large nonlinear polarizability. For instance, we demonstrate the surface SHG can 

be quenched by chemical bonding of thiols. In return, the Gibbs free energy change and 

the activation energy of the thiol-silver reactions at the surface of nanoparticles can be 

acquired by performing concentration-dependent and temperature-dependent time-

resolved experiments.  
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CHAPTER 3 

ADSORPTION OF NEUTRAL THIOL MOLECULE ON SILVER 

NANOPARTICLES 

 

3.1 Introduction 

Organosulfur molecules, or thiols, have been widely used to modify surface 

properties of noble metal surfaces in a broad range of novel technological applications.1-3 

Adsorption of thiols on the planar surfaces of noble metals, such as gold or silver, have 

been intensively studied for their mechanisms and rates.3-15 It is generally accepted that the 

mechanism of thiol adsorption onto the gold or silver planar surface consists of many steps, 

starting with the physical adsorption, followed by the sulfur-metal bonding reaction as well 

as the reorientation of the adsorbed thiol molecules, and eventually forming a compact self-

assembled monolayer (SAM).4-5, 14-15 With respect to the adsorption rates, however, both 

diffusion limited and non-diffusion limited kinetics have been reported, although the 

conditions for the two scenarios have not been consistently defined.5-6, 9, 13-16 

In addition to planar surfaces of noble metals, thiol adsorption has also been broadly 

utilized for metallic nanoparticles, such as controlling their biomedical functions,17 tuning 

optical properties,18 changing the attached chromophores,19 and synthesizing nanoparticles 

and nanocages of different shapes and sizes.20 Optical techniques are often chosen to study 

the reactions between the thiol molecules and the metallic nanoparticles, due to the fact 

that the particle surfaces are buried in colloidal solution.18-19, 21-23 For example, a sum 

frequency vibrational spectroscopy (SFG) study has revealed that long-chain thiol 

molecules on gold nanoparticles of varying sizes have different conformations.23 



51 

More than a decade ago, hyper Rayleigh scattering from gold nanoparticles was 

first reported as an incoherent second harmonic phenomenon.24 It was believed that there 

was an inherent size restriction in second harmonic scattering (SHS) such that the method 

could not be applied to particles with diameters much smaller than the optical wavelength. 

Our group, however, has demonstrated that SHS from the surface of nanometer size 

particles can be detected at specific scattering angles where the phase matching conditions 

are satisfied.25-27 This advancement has led to the detection of SHS from silver 

nanoparticles (Ag NPs),18 that was discussed in previous chapter. As the SH signal is 

sensitive to the polarizability of the free electrons at the surface layer of Ag NPs, the surface 

contribution can be identified from the response in the SH signal to the formation of silver-

sulfur covalent bonds that localize the silver electrons at the surface. It turns out that the 

majority of the SH signal is from the surface of Ag NPs with 80 nm diameter. The surface 

portion of the SH signal, that dominates the total SH signal from Ag NPs, can therefore be 

used for probing the adsorption and reactions taking place at the surface. 

The change of the SH intensity is quantitatively related to the thiol coverage at the 

surface, and hence can be used for the determination of the adsorption rate as well as the 

free energy change of the adsorptive reaction. If there is a barrier associated with the rate-

limiting process in the adsorption, temperature dependence of the adsorption rate enables 

the determination of the activation energy and reveals what the activation process is. Herein 

we present experimental observations indicating that the neutral thiol adsorption at the Ag 

NPs surface is an activated process. For the case of 1,2-benzenedithiol, the Gibbs free 

energy change is < -8.8 kcal/mol, and the activation energy is determined as 8.4 kcal/mol. 



52 

This energy barrier is likely associated with the transition state during the formation of 

silver-sulfur bond, but not from the diffusion-limited process. 

 

3.2 Experiment 

The Ag NPs (British Cellbio International) with average particle diameter of 80 nm 

and number density 1.1×109 particles/ml were diluted by 36 times in volume with 

deionized water (Millipore, 18.2 MΩ·cm). The number of Ag NPs in the laser focus zone 

was around 1.0×102. 1,2-benzenedithiol (Sigma-Aldrich, 96%) was dissolved in deionized 

water. Sodium citrate (Sigma-Aldrich, 99%) was added in all the samples at a concentration 

of 5 µM to maintain the stability of colloids.  

The experiment setup and the time-resolved experiments for 1,2-benzenedithiol 

were the same as described in Chapter 2. 

With respect to the titration experiment, aqueous solutions of 1,2-benzenedithiol at 

known high concentrations were added into the Ag colloidal suspension by a digital titrator 

(Hirschmann, akku-drive, 20ml unit) controlled by a computer. This allowed the 

synchronization between the data recording and titration through an ad-hoc labview 

program: the wavelength of the monochromator was set at the peak wavelength of the SH 

signal, i.e. 400nm, while the SH signal was recorded every 3 min after the 1,2-

benzenedithiol aliquots were added at room temperature. This assured that the equilibrium 

state of the reaction was reached. The volume change induced by the titration amount was 

corrected by the labview program instantaneously. 

In the temperature-dependent time-resolved experiments, the sample temperature 

was controlled by setting the temperature of the bath into which the sample container was 
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immersed: a hot water bath kept the temperature at (303±1) K, while a coolant bath was 

used to lower down the temperature to (284±1) K. The room temperature was (293±1) K. 

Besides, the micropump system was protected by heat insulating materials to maintain the 

temperature for both the sample container and the sample jet. The time-resolved 

experiment was performed as a labview program set the monochromator at 400nm and 

collected the SH signal at 1 sec interval synchronized by the computer. 

 

 

 

 

Figure 3.1 TEM picture of Ag NPs 
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3.3 Results and Discussion 

3.3.1 Concentration-Dependent Neutral Thiol Adsorption and Gibbs Free Energy 

Change 

The decline of the SH signal from Ag NPs depends on the thiol concentration 

added. An example is shown in Fig. 3.2 in which the decrease of the SH intensity reached 

saturation at the 1,2-benzenedithiol concentration of 2 µM. It shows that 54% of the total 

SH intensity vanished after the surface of Ag NPs were saturated by 1,2-benzenedithiol. 

This observation indicated that >54% of the SH signal was generated from the particle 

surface, given that the quenching efficiency was unknown. The remaining part (<46%) 

may arise either from the unquenchable surface contribution and/or contributions 

associated with the particle bulk. Based on previous ultrahigh vacuum studies,28-30 it is 

reasonable to expect that the reduction of the nonlinear polarization at the Ag NPs surface 

is linearly proportional to the surface coverage θ of thiols. The total SH intensity can 

therefore be described as6, 30  

2(2 ) | |i

Ag QI e       (3.1) 

where Ag  represents the susceptibility of the bare Ag NPs (including surface and 

possibly bulk contributions), 
Q

  is the total decrease in surface susceptibility induced by 

thiol adsorption at the saturation coverage,   is the surface coverage of thiol molecule at 

certain concentration, and   is the phase difference between the two susceptibilities.  
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Figure 3.2 The SH intensity, normalized to unity at the point with no 1,2-benzenedithiol 

added, measured as a function of the 1,2-benzenedithiol concentration. The blue curve is 

the nonlinear least-square fitting by Eq. 3.5. 
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 The coverage of 1,2-benzenedithiol at the surface of Ag NPs obeys the adsorption 

reaction between the neutral thiol molecules and Ag atoms at the surface. It appears from 

our experiments that the adsorption follows the Langmuir adsorption process. The 

Langmuir adsorption model was developed and named after Irving Langmuir in 1916,31 

based on three assumptions: 1) the adsorption is limited to one monolayer, 2) the surface 

is divided into sites for adsorption with equal probability for each site, and 3) there are no 

inter-adsorbate interactions. Hence, the equilibrium between thiols in the colloidal 

solution, T, the thiols bonded at the surface, TS, and the surface empty sites ES can be 

described as  

1

1

k
T ES TS

k

  (3.2) 

where 1k  is the rate constant for adsorption, and 1k  is the rate constant for desorption. 

The equilibrium constant, K, equals to 1

1

k

k

 . 

The equilibrium equation is as below,  

max( )( )

N
K

C N N N


 
 (3.3) 

where N is the concentration of the occupied bonding sites, C  is the initial concentration 

of thiol added, and maxN is the maximum concentration of bonding sites at the surface of 

nanoparticles.   

By solving Eq. 3.3, the surface coverage  , i.e. N/Nmax , can be expressed as32 

1 1 2

max max max

max

( ) ( ) 4

2

C N K C N K CN

N


      
   (3.4) 
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Combining the surface coverage θ (Eq. 3.4) and the SH signal (Eq. 3.1), the SH 

intensity as a function of 1,2-benzenedithiol concentration is 

1 1 2

2max max max

max

( ) ( ) 4
(2 ) | |

2

i

Ag Q

C N K C N K CN
I e

N

  
      

   (3.5) 

A nonlinear least-square fit in Fig. 3.2 can be achieved only as K ≥3 × 106 M−1, 

which indicates that the upper limit of the adsorption Gibbs free energy change for 1,2-

benzenedithiol is −8.8 kcal/mol, i.e. ΔG ≤ -8.8 kcal/mol. Adsorption of thiols onto Au, Ag 

or Cu surfaces has been reported in the literatures.6, 8-9, 11 The adsorption free energy 

obtained in this work is close to the value deduced from the infrared adsorption study of 

1,2-benzenedithiol onto a Ag film in benzene solution (−9.4 kcal/mol). 

 

3.3.2 Temperature-Dependent Time-Resolved Neutral Thiol Adsorption and  

Activation Energy 

Fig. 3.3 shows the SH signal of Ag NPs as a function of time following the addition 

of 1,2-benzenedithiol at a range of concentrations from 0.1 µM to 0.5 µM. The experiments 

were performed at three different temperatures. The decrease of the SH signal scattered 

from Ag NPs resulted from the reduction of the nonlinear susceptibility of the Ag surface 

atoms as silver-sulfur bonds form.6, 18  
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Figure 3.3 The SH intensity, normalized to unity at t = 0, as a function of time following 

the addition of different concentrations of 1,2-benzenedithiol (a. 0.1 μM, b. 0.2, c. 0.3 μM, 

d. 0.4 μM, e. 0.5 μM) at t = 0 recorded at the specified constant temperature: 303±1 K (red 

circle), 293±1 K (blue solid square), 284±1 K (black triangle). 
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Based on Langmuir model (Eq. 3.2), the kinetics equation is as follow, 

1 max 1( )
dN

k C N N k N
dt

    (3.6) 

where 1k  is the rate constant for adsorption,  1k  is the rate constant for 

desorption, N is the concentration of occupied bonding sites, C  is the initial 

concentration of thiol added, and maxN is the maximum concentration of bonding sites at 

the surface of Ag NPs.   

Eq. 3.6 can be simplified under the assumption that the concentration of thiols in 

the colloid (including those in solution and at surface) is much bigger than that of the 

bonding sites at the surface of Ag NPs, such that the depletion of 1,2-benzenedithiol from 

bulk can be neglected. By solving the differentiate equation, the surface coverage   of 

1,2-benzenedithiol as a function of time follows: 

1 1( )

max

1 k C k tN
e

N
      (3.7) 

By putting together Eq. 3.1 and Eq. 3.7, the SH intensity can be expressed as: 

/ 2(2 ) | (1 ) |t i

Ag QI e e        (3.8) 

Here Ag  is the total susceptibility of the nanoparticle before thiol adsorption, Q  

is the total portion of surface susceptibility that can be quenched by thiol adsorption, and 

  is the phase difference between these two parts. The time constant   is associated with 

k1 and k-1 as 
1

1 1k C k 

  .  

Eq. 3.8 was used to fit the decay of the SH signal from Ag NPs after the addition 

of 1,2-benzenedithiol, as shown in Fig. 3.3. The 
1 
 values obtained from all experiments 



60 

are displayed in Fig. 3.4. The data points at the same temperature display a linear 

relationship of 1

1 1k C k 

  . The large error bars associated with the high concentration 

measurements at 303 K are due to the fact that the SH signal decayed at a rate close to the 

experimental temporal resolution of 1 sec. The point marked with * is not included in the 

analysis because of its large error bar of 0.6. For 303±1 K, the points from 0.1 to 0.4 µM 

are results from an average of two sets of experiments. Solid lines are fittings for the 

extraction of the adsorption rate constants based on Eq. 3.8. The k1 values were acquired 

as: (4.3±1.2)×105 M-1s-1 for 284 K, (7.0±1.0)×105 M-1s-1 for 293 K, and (1.1±0.1)×106 M-

1s-1 for 303 K. The k-1 values obtained are smaller than the uncertainty. This indicates that 

the desorption of the adsorbed 1,2-benzendithiol from particle surface is not energetically 

favored, consistent with the high adsorption free energy change we obtained in last section 

as well as previous studies that thiols adsorbed on noble metal surface do not desorb 

easily.6, 13 Furthermore, the Arrhenius equation can be used to fit the temperature-

dependent adsorption rate constants to obtain the activation energy Ea. For the adsorption 

of 1,2-benzenedithiol onto Ag NPs, Ea was determined as (8.4±0.3) kcal/mol, as displayed 

in Fig. 3.5.  
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Figure 3.4 
1 
 values plotted as a function of thiol concentrations at three temperatures: 

303±1 K (red triangles), 293±1 K (green squares), 284±1 K (black circles).  

 

 

 

Figure 3.5 Arrhenius plot of the adsorption rate constants. The red solid line is the nonlinear 

least square fit. 
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In the literatures, the adsorption of decanethiol on Au(111) surfaces in ethanol have 

been reported to have an energy barrier as 7.1 kcal/mol,15 close to the value of 6.9 kJ/mol 

for the adsorption of several alkanethiols on Au(111) surface obtained in ultrahigh vacuum 

study.10 Despite the differences in metal surfaces and solvents, the activation energy of 8.4 

kcal/mol for 1,2-benzenedithiol appears to 1.3 kcal/mol higher. A previous report has 

showed that both sulfur atoms are bonded on the silver surface,11 and the large activation 

energy we observed can be associated with the bonding reactions of two sulfhydryl groups.  

 

3.3.3 Model of Neutral Thiol Adsorption on Silver Nanoparticles 

The commonly accepted mechanism for thiol adsorption onto noble metal surfaces 

starts with a physical adsorption process before chemical reactions.4-5, 13-15 The activation 

barrier of 8.4 kcal/mol is too high to be associated with the physical processes such as 

diffusion. The correlation with the number of bonds also suggests that large activation 

energy is from the chemical bonding process. As comparison, several studies of thiols 

adsorption onto flat gold surfaces reported that the adsorption rate was diffusion limited, 

particularly when the thiol concentration in the solution is at the micromolar scale.5, 13, 15 

Notice that the average diffusion distance for thiol molecules traveling to the planar surface 

can be as long as 1.9 mm for a 2 µM solution.5 On the other hand, in the environment of a 

colloidal solution, the average distance between thiol molecules and Ag NPs is on the order 

of 10 µm given the average distance between two nearby particles is about 30 µm based 

on the particle density used. This short distance is consistent with the assertion that 

diffusion is not the rate-determining step and not the source of the activation energy.  
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The stability of silver colloids are maintained by the surface coverage of citrate ions 

that establishs the charge-charge repulsion to prevent Ag NPs from aggregation. The 

presence of citrate ions may create a barrier for the thiols to physically approach the 

surface. However, considering the neutral nature of 1,2-benzenedithiol, the physical 

adsorption may not dominate the entire adsorption process. The activation barrier of 

(8.4±0.3) kcal/mole is too high to be associated with physical adsorption alone. Thus, we 

attribute this activation energy mainly to the formation of the transition state during the 

chemical reaction. Herein we propose a mechanism illustrated in Fig. 3.6. It is reasonable 

to believe that the activation energy is required for the breaking of the S-H bonds and the 

formation of the S-Ag bonds, so we propose the transition state to have sulfur atoms weakly 

interacting with both hydrogen atoms and silver atoms. The final structure of 1,2-

benzenedithiol molecules adsorbed on Ag surface was based on the previous infrared 

spectroscopic study.11  

 

 

Figure 3.6 Schematic illustration of the mechanism and the energy change associated with 

the adsorption of 1,2-benzenedithiol on Ag NPs. 
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3.4 Summary 

In summary, second harmonic scattering has been demonstrated as a powerful 

probe to investigate the adsorption process between Ag NPs and the neutral thiol 

molecules, i.e. 1,2-benzenedithiol. Both the Gibbs free energy change (≤ -8.8 kcal/mol) 

and the activation energy (8.4±0.3) kcal/mol of the adsorption in aqueous silver colloids 

have been determined respectively in the concentration dependent and temperature 

dependent time-resolved experiments. This energy barrier is attributed to the formation of 

the transition state during the bonding reaction, not the physical adsorption or diffusion 

processes. 
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CHAPTER 4 

ADSORPTION OF ANIONIC THIOL MOLECULE ON SILVER 

NANOPARTICLES 

 

4.1 Introduction 

Nanoparticles have been intensively studied for many current and potential 

applications in chemical, material, and medical technologies.1-3 In many of the applications 

utilizing colloidal particles there is a need to modify the particle surface either to provide 

the particles with new functionalities by attaching specific molecular groups (active 

functionalization) or to reduce/eliminate undesirable interactions of the particles with their 

surroundings (passive functionalization). For metallic particle surfaces, even though new 

routes, such as the use of N-heterocyclic carbenes,4-5 are continuously proposed, so far the 

most versatile method for functionalizing the metallic particle surface, quite independently 

from the desired functional group, is through thiolation.6-8 Indeed, molecules containing a 

sulfhydryl group, which has high affinity with noble metals, presents an efficient route for 

surface modification.9 As thiolation constitutes an important and frequently used surface 

modification step,10-11 a mechanistic understanding of the reactions between thiols and 

metallic particle surfaces is of great importance to the control of the particle surface 

properties and the development of new surface modification methods.4 The adsorption of 

charged thiols can be used, for instance, to alter the surface charge properties and therefore 

enable specific applications of metallic nanoparticles. An example is the case in which 

cationic thiols are used to promote J-aggregation of anionic cyanines on the surface of Au 

NPs.12 
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Despite the importance of understanding molecular interactions at the surface of 

metallic particles, studies carried out on metallic nanoparticle surfaces are lacking when 

compared to their planar surface counterpart, and there is an even smaller number of studies 

investigating Ag compared to Au. This is because, when compared to the planar surface 

case, characterizing the metallic particle surface in the colloidal environment is 

experimentally more complex. To prevent particles from aggregating, stabilizers such as 

citrate (Cit) are routinely used to treat the particle surface. Furthermore, there is the need 

for an in situ surface-sensitive method that is capable of probing the surface of nanometer 

size particles buried in the colloidal solution.  

The effectiveness of second harmonic scattering (SHS) for detecting molecules at 

particle surfaces in the colloidal environment was first demonstrated by Eisenthal and 

coworkers.13 Our group14-19, along with others20-24, has demonstrated that SHS is capable 

of probing the surface of nanometer size particles in colloids. In particular, we have shown 

that the surface layer of metallic nanoparticles can be examined.14-17 SHS refers to the 

process in which the coherent SH signal generated by a particle is scattered by the particle 

itself because its size is comparable to or smaller than the wavelength used in the 

experiment. As a coherent second-order optical process, second harmonic generation 

(SHG) is intrinsically interface sensitive. In the electric dipole approximation, when the 

bulk presents a center-of-inversion symmetry, the surface is the sole source of SHG.  

In the past, SHG has been used extensively to study planar surfaces,25-29 including 

polycrystalline gold surfaces in aqueous solutions.29-30 Our group has shown that 

adsorption and reaction of thiol molecules on the surface of metallic particles in colloidal 

solutions can be characterized by SHS.14-15 The SH signal detected in those experiments 
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has been shown to be mostly from the surface of the Ag nanoparticles (Ag NPs).14 With 

the surface origin of the SH signal established, SHS was then used to probe the adsorption 

reaction of a neutral thiol, 1,2-benezenedithiol, on Ag NPs and to determine the adsorption 

free energy, saturation density as well as reaction activation energy.15 

In this chapter, we report the characterization of the adsorption reaction of 

negatively charged thiols onto Cit-stabilized Ag NPs. An alkanethiol molecule with a 

sulfonate endgroup (SO3
-), such as 3-mercaptopropanesulfonate (MPS), has low pKa (pKa 

< -1).31 In our experimental condition, the pH of the colloidal solution is 6.6 (which only 

decreases slightly after thiol adsorption32) at which little to no MPS is in neutral form. 

Through SHS measurements, supported by results from other complementary techniques, 

we demonstrate that this sulfonated thiol is able to chemisorb to the Ag NPs surface and 

further stabilize the Ag NPs by replacing the physisorbed water and Cit ions and thus 

increasing the amount of negative charges at the surface. The higher stability may facilitate 

the use of MPS adsorbed-Ag NPs as more effective intermediates for surface modification. 

Most importantly, it is shown that, due to the presence of charges at the particle surface, 

the mechanism of anionic thiols adsorption is different from that of neutral thiols.14-15 

 

4.2 Experiment 

4.2.1 Second Harmonic Scattering Experiments 

The experimental setup for the SH signal collection was the same as described in 

Chapter 2 and Chapter 3. However, due to the fact that the anionic thiol presents a much 

slower adsorption rate than that of neutral thiol, the sample system was varied depending 

on the types of experiments. 
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As for the titration experiments, instead of using a digital titrator to add the thiol in 

the sample, 40 samples were prepared by means of distributing 800 ml of Ag NPs solution 

equally into 40 test tubes, each containing a final volume equal to 20 ml. An aqueous stock 

solution of MPS was prepared at a concentration of 2.5 mM, and different aliquots of this 

stock solution were added to the 40 tubes so that the final MPS concentrations in the tubes 

ranged from 0 to 50 µM. The tubes were shaken at 100 RPM at 25 °C for 12 hours until 

equilibrium. The content of each tube was then used to fill the reservoir of the liquid jet 

setup followed by the same procedure as described in Chapter 2. In addition, since the SH 

emission peak has always been superimposed to a broad two-photon fluorescence 

background, to extract the pure SH signal, the emission spectrum was fitted using the sum 

of a squared Gaussian function for the 400 nm (SH) peak and a regular Gaussian function 

for the two-photon fluorescence for the determination of the SH intensity. 

To minimize the effect of liquid evaporation, especially when the temperature was 

high, a quartz fluorimeter cell (62F-Q-10 from Starna Cells, Inc. 1 cm path length) was 

employed. Another advantage of using the fluorimeter cell is that it provides higher 

precision for temperature control: by tuning the temperature of the water flowing through 

the cell jacket, it was possible to precisely control the temperature of the sample from 293 

K to 333 K at the interval of 10 K. The actual temperature of the solution was measured 

using a thermocoupler. At a given temperature, 1.5 ml of the Ag NPs colloidal solution 

was added into the cell. The SH signal as a function of time was collected after the addition 

of an aliquot of MPS stock solution chosen in such a way that the final concentration of 

MPS in the cell equaled to 50 µM. A magnetic bar was used to stir the sample continuously 

during the data recording.   
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4.2.2 Dynamic Light Scattering and Zeta Potential Measurements 

Hydrodynamic size and zeta potential (ζ) of Ag NPs in aqueous colloidal solution 

have been measured with Malvern Zetasizer Nano ZSP using disposable folded capillary 

cells. Measurements were conducted at (25.0±0.1) °C with a 632.8 nm red laser. The 

average value out of a total of three measurements have been acquired for each sample.  

 

4.2.3 Sample Preparation 

Sodium citrate dehydrate (99%), sodium 3-mercaptopropanesulfonate (MPS, 90%), 

11-mercaptoundecanoic acid (MUA, 98%) were purchased from Sigma-Aldrich Inc. 

Deionic (DI) water (18.2 MΩ·cm) was prepared in the laboratory using a Barnstead E-pure 

Ultrapure Water Purification system. 

The Cit-stabilized Ag NPs were received from our collaborator, Dr. Brendan 

DeLacy. Briefly, a modified procedure by Lee and Meisel was used to prepare Ag NPs.33 

Approximately 110 mg of AgNO3 were dissolved in 400 mL deionized H2O (18 MΩ·cm) 

and placed in a 1-liter 3-neck flask. Separately, 10 mL of 1% (wt/wt) trisodium citrate 

solution was placed in an addition funnel, which was attached to a second neck of the flask. 

Additionally, to minimize evaporation losses, a condenser tube was placed on the center 

neck of the flask. The solution was then heated to 100°C using a heating jacket and 

temperature controller (Glass-Col, Terre Haute, IN), while magnetically stirring and 

refluxing. Upon reaching the boiling point, the trisodium citrate solution was added drop-

wise. Heating continued for an additional hour at 100°C. Finally, the heating jacket was 

removed and the solution was stirred for an additional hour at room temperature. The final 
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approximate concentration of the silver colloid is 0.3 mg/mL, assuming a 100% yield. The 

size and shape of the Ag NPs were characterized by TEM shown in Fig. 4.1. 

Before the experiments, the Ag NPs colloidal solutions have been pretreated with 

dialysis to remove the chemicals left over from the synthesis. As shown in Fig. 4.2, it has 

been experimentally observed that as [Cit] increases the ζ becomes more negative up to a 

[Cit] = 30 µM above which no further change is observed. Hence we chose to stabilize our 

stock solution using a Cit concentration equal to 30 µM. For dialysis, a sulfur-free 

spectra/Pro 7 RC membrane (Spectrum Laboratories, Inc. MWCO 2000) was used. After 

soaking for 30 min with high volumes of DI-water, the dialysis membrane was loaded with 

Ag NPs, and then placed in the dialysis buffer, 30 µM Cit solution, at a volume equal to 

200 times that of the original sample. A clean magnetic stir bar was used to stir the entire 

solution. Each 30 min the dialysis buffer was refreshed and the whole procedure repeated 

8 times. The dialysis treatment appeared not to influence the UV-Vis and two-photon 

emission spectra of the Ag NPs. Unless otherwise specified, all Ag NPs were used after 

diluting 40 times this stock solution. By comparing the two-photon emission spectra as 

well as UV-Vis spectra of dialyzed and undialyzed samples (see Fig. 4.3) it was concluded 

that dialysis does not influence the optical properties of the Ag NPs colloidal solution.  
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Figure 4.1 TEM image of Ag NPs. 

 

 

Figure 4.2 Zeta potential (ζ) of Ag NPs in aqueous colloidal solution as a function of Cit 

concentrations. 
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Figure 4.3 (A) Two-photon emission spectra of Ag NPs before (red, “original”) and after 

(blue, “dialysis”) dialysis. (B) UV-Vis extinction spectra of Ag NPs colloidal solution 

before (red, “original”) and after (blue, “dialysis”) dialysis. 
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4.3 Results and Discussion 

As demonstrated in Chapter 3, the adsorption of thiols on noble metal colloids can 

be characterized using SHS. The SH signal mainly originates from the surface of Ag NPs 

and can be quenched by the formation of the sulfur-silver covalent bonding. Besides, the 

magnitude of the SH signal is related to the thiol coverage on the surface. Therefore, 

monitoring the SH signal as functions of thiol concentration and time provides both the 

thermodynamic and kinetic information for the adsorption reaction between the thiol 

molecules and the Ag NPs.  

 

4.3.1 Concentration-Dependent Anionic Thiol Adsorption on Silver Nanoparticles 

As for anionic thiol molecules, Fig. 4.4A shows the dependence of the SH intensity 

as a function of MPS concentration in the colloid. Previous studies of a neutral thiol, 1,2-

benezenedithiol,15 revealed a typical Langmuir adsorption behavior as a monotonic, 

exponential-like decay of the SH signal when the thiol concentration in the colloidal 

solution is increased. The SHS adsorption isotherm in the case of MPS is, however, 

dramatically different. The SH signal reduces by 56% as the bulk MPS concentration, 

[MPS], is initially increased from 0 to 0.12 µM. Further addition of [MPS] up to 1.0 µM 

induces no detectable quench in terms of the SH signal. However, when [MPS] is increased 

between ~1 and 10 µM, the SH intensity appears to decrease by another 22% of the total 

until saturation is finally approached. The total amount of SHS quench as the final 

adsorption equilibrium is about 78%. 
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Figure 4.4 (A) The SHS intensity, set as unity for the intensity detected with no MPS, 

measured as a function of the MPS concentration, and (B) θA (blue), θB (green), and the 

total coverage θ (red) obtained from the best fit, shown in (A) as the solid line. 
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The observed behavior of the SH signal strongly suggests that the adsorption of 

MPS on the Ag NPs surface proceeds through a two-step mechanism as the surface MPS 

coverage changes in response to the MPS concentration. 

 

4.3.2 Temperature-Dependent Time-Resolved Anionic Thiol Adsorption on Silver 

Nanoparticles 

To verify the speculation that there are two steps in the adsorption process from the 

appearance of the adsorption isotherm, the kinetics associated with the MPS adsorption 

were examined at a set of temperatures. Time-resolved observation of the SH intensity, 

which can be quantitatively related to the thiol surface coverage, reflects the rate constants 

of the MPS adsorption onto Ag NPs. The temperature dependence of this adsorption rate 

constants allows the determination of activation energy of the adsorption reaction.  

Fig. 4.5 shows the SH intensity response to the addition of fixed amounts of [MPS] 

as a function of time. Regardless of the temperature, generally, the SH signal from Ag NPs 

rapidly decays initially and then continues decreasing at a much slower rate. Compared to 

the neutral thiol adsorption, these measurements made over a wide range of temperatures 

are consistent with a two-stage mechanism for the adsorption of MPS. 
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Figure 4.5 The SHS intensity, normalized to unity at t = 0, as a function of time following 

the addition of [MPS] = 50 µM at t = 0 recorded at the specified constant temperature: (red) 

296.0±0.1, (yellow) 305.4±0.1, (green) 314.6±0.1, (blue) 324.1±0.1, and (purple) 

333.4±0.1 K. 

 

 

 

 

 

 

 

 



82 

4.3.3 Effect of Citrate ion to Anionic Thiol Adsorption on Silver Nanoparticles 

One important difference between colloidal systems and the more widely studied 

flat surfaces is the presence of the electrolytes in the solution because of the need to 

stabilize the particles in colloids. The Ag NPs synthesized through the conventional method 

carry a large amount of Cit ions at the surface, forming an electric double layer (EDL) that 

prevents the particles from aggregation. The Ag NPs appear to be negatively charged due 

to the anionic nature of Cit ions. Therefore, with respect to anionic thiol adsorption, it is 

important to understand the role of Cit in the MPS adsorption process. For instance, MPS 

adsorption has been found to be significantly slower than neutral thiols.15 

For comparison, two Cit concentrations have been applied to stabilize the silver 

colloids: 30 µM, the one used to stabilize the Ag NPs in Fig. 4.4A, and 0.5 µM, at which 

the surface charge density of Ag NPs is expected to be lower. As illustrated in Figure 4.5A, 

ζ varies with the Cit concentration. At [Cit] = 30 µM, where the surface is saturated with 

Cit, ζ = -(32.9±0.6) mV before the MPS addition. For [Cit] = 0.5 µM, also without MPS, ζ 

= -(17.2±0.3) mV, reflecting less Cit on the particle surface.  

The two silver colloidal samples with 30 µM and 0.5 µM of Cit ions have been 

employed for concentration-dependent experiments of MPS. Both zeta potential (ζ) and the 

SH intensity were measured for the adsorption isotherms. As for zeta potential 

measurements, beside an offset in the absolute values of ζ, the two sets of data as a function 

of [MPS] present very similar behavior. In the range of [MPS] = 0 to ~0.1 µM, ζ becomes 

more negative with [MPS]; for [MPS] higher than 0.1 µM, ζ fluctuates but appears 

unchanged until [MPS] > 5 µM where ζ starts shifting to more positive values. The 

behavior of the ζ value as a function of [MPS] mirrors the distinctions in the adsorption 
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isotherm in the three [MPS] regions. The Zeta potential results also suggest different 

adsorption behaviors in two regions, [MPS] below ~0.1 µM and higher than ~1 µM, 

consistent with SHS adsorption isotherms illustrated in Fig. 4.6B.  

In our system, after dialysis, the ions existing in the solution (pH~6.6) are Na+, Cit3- 

and MPS-. A one-to-one replacement of Cit3- by MPS- would produce a less negatively 

charged particle surface, while replacement of water with MPS- will lead to an increase of 

the negative charges of the particle. In the low MPS concentration regime, i.e. the first 

adsorption phase, the zeta potential measurements indicate that the particle surface is 

becoming more negatively charged. It is therefore reasonable to conclude that the exchange 

between water and MPS- dominates in this phase. As the coverage increases till most sites 

occupied by water are filled, exchange between Cit3- and MPS- dominates, the total surface 

charge becomes less negative.  

The SHS adsorption isotherms are also shown in Fig. 4.6B for comparison. 

Interestingly, the two SHS adsorption isotherms appear to be essentially identical despite 

the substantial difference in the Cit concentration and in absolute values of ζ. At the two 

different Cit concentrations the surface Cit coverage is very different. But the surface 

coverages are very similar at a set of MPS concentrations. It indicates that concentration 

of Cit ions have no detectable effect on the thermodynamics of the anionic thiol adsorption 

at Ag NPs. This seems reasonable based on the fact that Cit is physisorbed and their 

presence does not significantly affect the silver-sulfur bonding, which is the origin of the 

decrease in the SHS signal. The same conclusions can be drawn for the less strongly bonded 

water at the surface. 
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The complete rate of adsorption is determined by both mass transfer and chemistry 

reaction at the surface. Thus, it is important to discover which one is the rate-determining 

step for the adsorption process. Our previous work rules out the diffusion-limited 

adsorption of 1,2-benzendithiol in colloidal system. On the other hand, one of the major 

differences between MPS and 1,2-benzendithiol is the negative charge carried by MPS, 

and consequently adsorption of MPS onto Ag NPs is under the influence of the EDL. It is 

natural to expect that the presence of EDL will slow down the diffusion process. However, 

by controlling the concentration of Cit and in turn tuning the surface charge, we observed 

no significant difference in the MPS adsorption kinetics (shown in Fig. 4.7). This result 

suggests that the rate-determining step for MPS adsorption is still the chemistry reaction. 
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Figure 4.6 (A) Zeta potential (ζ) of the Ag NP colloidal solution measured as a function of 

the MPS concentration with the Cit concentration set at 0.5 µM (blue) and 30.0 µM (red); 

and (B) the corresponding SHS intensities (with the intensities measured for [MPS]=0 

solutions set as unity). 
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Figure 4.7 Normalized SHS intensity as a function of time after addition of [MPS]=50.0 

µM to the Ag NPs solution at citrate concentration 0.5µM (red) and 30.0µM (blue). The 

experiment was done at room temperature. 
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4.3.4 Two-Step Model of Anionic Thiol Adsorption on Silver Nanoparticles 

As the experimental results strongly suggest that the anionic thiols adsorb with two 

different mechanisms in different concentrations, we model the adsorption as a sum of two 

reactions, each associated with a specific site with its own adsorption characteristics – 

density, free energy, and activation energy:  

AK

A AT ES TS  (4.1a) 

BK

B BT ES TS  (4.1b)  

In Eq. 4.1, MPS (T) adsorbs onto empty surface sites i (ESi) on the Ag NP surface 

(where i=A, B), resulting in a MPS-occupied i site (TSi). The relation between [MPS] and 

the amount of surface adsorbed thiol determined through the two adsorption reactions can 

be mathematically described using a modified Langmuir model. Here, the depletion of 

MPS in the bulk solution is taken into account.13 The two equilibrium constants can be 

expressed as: 
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 
 (4.2b) 

where x  is the bulk concentration of MPS added into the colloidal solution, Ki is the 

equilibrium constants corresponding to the reactions in Eq. 4.1, maxN  is the maximum 

number density of bonding sites available to MPS (including both A and B sites), and θi is 

the fraction of the i site covered by MPS (θ = θA + θB ), while θi,max (with θA,max + θB,max = 

1) is the maximum fraction of the i site when the surface is saturated.  
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Because the change in the surface nonlinear response of the Ag NPs is proportional 

to the surface coverage of thiols,14-15, 30, 34-35 the SH intensity can be expressed as:  

2(2 ) | ( ) |i

Ag Q A BI e         (4.3) 

where Ag  represents the susceptibility of the bare Ag NP (including surface and possibly 

bulk contributions17), Q  is the total decrease in surface susceptibility induced by thiol 

adsorption at the saturation coverage, and   is the phase difference between the two 

susceptibilities.  

With respect to observables in a time-dependent experiment, the rate equations 

below are used for their description:   

1, ,max 1,( )A
A A A A A

d
k C k

dt


      (4.4a) 

1, ,max 1,( )B
B B B B B

d
k C k

dt


      (4.4b) 

where 1,ik  and 1,ik  ( i=A, B) are the rate constants for adsorption and desorption at the 

surface site i, respectively. C = [MPS] is a constant since at very high concentration 

depletion of the thiols in the solution due to surface adsorption is negligible. By solving 

Eq. 4.4, we obtain the analytical expression of the surface coverage θi as a function of time:  

1, 1,( )
(1 )A Ak C k t

A A e  
    (4.5a) 

1, 1,( )
(1 )B Bk C k t

B B e  
    (4.5b) 

where i  (i=A, B) is the final coverage for site i at [MPS] = C .  

Given the fact that 1, 1,i ik k , 1,ik  can be ignored, and it is thus possible to plot 

1,ik  as a function of the reciprocal of temperature.  
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Eq. 4.3, after substituting from Eq. 4.2, can be used to fit the experimental SHS 

adsorption isotherm shown in Figure 4.3A. The parameters from a nonlinear least-squares 

fitting of the data, K and max maxN  , together with some derived quantities, such as the 

Gibbs free energy change, ΔGads, and the molecular surface density defined as 

2

max max max / (4 )N R n     (with R  the average nanoparticle radius and n the particle 

density in the colloid) are listed in Table 4.1. 

 ΔGads for the A and the B site is -(14.3±0.3) kcal/mol and -(7.4±0.1) kcal/mol, 

respectively. Note the large difference in the two ΔGads, -6.9 kcal/mol, which can be 

attributed to the effects of electrostatic and steric repulsions in the two adsorption sites (see 

below). 

The surface density of the A and the B sites at saturation coverage are (2.2± 

0.2)×1014 MPS/cm2 and (1.6± 0.2)×1014 MPS/cm2, respectively. The calculated coverage 

θi, for both A and B sites, as well as the total coverage θ as a function of [MPS], calculated 

using the parameters from the fitting, are shown in Fig. 4.4B. Our calculation is based on 

the assumption that all Ag NPs have spherical shape with a diameter of 80 nm. In reality, 

however, TEM images indicate a polyhedral shape (see the TEM picture, Fig. 4.1) which 

has a surface to volume ratio higher than that of spheres. The size of the particles measured 

by dynamic light scattering (DLS) is (80±20) nm. Therefore, in our calculations we 

underestimate the total surface area of the particles and this, in turn, produces an 

overestimation of the surface coverage. This can explain why our ,max ,max ,maxTot A B     

is larger than the value of 2.20×1014 molecules/cm2 found for sodium 2-mercaptoethane 

sulfonate monolayer on rough Au thin film.36 However, the value of ,maxTot  found for 
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MPS in this work is still smaller than that was reported for a densely packed SAM of 

ethanethiolate on Ag (111), namely 4.7×1014 molecules/cm2,37-38 and what our group 

previously obtained, namely 7×1014 molecules/cm2, for 1,2-benzenedithiol on Ag NPs,14 

Note that both ethanethiol and 1,2-benezenedithiol are neutral molecules.  

By the simultaneous fit of the time dependent SHS data in Fig. 4.4 with Eq. 4.3, 

after substituting for θi the expression in Eq. 4.5, it is possible to obtain 1,ik  at each 

temperature. 1,ik  as a function of the inverse of the absolute temperature can be analyzed 

using the Arrhenius equation (Fig. 4.8) for the determination of the activation energy of 

chemisorption to the A and the B site as (7.5±0.9) kcal/mol and (12.4±0.5) kcal/mol, 

respectively (Table 4.1). 

 

 

Table 4.1 Parameters (θmax Nmax, K, Ea) extracted from the fitting and the derived quantities 

(Γmax, ∆Gads) 

 Site A Site B 

θmax Nmax 0.13 ± 0.01 µM 0.10 ± 0.01 µM 

Γmax (2.2 ± 0.2)×1014/cm2 (1.6 ± 0.2)×1014/cm2 

K (5.8 ± 2.8)×1010 M-1 (3.1 ± 0.4 )×105 M-1 

∆Gads - (14.3 ± 0.3) kcal/mol - (7.4 ± 0.1) kcal/mol 

Ea 7.5 ± 0.9 kcal/mol 12.4 ± 0.5 kcal/mol 

 

 

 



91 

 

Figure 4.8 Arrhenius plot of the adsorption rate constants 1,Ak  (blue) and 1,Bk  (green). 

 

 

 

It is important to note that the adsorption model proposed must be consistent with 

these observations: In the low MPS concentration regime the adsorption has a larger free 

energy (in magnitude) but smaller activation energy, and the particle surface is becoming 

more negatively charged. In the higher concentration regime, the 2nd stage, the free energy 

is smaller in magnitude but the activation energy becomes larger and the particle surface is 

less negatively charged. We propose a mechanism based on the effect of electrostatic 

repulsion by adsorbed charged thiols and the presence of the surfactant Cit at the particle 

surface.  
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The adsorption of n-alkanethiols on metal surfaces has been studied both in ultra-

high vacuum8, 39 and in solution40-42 conditions. In a solution, adsorption is proposed to 

occur through a sequence of steps: (i) physisorption with displacement of original 

surfactants off the surface, (ii) formation, in the absence of strong hydrophobic effects and 

lateral chain interactions, of disordered sub monolayers at low coverage, and finally, (iii) 

the increase in coverage induces a rapid increase in intermolecular interactions, and 

eventually leads to a formation of a highly ordered full monolayer.8 The MPS we are using 

here has short chain length with a negatively-charged terminus. The intermolecular 

interaction of n-alkanethiolates (charged) is expected to be different from the shorter chain 

n-alkanethiols. Because of the amphiphilic nature of n-alkanethiolates, the intermolecular 

interaction includes both attractive (i.e. lateral forces between hydrocarbon chains) and 

repulsive (i.e. sulfonate endgroup repulsion) forces. Depending on the coverage, further 

adsorption of thiols is either favored when attraction forces dominate, or disfavored when 

repulsion dominates.37-38 Consequently, we propose a different adsorption mechanism for 

MPS. MPS has a short chain (n=3) and intense repulsive interaction: The sulfonate 

endgroup provides not only a long-range electrostatic repulsion, but also a short-range 

steric repulsion.36 

The nearly constant SH signal observed for the range 0.12 µM<[MPS]<1.0 µM, in 

between the two adsorption regimes, can be best understand as that the MPS adsorption on 

the Ag NPs comes to a halt because the molecules have to overcome a large energy barrier 

compared to what is required at lower coverage to bind to the Ag NP surface. We thus 

postulate that the intermolecular repulsion is the origin of such barrier.37-38, 43 The model, 
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schematically depicted in Fig. 4.9, reflects the evolution of the surface environment upon 

the adsorption of short-chain, negatively charged thiol molecules.  

The presence of a negatively charged thiol chemisorbed to the Ag NP surface will 

affect the nearby environment for an incoming thiol molecule which also has negative 

charge. At low coverage, charged thiols may produce sufficient distance among them to 

reduce the repulsive interaction. Binding of charged thiols occurs as in A sites in Fig. 4.9. 

At low thiol concentration in solution, the surface coverage builds up until the critical 

coverage where the intermolecular repulsion prevents further adsorption. As the MPS 

concentration in solution further increases to above a higher critical value, sufficient 

driving force is generated and further surface adsorption on B sites occurs. 

The Gibbs free energy change (ΔG) for charged thiol adsorption on metal surfaces 

in aqueous solution is affected by its solvation in the liquid, the intermolecular interactions 

which have both attractive and repulsive contributions, and the formation of the metal-S 

bond.6, 9, 38 In addition, displacement of surfactants (water, Cit, etc.), in principle, also 

contributes to ΔG. In contrast, the activation energy is associated with the particular step 

that contributes most to the energy barrier for the chemisorption process. 

At low coverage, where the interaction among adsorbed MPS molecules is 

negligible, ΔG is dominated by the energy of formation of the silver-sulfur bond. 

Subsequently, the magnitude of the free energy is larger. On the assumption that the major 

contribution to the activation energy is from the repulsion between the charges of the 

adsorbed and the incoming thiol, the activation energy is relatively low as the 

intermolecular distance can be long. 
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When the surface coverage is higher, intermolecular interactions have to be taken 

into account. It is reasonable to anticipate that the repulsion is larger than the attraction at 

the higher coverage. Comparing with sites A, sites B’s free energy magnitude will be 

smaller. The reduction in |ΔGads| between A and B sites by 6.9 kcal/mol represents the 

contribution from the repulsive interactions, i.e. the sum of electrostatic and steric 

repulsions minus the change induced by the increased concentration of MPS in the solution. 

In contrast, the repulsion will cause the activation energy to be higher (increase from 

7.5±0.9 to 12.4±0.5 kcal/mol) as it prevents the incoming charged thiol molecule getting 

close to the surface for the bond formation. 

The measured relative values of the adsorption free energy and the activation 

energy are consistent with the proposed model. It should also be pointed out that the 

adsorption of MPS on the particle surface does not deplete the nearby thiols in the solution, 

at least for the higher concentrations, so that diffusion is not the rate-determining step and 

not the source of the activation energy.15 The activation energy for the neutral 1,2-

benezenedithiol on Ag NPs was previously found to be (8.4±0.3) kcal/mol.15 The 

adsorption of decanethiol on Au(111) from ethanol has been reported to have an activation 

energy of 7.1 kcal/mol,44 while an activation energy of 6.9 kcal/mol has been observed for 

several alkanethiol groups on Au(111) in ultrahigh vacuum conditions.45 All these results 

are comparable to our activation energy associated with the site A, 7.5±0.9 kcal/mol. As 

discussed above, at low coverage where the binding to A sites dominates, the interaction 

between MPS molecules has no effect on the adsorption of incoming molecules, and hence 

the activation energy is mainly attributed to the silver-sulfur bond formation process, 

similar to the neutral thiol cases. 
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Figure 4.9 Schematic representation of the two-stage adsorption of MPS on Ag NPs 

surface. 
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4.4 Summary 

In summary, the surface sensitive second-order nonlinear optical technique, second 

harmonic scattering, has enabled the characterization of the chemisorption of negatively 

charged thiol molecule MPS on the surface of Ag colloidal nanoparticles. It is found that 

the chemisorption of this charged thiol occurs in two different regimes of concentrations, 

in contrast to the neutral thiols which display only monotonic concentration dependence. 

This two-step adsorption is primarily a result of the charge-charge repulsion among the 

anionic thiols adsorbed on or near the surface. At low MPS concentration (below 0.1 µM), 

a low coverage of the charged thiols can adsorb onto the surface. The repulsion among 

adsorbed MPS molecules is small so that the activation energy (7.5±0.9 kcal/mol) is lower 

and the magnitude of the free energy of adsorption (-14.3±0.3 kcal/mol), dominated by the 

energy of formation of the Ag-S bond, is relatively large. The adsorbed thiols do not 

displace the Cit ions physisorbed on the surface, so the particle becomes more negatively 

charged. The adsorption of thiols stops when the coverage becomes sufficiently high so 

that the inter-thiol repulsion prohibits further adsorption. As the concentration increases to 

above 1 µM, sufficient driving force is built up to overcome the inter-thiol repulsion and 

chemisorption continues. Here due to increased repulsion the activation energy is bigger 

(12.4±0.5 kcal/mol) and the magnitude of the free energy change (-7.4±0.1 kcal/mol) is 

smaller. As the thiols replace the more negatively charged Cit, the particle becomes less 

negatively charged. This study illustrates the importance of Coulombic interactions in the 

chemisorption of charged thiols on metallic nanoparticles. 
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CHAPTER 5 

POLARIZED LINEAR ABSORPTION IN MICRO-SIZED ULTRATHIN 

CRYSTALLINE PENTACENE 

 

5.1 Introduction 

Organic semiconductors have attracted considerable attention with respect to their 

current and potential applications in photonics and electronics.1-6 The rapid growth of 

researches focus on π-conjugated materials in which a rich variety of new concepts have 

been uncovered. It is realized that π-conjugated materials possess the photovoltaic 

properties that are in some ways fundamentally different from that of inorganic 

semiconductors.1, 6-7 For instance, upon photoexcitation, the excited electron and hole from 

a molecule will not intrinsically separate from each other. Instead, they tend to form a 

neutral quasi-particle, namely exciton, in which the electron and hole are attracted by the 

strong Coulombic force thanks to the low dielectric constants of organic materials. The 

mobility of excitons in organic materials, due to the neutral nature, differs from that of free 

carriers in inorganic semiconductors.6-7 To realize the potential of organic semiconductors 

requires fundamental understanding of the physical, chemical, electronic and photovoltaic 

properties.  

Among a number of candidates, the oligoacene series, such as tetracene, petacene, 

hexcene (see Fig. 5.1), as well as their derivatives, have been intensively studied.1, 3, 8 Their 

exceptionally high charge mobilities have been reported, generating interest for 

applications such as field-effect transistor.3, 9-10 More recently, the oligoacenes have also 

been under great scrutiny for their ability to promote singlet fission, which potentially 
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increases the energy conversion efficiency of solar cells.2, 11-14 The phenomenon, singlet 

fission (SF), was first discovered in 1965 from the photophysical study of crystalline 

anthrancene, a member of the oligoacene series.15 The SF process involves two 

neighboring molecules: an organic chromophore that is excited to the singlet state after 

absorbing one photon interacts with its adjacent ground-state molecule and ultimately 

convert both molecules to the triplet excited states. Hence, in SF, one photon absorbed 

eventually leads to two excited excitons in organic semiconductors, giving rise to the 

possibility for breaking up the Shockley–Queisser limit, in which the maximum solar 

efficiency for single p-n junction is about 33.7%.11, 16 

Given the importance of the oligoacene-based organic semiconductors, we seek to 

employ the optical spectroscopic methods to study their excitonic properties as well as the 

SF mechanism. It is generally accepted that the peculiar excitonic properties of oligoacenes 

are responsible for their electronic and photovoltaic behaviors. Therefore, in this chapter,  

our goal is to link the steady-state electronic absorption spectra of oligoacenes with their 

excitonic compositions of photoexcited Frenkel and charge transfer (CT) excitons from 

both experimental and theoretical perspectives. The knowledge regarding the low energy 

exciton states of oligoacenes, in return, facilitate our research for the fundamental 

understanding of the SF process, especially about the potential role of the intermediate CT 

states.11, 17 Direct observations of the SF process, on the other hand, require 

implementations of ultrafast time-resolved techniques, such as ultrafast transient 

absorption. A detailed discussion about the SF mechanism will be presented in the 

following chapter.    
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Aside from the large π-conjugated nature of oligoacenes, their molecular order and 

tight packing play a critical role in the electronic and photophysical properties of the 

oligoacene-based organic semiconductors, given the fact that the exciton mobility and SF 

both rely on the strong coupling between neighboring molecules.2, 6, 11, 18 For this reason, 

oligoacenes in the forms of thin films, polycrystalline crystals as well as single crystals are 

the most commonly-used systems. Thus, we have chosen crystalline pentacene and 

hexacene for our researches. There are several reasons for using pentacene and hexacene 

in the form of single crystals: 1) both possess remarkable excitonic properties, such as high 

crystal-phase charge mobilities, 3, 9-10 2) both are exoenergic in term of SF, that is the 

excitation energy of a singlet state is higher than two of the triplet states, i.e. E(S1)>2E(T1), 

and therefore are energetically favored for SF,8, 11 3) compared to thin films and 

polycrystallines, single crystals present well-defined crystal structures and fewer defects,19 

4) the anisotropic nature of the crystal structures provide an additional dimension for the 

analysis of the photophysics and the SF mechanism.  

Despite the advantages granted to the use of single crystals, a relatively small 

number of optical spectroscopic studies have been reported.20-22 It has to be noticed that, 

although the new progress of modern physical methods has made it not difficult to grow 

pentacene and hexacene single crystals with dimensions larger than 1mm, it remains an 

experimental challenge for a direct optical measurement in the transmission geometry. For 

example, due to the high absorption coefficients of pentacene and hexacene, the optimal 

thickness of the single crystals for the acquisition of the transmission UV-Vis absorption 

spectrum is about 100-500 nm. For large single crystals, only light reflection or 

ellipsometry measurement can be performed,8, 23-26 and the extraction of the linear optical 
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absorbance requires certain models for post data analysis. In our experiments, instead, 

ultrathin single crystals of pentacene and hexacene have been studied, in which the 

conventional UV-Vis spectrometer fails because of the small size (<100 μm2).  

To solve the problem, in this chapter, we present an experimental setup we 

developed that uses a home-built optical microscope for selecting and positioning the 

single crystal samples. Transmission polarized UV-Vis absorption measurements can be 

conducted by coupling the microscope with a UV-Vis spectrometer. In this manner, the 

polarized spectra along two crystallographic axes of pentacene single crystals have been 

obtained. We observed significant difference between line shapes of the two spectra as well 

as a pronounced Davydov splitting (DS) of ≈1000 cm-1, both of which are direct evidence 

of the anisotropic nature of crystalline pentacene. To investigate the excitonic compositions 

of pentacene single crystals, we collaborated with Dr. Spano, whose theoretical calculation 

unveils the important role of CT excitons in the lineshapes and the DS.  

 

 

 

Figure 5.1 Molecular structures of tetracene, pentacene and hexacene. 

 

5.2 Experiment 
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5.2.1 Experimental Setup 

The experimental setup for the microscopic linear absorption is displayed in Fig. 

5.2. The home-built microscope is illustrated in the dot-squared area. Basically, the 

incoming light from an incoherent broadband halogen-lamp (Lumina-I) was focused on the 

chosen sample at normal incident angle by an objective with x10 magnification. The 

sample substrate was mounted on a 3-axis (x, y, z) manual stage so that the position can be 

precisely adjustable. The transmitted light through the sample was collected by an 1-inch 

lens and subsequently delivered into the spectrometer (Andor Shamrock 500 with a grating 

blazed at 500nm, 150 groove/mm) equipped with a thermo-cooled CCD (Andor Newton). 

A LED pen was used to illuminate the sample substrate by collimating its light with the 

incoming excitation light through a beam splitter (Thorlabs). The reflected light from the 

samples went through the same alignment of the incident light but in the opposite direction. 

It was later reflected by another beam splitter (Thorlabs) and imaged in a CMOS camera 

(Thorlabs), where the sample position and the sample size was recorded.  

As for polarization dependent experiments, a broadband polarizer (Thorlabs) was 

placed after the lamp to control the polarization of the excitation light. The linear 

absorption spectrum were collected by measuring the transmission light on and off the 

sample ( ( , )onI    and ( , )offI   ) at given polarization angle (θ). Besides, the background 

light ( ( )bgI  ) was also recorded by blocking the incident light. As a function of the 

polarization angle (θ), each spectrum was measured and calculated as,  

10

( , ) ( )
( , ) log [ ]
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Figure 5.2. Schematic of the microscopic linear absorption spectrometer. 

  

 

 

 

5.2.2 Sample Preparation 

Pentacene single crystals were grown in a physical vapor transport (PVT) furnace27 

at atmospheric pressure. 8 mg of pentacene powder (Sigma Aldrich, triple-sublimed grade, 

≥ 99.995 %) was heated in a hot zone of the furnace (320 °C) for one week. 50 SCCM of 

ultrahigh purity argon gas (99.999%) was used as purging gas as well as carrier gas. 

Crystalline pentacene were collected in the crystallization zone (260-280 °C). Grown in 

this manner, the pentacene crystal face (001) tends to be parallel to the substrate.24 The 

collected pentacene single crystals were later spread on a quartz substrate, which was 
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subsequently sealed in a gasket container in a N2 box to protect the single crystals from 

oxygen during the optical experiments. All experiments were conducted at room 

temperature.  

The crystalline pentacene sample used in the experiment is shown in Fig. 5.3A. 

Based on the Beer’s law, in which the extinction coefficient α=75000 cm-1 at 670 nm was 

from the literature,24 the thickness was estimated as, 

-5

4

1.05
1.4 10 cm 140nm

7.5 10  

OD
l


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
 (5.2) 

Pentacene single crystal belongs to triclinic lattice system. Its unit cell parameters 

are listed in Table 5.1, in which the b-axis is defined as the direction that connects the 

nearest-neighboring molecules.1 Fig. 5.3B displayed the unit cells at the ab herringbone 

plane viewed down the c-axis that is along the incident angle of the excitation light. 

 

 

Table 5.1 Unit cell parameters of pentacene single crystal 

Parameters Value 

a 7.71 Å 

b 6.28 Å 

c 14.4 Å 

α 88.0° 

β 76.8° 

γ 84.5° 
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Figure 5.3 (A) Photographic image of a pentacene single crystal used for the polarized 

absorption experiment. (B) Structure of triclinic pentacene single crystal viewed down the 

c-axis. 
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The pentacene solution was prepared by dissolving pentacene powder in 

dichlorobenzene at a concentration of ca. 0.03 mM. The absorption spectrum of the isolated 

pentacene molecules in solution was obtained using a Shimadzu UV 1800 UV-Vis 

spectrophotometer. 

 

5.3 Results and Discussion 

Linear absorption measurements of the pentacene single crystals were conducted 

by irradiating the excitation light normal to the ab herringbone plane that contains the most 

strongly coupled molecules. The electric field interacting with the packed pentacene 

molecules at various polarization angles provides information that allows us to obtain 

knowledge on the anisotropic nature of the excitons. Fig. 5.4 shows the linear absorption 

spectra of crystalline pentacene as a function of the polarization angles. As the polarization 

rotates from 0° to 90° in an interval of 10°, a broad absorption peak centered at 672 nm 

starts to decrease till diminished at 90°, while a weaker but narrower peak at 627 nm 

follows the opposite tendency that increases gradually until maximum. A close look further 

reveals that the spectra polarized along 0° and 90° have fundamentally distinct spectral 

components, and the rest of the absorption spectra at polarization angles from 10° and 80° 

are the combinations of the two orthogonally polarized spectra. This is direct evidence of 

the anisotropic nature of the excitonic properties in crystalline pentacene. Based on the 

crystal structure, we assigned that the 0° polarization to coincide with the crystallographic 

short b-axis, in accord with the ellipsometry and reflectivity studies,22-24, 26 and 90° 

polarization is in the direction perpendicular to the b-axis, that is mainly along the 

crystallographic long a-axis. 
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Figure 5.4 Linear absorption spectra of pentacene single crystal as a function of the 

polarization angles, from 0° to 90° in an interval of 10° . 
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Figure 5.5 (A) Linear absorption spectrum of pentacene in dichlorobenzene solution. (B) 

Polarized absorption spectra of crystalline pentacene: red line is polarized parallel to the b-

axis of the single crystal, while the blue line is polarized perpendicular to the b-axis. 

Davydov splitting (DS) is the energy gap between b1 and a1 transitions. 
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In contrast, shown in Fig. 5.5A is the absorption spectrum of the pentacene solution. 

The vibronic state information of the isolated pentacene molecule is clear: well-resolved 

vibronic progressions from lower to higher photon energy correspond to the excitations 

from the ground state to higher vibronic states, i.e. 0-0, 0-1, and 0-2, respectively. The 

associated vibrational energy, 
vib , is 1380 cm-1 and results from a symmetric ring-

stretching mode that is typical for many π-conjugated molecules. Fig. 5.6 illustrates the 

nuclear potential wells for the ground (S0) and the first excited electronic state (S1) of a 

pentacene molecule. The 0-1 vibronic transition possesses the highest Franck-Condon 

factor, as the 0-1 vibronic peak has the largest area.  

 

 

 

Figure 5.6 Nuclear potential wells corresponding to the ground (S0) and excited (S1) 

electronic states of a pentacene molecule. 
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For better comparison, in Fig. 5.5B, the absorption spectra polarized parallel and 

perpendicular to the b-axis are replotted as a function of photon energy (cm-1). Peaks in //b 

spectrum are labeled as b1, b2, b3, in order of increasing photon energy, while those in b  

spectrum, that is mainly in the direction along the crystallographic long a-axis, are labeled 

as a1, a2, a3, Considerable spectra changes between Fig. 5.5 A and B, such as the 

discrepancy in the vibronic structure, are the results of pentacene crystallization. The 

compact packing of pentacene molecules in a well-defined crystal structure gives rise to 

strong excitonic coupling which is not present in pentacene solution. In detail, the b-

polarized spectral component shows the greatest deviation from that of pentacene 

monomers in solution: the first vibronic peak b1 carries a far more dominant ratio of the 

total transition strength than that in the monomer spectrum, 0-0; the linewidth for each peak 

is significantly broadened, and the peak separation is distorted. For example, the first two 

peaks b1 and b2 are separated by 2200 cm-1, 59% larger than the vibrational energy for a 

monomer, i.e. 1380 cm-1. In contrast, as for the b  spectrum, the linewidth of the first 

peak a1 essentially matches that of the monomer, and the spectral separation between a1 

and a2 is close to the vibrational energy. The ratio of a1/a2, however, is attenuated relative 

to that of a monomer. In addition, compared to b1, a1 is shifted higher in energy by about 

1000 cm-1. The significant energy gap between b1 and a1 is called Davydov splitting (DS).  

To explain the peculiar polarized absorption spectra of pentacene single crystals, 

especially the role of excitons coupling in the photophysical behavior, we have 

collaborated with Dr. Spano and his coworkers, whose calculations did an excellent job in 

reproducing most of the spectral features. Details of the theoretical model and the 

calculation can be found in the literature.28 Basically, under the pentacene dimer model, 
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both Frenkel-type exciton in which the electron and hole are confined to a given pentacene 

molecule, and charge-transfer (CT) exciton, in which the electron and hole spread on 

different molecules are considered. There are three basic types of basis states,29-33 shown 

in Fig. 5.7: 1) Frenkel one-particle is the case in which one molecule is electronically 

excited to S1 state with   vibrational quanta, while the neighboring molecule stays both 

electronically and vibrationally unexcited; 2) Frenkel two-particle, on the other hand, have 

both molecules excited, but one is in the vibronic excited state, while the other is only 

vibrationally excited. 3) CT exciton has both molecules electronically excited, but it is the 

state that one hole resides in one cationic molecule with    vibrational quanta while the 

electron resides at the adjacent anionic molecule with    vibrational quanta. The spectral 

features of the polarized absorption spectra are calculated by solving the Hamiltonian that 

can be divided into a Frenkel-Holstein Hamiltonian and a CT-Holstein Hamiltonian. The 

former Hamiltonian accounts for mainly the Frenkel excitons and the Coulombic coupling 

between chromophores, while the latter Hamiltonian represents the CT excitation as well 

as the charge interaction responsible for the electron and hole movements.34  
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Figure 5.7 Schematic illustrations of basis states for a pentacene dimer: (A) Frenkel one-

particle exciton, (B) Frenkel two-particle exciton, (C) Charge-transfer exciton. Dashed 

lines correspond to vibrational states, and solid lines account for the occupied states. The 

excited vibronic state is in blue color and the excited vibrational state is in red. 
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Based on the theoretical calculation, the various transitions observed in the 

polarized absorption spectra (a1, a2, a3 and b1, b2, b3) carry essentially different 

compositions of the three basis exciton states. The dominant components, b1 in //b spectrum 

as well as a1 and a2 in b  spectrum contain mainly the mixtures of the CT excitons and 

Frenkel one-particle excitons. In particular, b1 transition, the lower Davydov component, 

has a large CT admixture, approximately 45%. As comparison, the first transition a1 in 

b  spectrum, the upper Davydov component, is from the excited state which is 

dominated by Frenkel one-particle exciton, involving a much smaller amount of CT 

admixture for less than 15%. As for the higher energy transitions, such as b2, b3, and a3, the 

compositions become more complex, in which contributions from Frenckel two-particle 

excitons are not negligible.  

The agreement between the polarized absorption spectra and the theoretical model 

indicates that CT excitons play an important role in the anisotropic nature of the low-energy 

excitons of pentacene single crystals, in accord with previous estimates.35-36 The 

mechanism is shown schematically in Fig. 5.8. If the contribution of the CT excitons is 

removed from the total Hamiltonian and only the Frenkel excitons are retained, although 

the crystal structure still gives rise to the symmetric and antisymmetric Frenkel excitons 

that are along the //b and b  directions, the weak splitting between the two Frenkel-alone 

exciton states, resulting from the Coulombic coupling, is less than 100 cm-1. Furthermore, 

the ordering of the lowest excited states in the absence of the CT excitons are to be reversed, 

that is, a1 has lower energy than b1, opposite to our experimental observation. Activating 

Frenkel/CT mixing, on the other hand, reverses the energy levels of the lowest energy 

excitons. This mechanism can be understood as follows. Similar to the Frenkel-alone case, 



119 

the CT excitons also split into symmetric and antisymmetric CT states due to the crystal 

structure. Despite the fact that the two CT states have negligible energy difference, they 

only couple to the Frenkel states that have the same symmetry. The coupling strengths 

between symmetric and antisymmetric CT/Frenkel mixing states are based on De+Dh, and 

De-Dh, respectively, where De and Dh are the exciton dissociation integrals responsible for 

electron and hole hopping. When De and Dh have the same sign such as in tetracene and 

pentacene,37 the coupling between the symmetric states (De+Dh) is much stronger than that 

between the antisymmetric states (De-Dh). Therefore, as shown in Fig. 5.8, the symmetric 

states have much larger splitting than the antisymmetric states do, and hence the lower 

energy state of the symmetric Frenkel/CT mixing appears to be below that of the 

antisymmetric Frenkel/CT mixing, essentially matching the observed DS. This model 

agrees with the calculated compositions that the excited state accounting for the b1 

transition has higher CT exciton ratio than the a1 transition does. In addition, as the analysis 

shows that the superexchange coupling leads to J-aggregate-like vibronic signature along 

the symmetric //b direction and H-aggregate-like vibronic signature along the b  

antisymmetric direction, the Frenkel/CT mixing also explains the enhancement of the ratio 

b1/b2 and the slight attenuation of the ratio a1/a2, compared to the pentacene monomer 

spectrum.31  
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Figure 5.8 Schematic of the coupling between Frenkel exciton (left) and CT excitons 

(right). Davydov splitting (DS) is between the two lowest states corresponding to the 

couplings between symmetric (lower) and antisymmetric (higher) states. 
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5.4 Summary 

In this chapter, we present polarized linear absorption spectra of ultrathin 

crystalline pentacene utilizing direct transmission measurements. Due to the small sizes of 

our crystals, we developed the experimental setup that combined an optical microscope 

and a UV-Vis spectrometer for positioning and irradiating pentacene single crystals normal 

to the ab herringbone plane that contains the most strongly coupled molecules. Compared 

to the unpolarized absorption spectrum of monomer pentacene in solution, the polarized 

spectra of crystalline pentacene illustrates dramatic spectral changes because of the 

intermolecular packing upon crystallization. In addition, significant deviations also exist 

between the spectral lineshapes for excitation polarized parallel and perpendicular to the 

crystallographic short b-axis. The two polarization-dependent components allows us to 

obtain detailed information on the anisotropic nature of the excitons responsible for the 

pronounced Davydov splitting (≈1000 cm-1) as well as higher vibronically excited states.  

The theoretical analysis was conducted using a Holstein-like Hamiltonian based on 

both Frenkel and charge transfer excitons. Agreement has been achieved between the 

theoretical calculation and the experimental results.28 The model establishes the 

Frenkel/CT mixing nature of low-lying excitations: strong CT contribution (45%) is 

responsible for the b-polarized lower Davydov component, while far less CT content (15%) 

is found in the a-polarized upper Davydov component. Generally, the strong coupling 

between the Frenkel excitons and CT excitons accounts for the J-aggregate-like vibronic 

signatures in the b-polarized spectrum and H-aggregate-like vibronic signatures in the a-

polarized spectrum. 
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CHAPTER 6 

SINGLET FISSION IN MICRO-SIZED ULTRATHIN CRYSTALLINE 

HEXACENE  

 

6.1 Introduction 

Singlet fission (SF) is a spin-allowed process in which one singlet exciton generated 

by photoabsorption evolves into two triplet excitons as shown in Fig. 6.1B.1 The 

fundamental differences between SF and the intersystem crossing (ISC) result from the fact 

that SF involves four electrons within two neighboring chromophores, while ISC in a 

classic Jablonski diagram takes place in an isolated molecule with two electrons.2-3 Shown 

in Fig. 6.1A is a simplified diagram for the ISC between the singlet and triplet states. ISC 

is spin-forbidden as the spin of one electron flips through spin-orbit coupling, and 

consequently ISC often has a long lifetime (>10ns).1-2 In contrast, as the system grows 

larger, the quantum states become complex. There would be 16 possible spin states that 

exist in a 4-electron 2-molecule system.1, 3 SF is able to occur in a ultrafast time scale of 

sub-ps to ps, through a spin-allowed mechanism between two mixed states.  

Since 2000, SF has been a subject of considerable research for both 

experimentalists4-9 and theorists10-13 as it has great potential for breaking the Shockley-

Queisser limit, thereby leading to higher solar energy utilization. Recent studies have 

showed that SF occurs on a variety of materials, ranging from small molecules14, thin 

films15-18, solution7, to polymers4. Despite those recent efforts, the SF mechanism still 

remains unclear. For example, does a multiexciton state exist? If so, what role does the 

multiexciton state play in SF? Is SF a one-dominant-step or two-step process? What is the 
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driving force for the SF process and what determines the reaction rate? A lack of 

knowledge for the SF mechanism is hindering a rationale design of new materials with 

more efficient solar energy conversion.  

 

 

 

 

 

Figure 6.1 Energy diagrams of intersystem crossing (“ISC”, A) and singlet fission (“SF”, 

B) 
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A modified Merrifield model is commonly used to describe SF, given by19, 

11 2
0 1 1 1[S +S ] [TT] [T T ]

k k
    (6.1) 

where k1 and k2 are the rates of the two consecutive steps, and 1[TT], the correlated triplet 

pair, is also called multiexciton state that is a coherent superposition of two triplet states. 

Both [S0+S1] and 1[TT] are the eigenfunctions of the total spin angular momentum operator 

for a two-chromophore system, which sum up as singlet states.3 Therefore, the conversion 

in the first step is spin-allowed. Subsequently, the second step corresponds to the 

dissociation of the correlated triplet pair, forming two isolated triplet excitons. Two 

mechanisms have been invoked to rationalize the first step of the SF process: direct and 

charge-transfer (CT) mediated mechanisms10. In the direct SF mechanism, the excited 

singlet states convert directly to the 1[TT] states in a scheme that can be seen as two 

electrons transfer simultaneously (Fig. 6.2A). The two-electron direct SF, however, was 

found to be too weak to explain the fast SF observed in the experiments.20 On the other 

hand, in the CT mediated SF mechanism, the excited states relax through the CT states to 

1[TT] states, as displayed in Fig. 6.2B, where the CT states are transiently populated as 

virtual intermediate states (i.e. superexchange) 21. All the models described above stress 

the importance of the first step in Eq. 6.1. In fact, it is often assumed that k1<< k2, and 

therefore, the first step is considered rate-determining.19  
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Figure 6.2 Schematic representations of the direct two-electron transfer (2ET) and the 

CT-mediated indirect mechanisms between the [S0+S1] and 1[TT] states. 
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Recent theoretical and experimental studies have showed that the intermolecular 

packing modulates the SF rate by electronic coupling, CT character as well as electron-

vibration coupling22-24. In this chapter, we shall focus primarily on how the SF mechanism 

in hexacene single crystals is related to the CT character and the intermolecular packing. 

Crystalline hexacene is one of the model systems for studies of SF. Unlike amorphous or 

polycrystalline crystal, a single crystal has fewer defects and higher electron transport 

mobility.25 Hexacene molecular crystals, like other organic molecular crystals, are made of 

weakly bound molecules. High quality hexacene single crystal can be grown with high 

charge carrier mobility,26-27 enabling us to reveal the intrinsic mechanism of SF as well as 

its anisotropic properties resulted from the crystal structure. Polarized microscopic linear 

and transient absorption spectroscopies have been used to study anisotropic SF in hexacene 

single crystals. The one-step Merrifield model will be tested in this chapter. 

 

6.2 Third-Order Nonlinear Spectroscopy: Transient Absorption 

Ultrafast transient absorption (TA) spectroscopy has been proven to be a powerful 

tool to investigate ultrafast dynamics of SF in organic thin films.28-30 Unlike the second-

order nonlinear technology that was explained in Chapter 2, TA is a third-order nonlinear 

spectroscopy. Therefore, the majority of TA signal originates from the bulk, rather than the 

surface. In general, the third-order macroscopic polarization (3)P , follows31,  

(3) (3)

1 2 3 1 2 3 1 2 1 3 1 2( , , ) ( , , ) ( ) ( ) ( )P t t t t t t E t E t t E t t t     (6.2) 
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where 1 2 3, ,E E E  are the three electric fields that interact with the system sequentially, 

1 2 3, ,t t t  are the temporal delay between the electric fields as well as the third-order signal, 

and (3)  is the third-order nonlinear susceptibility. 

With respect to ultrafast TA experiment, a pump-probe configuration is often 

employed. Shown in Fig. 6.3A is the pump-probe pulse sequence, in which the first pulse, 

that excites the system of interest, serves as the pump pulse, and the second pulse, arriving 

in a temporal delay of 2t , is the probe pulse that is of coherent broadband. Compare to Eq. 

6.2, the pump-probe configuration can be depicted as the case that 1 0t  , in which the first 

pulse simultaneously interacts with the system twice. Subsequently, the third-order optical 

signal is generated after delay 3t , and the electric field strength is proportional to the third-

order polarization, (3)P . The total signal measured in ultrafast TA experiment is a sum of 

the probe pulse and the third-order signal pulse. This can be realized by either optically 

filtering out the pump pulse in a collinear geometry, or physically blocking the pump pulse 

in a non-collinear geometry. The experimental observable is the ratio of the transmission 

variation, namely, 
T

T


. The mathematical description, in the small signal approximation, 

can be expressed as,  

(3) 2 2 (3)

(3) 2

2 2

| | | | 2 Re( )
2 Re( )

| | | |

pr pr pr

pu

pr pr

E E E E ET
E

T E E


  
     (6.3) 

where T is the transmission light intensity, ,pr puE E  are the electric field of the probe and 

pump pulses, respectively. As in TA spectroscopy, the generated third-order response is 
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heterodyned using the probe pulse as local oscillator. 
T

T


 is proportional to the third-

order susceptibility, (3) , as well as the intensity of the pump pulse. 

In the case of SF, Fig. 6.3B illustrates a simplified model in which only the low 

energy excited states, such as S1, S2, T1, and T2, are considered. Because SF generally takes 

place on the time scale of ps, intersystem crossing and the non-radiative relaxation can be 

neglected as their temporal scales are on the order of ns. Three major contributions can be 

found in the TA spectra: 1) ground state bleaching (GSB) that accounts for the depletion 

of the ground states after photoexcitation of the pump pulse, 2) stimulated emission (SE) 

that occurs as the excited molecules emit the photons stimulated by the probe pulse, and 

can be Stokes shifted with respect to the pump pulse, 3) excited state absorption (ESA) 

which is responsible for the optical absorption of the photo-induced new species. The first 

two contributions result in more photons transmitted through the material, and therefore 

correspond to positive values of 
T

T


. On the other hand, ESA is negative since an 

increased number of photons are absorbed by the newly-excited states. As for SF, the 

composition of ESA is complex. Aside from the singlet states generated by the pump pulse, 

the ultrafast SF conversion from singlet states to triplet states induces new ESA spectral 

features associated with the creation of triplet states, T1. Hence, as shown in Fig. 6.3C, all 

possible Feynman diagrams can be categorized into at least four components, in which the 

SF process is represented by the dashed lines. As SF falls into the temporal regime of ps, 

ultrafast TA spectroscopy is capable of capturing the ultrafast temporal evolutions of all 

optical-transition-allowed species, and provides the information from which we can deduce 

the SF mechanism in organic materials. 
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Figure 6.3 (A) Pulse sequence of TA spectroscopy in a pump-probe configuration. (B) 

Energy level diagram for SF. Four components are labelled associated with ground state 

bleaching (GSB), stimulated emission (SE), and excited state absorption (ESA). (C) Two-

sided Feynman diagrams corresponding to GSB, SE, ESA1, and ESA2. The SF conversion 

is in the dotted region of ESA2. 
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6.3 Experiment 

6.3.1 Sample Preparation 

Hexacene single crystals for our experiments were grown in a physical vapor 

transport (PVT) furnace at atmospheric pressure. Hexacene precursor was synthesized 

according to a previously reported method26-27. ~1 mg hexacene powder was heated in a 

hot zone of the furnace (300 °C) for one week. 50 SCCM of ultrahigh purity argon gas 

(99.999%) served as purging gas as well as carrier gas. Hexacene single crystals were 

collected in the crystallization zone, in which their faces tend to grow parallel to the 

substrate, namely (001).32 A typical size of a hexacene single crystal was on the order of 

ca. 20 μm × 40 μm × 0.5 μm.  

Crystalline hexacene grown in this manner was first spread on a quartz substrate. 

Subsequently, the quartz substrate was sealed inside a gasket container assembled in a N2 

box to protect the single crystals from oxygen during optical experiments. All experiments 

were performed at room temperature. 

 

Table 6.1 Unit cell parameters of hexacene single crystal27 

Parameters Value 

a 7.673 Å 

b 6.292 Å 

c 16.424 Å 

α 91.16° 

β 98.66° 

γ 95.71° 
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6.3.2 Microscopic Polarized Linear Absorption Experiment 

The polarized linear absorption measurements of hexacene single crystals were 

conducted on a home-built microscope as discussed in Chapter 5. Briefly, an intensity-

tunable halogen-lamp (Lumina-I) and a LED pen light were chosen as the unpolarized 

incoherent broadband light source for the UV-Vis transmission measurements as well as 

the illumination light for the microscope, respectively. A polarizer was placed between the 

lamp and the objective to select the polarization of the excitation light. The selected 

polarized light was focused onto a hexacene single crystal at normal incident angle by an 

objective with x10 magnification. The transmitted light was collected by a condenser and 

subsequently focused into a grating spectrometer (Andor Shamrock 500 with a grating 

blazed at 500nm, 150 groove/mm), that is equipped with a thermo-cooled CCD (Andor 

Newton). Only a few of crystallites met the requirements of the optical measurements on 

each substrate, even though small single crystals have been intentionally prepared. The 

thicknesses of the chosen hexacene samples were estimated to be ca. 520 nm according to 

the absorption coefficient of hexacene thin films reported in the literature.33 All 

experiments were performed at room temperature. 

 

6.3.3 Microscopic Polarized Transient Absorption Experiment 

A regular transient absorption setup fails to work for small samples like hexancene 

single crystals in our experiments, because their size are about 100 μm2. Thus we built a 

polarized transient absorption microscope to study the anisotropic SF in crystalline 

hexacene. The fundamental femtosecond light source was a 1 KHz regeneratively 

amplified Ti-Sapphire laser system seeded by a 78 MHz Ti-Sapphire oscillator. The output 
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laser with 800 nm center wavelength and 100 fs pulse duration was splited into two beams: 

one that remained at 800 nm center wavelength worked for pumping the sample, and the 

other that was converted to the supercontinuum (coherent white light) operated for probing 

the sample. In detail, the pump pulse went through an optical chopper and a motorized 

delay stage (Klinger) that controlled the optical length of the pump beam, namely, the delay 

between the pump and probe pulses. A selected neutral density filter (ND filter) was placed 

in the pump alignment to adjust the pump power, and a half-wave plate (HWP, Thorlabs) 

was used to tune the polarization of the pump pulse. As for the probe beam, a pair of HWP 

and polarizer (Thorlabs) was first employed to control both the power and the polarization 

of the fundamental light that was later focused in a sapphire crystal, where the 

supercontinuum light was generated. The pulse-by-pulse stability of the supercontinuum 

was optimized by the power of the incident fundamental light as well as the focus spot size. 

Subsequently, the supercontinuum probe pulse was collected by another 1-inch lens. Its 

polarization was adjusted by a broadband HWP (Thorlabs), and an 808nm notch filter 

(NF03-808E, Semrock) was used to remove the residual 800nm fundamental light. Before 

feeding into the microscope, the pump and probe pulses were recombined into a collinear 

alignment by a pellicle beam splitter. In the microscope setup, they were focused onto the 

sample perpendicularly in a way that the focus spot size of the pump light was about twice 

larger than that of the probe light. The transmitted light, both the pump and probe, were 

later filtered by a bandpass filter (Thorlabs) and only the probe light at wavelength between 

400 nm and 800 nm was sent into the spectrometer. The acquisition of transient absorption 

spectra requires switching on/off of the pump pulses sequentially. This was achieved by 

setting the working frequency of the optical chopper and the sampling rate of the CCD at 
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100 Hz and 200 Hz, respectively. They were both synchronized to the 1 KHz laser system. 

The exposure time of the fast acquisition CCD was set at 1 ms, so that only one pulse was 

recorded each time. A labview program was written to control the translational stage that 

scanned the temporal delay between the pump and probe pulses and to record the 

transmission light as a function of wavelength (λ). The ratio of the transmission variation 

( ( )
T

T



) was calculated simultaneously by the labview program following,  

( ) ( )
( )

( ) ( )

on off

off bg

I IT

T I I

 


 





 (6.4) 

where ( )onI   and ( )offI   are the transmitted probe light when the pump pulses are on 

and off, respectively, and ( )bgI   is the background signal that is mainly from the CCD 

detector itself. All data were collected using the labview program at the same settings. The 

polarized transient absorption measurements were performed by varying the polarization 

combinations of the pump and the probe lights. The detection sensitivity of about 5×10-4 

was reached in our setup. 
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Figure 6.4 Schematic of the microscopic transient absorption setup 

 

 

 

6.4 Results and Analysis 

A photographic image of one of the hexcene single crystals used in the experiments 

is shown in Fig. 6.5B. The hexacene unit cell of triclinic crystal system is defined as in Fig. 

6.5C with in-plane crystal lattice constants of a=7.673 Å and b=6.292 Å, respectively. The 

anisotropic properties in the ab plane are supported by the polarized linear absorption 

experiments. Fig. 6.5A displays polarization-resolved linear absorption spectra of the 

hexacene single crystal. The linear absorption measurements along the polarization of 0° 
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and 90° exhibit different spectral features. For the 90° polarization, the peak at 838 nm is 

assigned to the lowest transition along the short b-axis of the crystal, called b1. On the 

other hand, for the 0° polarization, the transition at 760 nm is assigned to the lowest 

transition along the long a-axis of the crystal, called a1. It is seen that the b1 transition is 

blue-shifted by an energy difference of 1250 cm-1 with respect to a1. The energy gap 

between the two lowest transitions is related to the splitting of the ground state excitations, 

so-called singlet Davydov splitting (DS). This large DS originates from two inequivalent 

molecular pairs in a unit cell. The broadening and redshift of b1 for the single crystal with 

respect to isolated molecules (such as hexcence dissolved in solution) are often considered 

as a signature of the CT mixing.34  

To explore the anisotropic SF, polarized transient absorption measurements were 

performed by controlling the polarizations of the pump and the probe beams. Under the 

lowest photo-excitation of 800 nm, the single crystal sample was probed along the long a-

axis and the short b-axis. Fig. 6.6 shows two-dimensional pseudo color plots of the transient 

absorption spectra (ΔT/T) as functions of the probe wavelength (λ) and the pump-probe 

delay (t) that were pumped and probed along different axes. We chose two different scales 

to highlight the differences in evolutions of the perturbed ground state and newly populated 

excited states. The strong positive values in ΔT/T between 640 nm and 720 nm are mainly 

attributed to the GSB. As expected, these positive spectral responses in ΔT/T exhibit the 

same spectral response as the linear absorption spectra for the same polarizations. The 

negative changes in ΔT/T between 500 nm to 620 nm were attributed to be the photo-

induced absorption (PIA) of the excited states. Both transient spectra have a broad 

featureless, short-lived peak in the range of 500 nm to 580 nm. The fast decay in the 
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spectral region was assigned to the excited state absorption from S1 to a higher state Sn (S1-

Sn). On the other hand, the long-lived PIA peaks were assigned to the T1-Tn transitions. In 

addition, the spectral features and dynamics of the a- and b- singlet excitons are 

independent of the polarization of the pump beam except for the magnitude in ΔT/T that 

results from the different cross sections along a- and b- axis. These results suggest that the 

excitation is delocalized over a few molecules in hexacene single crystals. 

The most striking results in the ESA are that the long-lived PIAs along the a-axis 

and b-axis also exhibit distinct peak positions as the GSB does. The difference in the 

transitions along the a-axis and b-axis indicates that there exists triplet DS, which is on the 

order of 240 cm-1 in hexacene single crystals. This result indicates that there are two kinds 

of triplet states resulted from two axes of the intermolecular packing. We labeled the triplet 

states along the a-axis as 1Ta  at 608 nm and that along the b-axis as 1Tb  at 600 nm, 

respectively, leading to 1T - Ta

n  and 1T - Tb

n  transitions (we assume the triplet DS 

diminishes at higher level as it shows for the singlet DS in Fig. 6.5A). The energy level for 

1Tb  is closer to the ground state than that for 1Ta  in hexacene. The order of energy levels 

for 1Ta  and 1Tb  is reversed in hexacene as compared with those for tetracene.35 The large 

triplet DS and the reversal of T1 suggest that the CT characters in hexacene are more 

prominent than those in other smaller oligoacene crystals. 

As for the temporal evolution, Fig. 6.7 shows the kinetics traces of the three 

different transitions in ΔT/T by pumping along the b-axis: transition S1-Sn at 525±5 nm (A, 

B), transition 1T - Ta

n  at 608±5 nm (B) and transition 1T - Tb

n  at 600±5 nm (A), 

respectively. It is important to note that the S1-Sn and T1-Tn transitions overlap with each 
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other spectrally. As such, we take the following into account our kinetic analyses: 1) 

transient behaviors at any wavelength are a sum of the S1-Sn and T1-Tn transitions; 2) SF 

is a two-step process rather than a one-step process since our data cannot be explained by 

the Merrifield model as the first step dominates. Specifically, we consider ΔT/T(λ, t) is a 

sum of the contributions from both the S1-Sn and T1-Tn transitions at a given wavelength:  

         
1 1 1 1

,  1   2
n nS S S T T T

T
t c n t c n t

T
     


       (6.5) 

where  
1Sn t  and  

1Tn t are time-dependent populations of the singlet (S1) and triplet (T1) 

excitons, and c1 and c2 are negative weighted coefficients for the 1 nS -S and 1 nT -T  

transitions. A detailed fitting procedure can be found in Appendix B. Global fittings to the 

kinetic traces yield the generation and dissociation rate constants along the a-axis ( 1

ak

=5.0±0.2 ps-1, 2

ak =3.3±0.2 ps-1) and the b-axis ( 1

bk =4.5±0.2 ps-1, 2

bk =6.7±0.2 ps-1), 

respectively. Our experimental results indicate that the SF in hexacene single crystals is a 

two-step and anisotropic process. 
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Figure 6.5 (A) Polarization-resolved linear absorption spectra of hexacene single crystal. 

Blue curve is the spectrum polarized along long a-axis (offset by 1.5 for better reading), 

and red curve is that polarized along short b-axis. Peaks are labelled from 1 to 4 as the 

transitions blue-shift. (B) Photographic image of one of the hexacene single crystals. C) 

Structure of triclinic hexcence single crystal viewed down the c-axis. 
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Figure 6.6 Pseudo-color plots of polarized transient absorption spectra from hexacence 

single crystal: (A) pumped along b-axis and probed along b-axis, (B) pumped along a-axis 

and probed along b-axis, (C) pumped along b-axis and probed along a-axis, (D) pumped 

along the a-axis and probed along the a-axis. For better contrast, the color scale for (A, D) 

is scaled up by a factor of 1.75. The horizontal dashed lines label t=0 between the pump 

and probe pulses, and the vertical dot dashed lines label the peaks of long-lived PIA.  



145 

 

Figure 6.7 Kinetic traces at two different wavelengths under photoexcitation of 800 nm 

polarized along the b-axis.: (A) at 525±5 nm and 600±5 nm probing along the b-axis, and 

(B) 525±5 nm and 608±5 nm probing along the a-axis. The solid curves are the global 

fittings with the SF model described in the Appendix B. Yellow dashed lines are the 

components of singlet state, and the brown dashed lines are that of triplet state. 
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6.5 Discussion 

The main findings in this chapter include the anisotropic SF rates and the triplet DS 

of hexacence single crystals. The anisotropic properties in SF are substantially mediated 

by the CT excitons that are close to the lowest excited state of hexacene. Both the singlet 

and triplet DSs in hexacene indicate that the CT excitons modulate the generation and 

dissociation of the 1[TT] states through the entire SF process.  

 

6.5.1 Anisotropic Multiexciton States in Hexacence Single Crystal 

The anisotropic rates and triplet DS of hexacene single crystals strongly support 

our hypothesis that there exist two different 1[TT] states along the a- and b- axes, namely, 

1[TT]a and 1[TT]b. The energy level for the 1[TT]a state is 480 cm-1 higher than that of the 

1[TT]b, corresponding to two triplet DS. Although the triplet DS is several times smaller 

than the singlet DS in hexacence single crystals, the anisotropic nature of the dissociated 

triplet states is still kept before diffusion. There is increasing evidence about the existence 

of the 1[TT] state found in solution and solids.8, 36 Recent studies based on the two-photon 

photoemission (TPPE) demonstrated the nature of the 1[TT] state in pentacene, exhibiting 

the singlet and triplet characteristics.21 Our anisotropic results not only demonstrate the 

existence of an intermediate 1[TT] state in the SF process, but also provide strong evidence 

that the 1[TT] states are anisotropic in hexacene as well.  

 

6.5.2 Charge Transfer Excitons and Delocalized Excitation 

The stacking and distance between molecules in a single crystal determine the 

ground state excitation as well as the SF rates. In other words, geometrical arrangements 
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of molecules in a unit cell determine if it is more favorable for the mixed CT and Frenkel 

excitons to decompose into their constituent triplet states or to remain in the correlated 

state. For the CT states close to the Frenkel S1 states, efficient mixing of the Frenkel and 

CT excitons leads to a coupled wave function of the lowest adiabatic state. The coupling 

strength of the Frenkel and CT states arises as the ring number increases from anthracene 

to hexacene.38-39 CT character, defined as the electron and hole residing on nearest-

neighboring molecules, accounts for ca. 65% for the lowest lying exciton in hexacene based 

on the trend from anthracene, tetracene, to pentacene (See Appendix C). The energy 

difference between the CT state and the lowest Frenkel state in hexacene is much smaller 

compared to that in other shorter oligoacenes, which is approximately 1700 cm-1.40-41 

Therefore, the Frenkel excitons along the b- and a- axes can be strongly coupled with the 

CT states. First-principles calculations of oligoacene crystals have shown that CT 

characters persist in the nearest neighbors up to four singlets.21, 37 As a consequence, photo-

generated carriers along the short b-axis can generate excitons along the long a-axis via 

CT excitons, or vice versa.  

The contributions of the CT states to SF are more prominent in hexacene as 

compared to other oligoacenes. A strongly-coupled CT state in hexacene gives rise to the 

anisotropic property for both the multiexciton states and the dissociated triplet states. The 

participation of the CT states results in the reversal of the energy levels of the multiexciton 

states as well as the individual triplet states. Both the singlet and triplet excitons in 

hexacene are of CT character. As a result, the CT states in hexacene manipulate the 

delocalized excitations as well as the anisotropic generation and dissociation of the 1[TT] 

states. 
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6.5.3 Anisotropic Singlet Fission Rates in Hexacence Single Crystals 

Our polarization-dependent kinetic results reveal the anisotropic SF rates in 

hexacene single crystals. Along the short b-axis, the rate 1

bk  (4.5±0.2 ps-1) for the first step 

is slower than 2

bk  (6.7±0.2 ps-1) for the second step, while the rate 1

ak  (5.0±0.2 ps-1) is 

faster than the rate 2

ak  (3.3±0.2 ps-1) along the long a-axis. Different from the one-

dominant-step model, our experimental results indicate that the two consecutive steps 

occur at comparable rates. As described in last section, it is the CT character in hexacene 

single crystal that highlights the anisotropic rates and the coupling in the process of SF. 

Generally, energy levels, electronic coupling, and electron-vibration couplings are 

considered as the main factors for the rates of SF in organic semiconductors.  

In the first step, the driving force ΔG for the SF of hexacene is on the order of -

4800 cm-1. The electronic coupling strength V was calculated to be 320 cm-1 .10 The strong 

electronic couplings of the Frenkel, CT, and multiexciton states drive electron transfer into 

the adiabatic regime on a classical Marcus model, accounting for the comparable rate 

constants in the first step along the a- and b-axes. On the other hand, ΔG in the second step 

appears to be zero from the 1[TT] state to the two isolated T1 states along the same 

crystallographic axis. The electronic coupling for the second step is much weaker than that 

for the first step. Nevertheless, the driving force ΔG from 1[TT]a to 1[TT]b can be as large 

as 480 cm-1. Electron-vibration coupling is likely to be responsible for the anisotropic rates 

in the second step of SF in hexacene single crystals. Due to the intrinsic properties of 

intermolecular interactions, we exclude the possibility of the Holstein local electron-

vibration coupling in the second step of SF.10 Hence we invoke the nonlocal electron-
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vibration coupling, namely, Peierls interaction, to explain the dissociation mechanism from 

a coherent 1[TT] state to two adiabatic T1 states. To decouple the electronic correlations of 

the multiexction state, different reorganization energies from 1[TT] entities to isolated 

triplets are lost to Peierls interactions between the exciton and the intermolecular 

vibrational modes.42 The dissociation of 1[TT] in hexacene are likely to fall in the Marcus 

non-adiabatic limit, in which the electronic coupling strength determines the dissociation 

rate of the dissociation. The Peierls interactions induce fluctuations of the intermolecular 

couplings between the neighboring molecules in hexacene single crystals. Thus, the 

disentangled T1 states are not purely localized. Instead, they are delocalized over more than 

one molecule due to the intermolecular interactions. The anisotropic dissociation rates of 

the multiexciton states originate from the anisotropic environment in the hexacene single 

crystals. 

Early transient absorption studies of hexacene thin films attributed a slower SF to 

multi-phonon relaxations, as compared to pentacene and tetracene.16 Ultrafast vibronic 

spectroscopies of pentacene and its derivatives showed that the SF process is similar to 

single-molecular internal conversion via a conical intersection due to the strong coupling 

between the nuclear and electronic motions.5 On the theoretical side, the calculations in a 

crystalline environment face technical challenges. A dimer or trimer model cannot 

accurately describe the anisotropic rate and triplet DS in the hexacence single crystals. 

Previous theoretical calculations of hexacene derivatives concluded that the SF of hexacene 

is in the Marcus inverted region and is slower than that of pentacene, which is in qualitative 

agreement with our experimental results for the first step of SF. Although these 
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experimental results need more sophisticated theoretical support, they initiate a need to re-

check the explanations for the SF mechanisms on tetracene and pentacene. 

Taken together, we propose a unified model for the anisotropic SF in hexacene as 

depicted in Fig. 6.8. The energy level for the CT state is close to those of the Frenkel states 

in hexacene. As such, the CT state mediates both the singlet photoexcitation and the 

generation of the multiexciton states and triplet states. Photoexcitation close to the lowest 

transition populates molecules in hexacene single crystal, leading to the delocalized 

photogeneration of the triplet states. The generation rate constants from the mixed Frenkel 

and CT excitons to 1[TT]a and 1[TT]b are comparable along the a- and b- axes. In the second 

step, the rate from 1[TT]b to 1Tb  is twice faster than that from 1[TT]a to 1Ta , originating 

from the different nonlocal electron-vibration coupling.  

 

6.6 Summary 

In summary, we have presented direct observations of the anisotropic SF in 

hexacene single crystals. Singlet and triplet DSs indicate strong CT characters for the 

crystal sites in hexacene. As compared with tetracene, the energy levels of the triplet states 

are reversed, namely, 
1 1

  b aT T
E E  with respect to the ground state. Polarized kinetic 

experiments showed that SF in hexacene is a two-step process, different from the 

traditional one-step-dominant picture. The anisotropic rates of SF along two 

crystallographic axes reveal strong dependence on the intermolecular packing. Our 

findings provide new insights in the SF mechanism for both theory and applications. 
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Figure 6.8 Energy diagram for the anisotropic SF in hexacene single crystal. A mixing of 

Frenkel and CT is excited, orange in color denoting CT contributions. 1[TT]a and 1[TT]b  

represent multiexciton states along the a- and b- axes. 1Ta  and 1Tb  are localized triplet 

states along the a- and b- axes, with a DS energy of 240 cm-1. The rates k1 and k2 along the 

a- and b- axes for SF are different, denoted by 1

ak , 2

ak , 1

bk  and 2

bk .  
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CHAPTER 7 

CONCLUSIONS AND PERSPECTIVES 

 

7.1 Study of Noble Metal Nanoparticles 

In this dissertation, second harmonic scattering (SHS) has been employed to probe 

the adsorption and reactions of thiol molecules at the surface of silver nanoparticles with 

80 nm average diameter. It has been experimentally demonstrated that the free energy 

change, activation energy as well as adsorption density of the reactions of a variety of 

neutral and anionic thiols at the particle surface can be measured. The reaction mechanisms 

at the molecular level have been deduced, and the neutral vs charged thiols have 

qualitatively different reactions mechanisms that reflect the effect of molecular interactions 

at the surface. 

The same methodology can be applied to other important noble metal nanoparticles. 

In fact, a few groups have already started using SHS to study gold nanoparticles.1-4 In 

contrast to silver nanoparticle, gold nanoparticles with similar particle size has the localized 

surface plasmon that is red shifted.5 Therefore, the commonly-used 800 nm Ti-Sapphire 

laser and its second harmonic light (400 nm) are not in resonance with gold nanoparticles. 

To overcome this disadvantage, one possible solution is to tune the wavelength of the 

fundamental light by means of optical parametric oscillator (OPO) or optical parametric 

amplifier (OPA).6 

Molecular adsorption and reactions at the interface of colloidal system involves 

both the dispersing phase (solvent) and the dispersed phase (nanoparticles). In this work, 

SHS is used to monitor the surface response of silver nanoparticles, namely, the second-
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order susceptibility originated from the particle surface. Another scheme for the interfacial 

study, on the other hand, is to directly monitor the adsobate itself. This can be achieved by 

using Sum Frequency Scattering (SFS), another second-order nonlinear light scattering 

technique based on Sum Frequency Generation (SFG). As for SFS, two lasers carrying 

different frequencies (ω1 and ω2) generate the SFS signal whose frequency equals to the 

sum of ω1 and ω2.
7-8 With one of the incident light be resonant to the vibrational mode of 

the adsobate, resonant SFS signal can be observed. Roke and her coworkers have reported 

SFS signal from lipid bilayers and emulsions suspended in water.9-10 The major challenge, 

however, is the relatively weak signal due to the small second-order susceptibility of 

alkanethiol molecules. To extend the capability of SFS requires some signal amplification 

techniques. One of the candidates is the heterodyne detection technology, which has long 

been applied in the fields of laser spectroscopies and radio technologies.11-15 An easy-to-

implement method of heterodyne SFG was developed in our group that adopted a collinear 

geometry.16 The collinear heterodyne SFG has been proved to not only enhance the SFG 

signal, but also provide the ability to exact the phase information, and therefore can be 

applicable in the SFS study of nanoparticles. 

 

7.2 Study of Micro-Sized Ultrathin Oligoacene Single Crystals 

In this dissertation, micrometer-sized ultrathin oligoacene single crystals, such as 

pentacene and hexacene, have been chosen as model systems for the studies of excitonic 

properties as well as the singlet fission mechanism. Due to the small sizes of ultrathin single 

crystals (< 100 μm2), we modified the regular linear and transient absorption spectroscopies 
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by combining them with an optical microscope. The dramatic spectral change between 

isolated molecules and single crystals of pentacene illustrates the effect of molecular 

interaction upon crystallization. The anisotropic spectral features also uncover the 

dependence of the excitons (Frenkel/CT) compositions on the molecular ordering along 

different crystallographic axes. With respect to the crystalline hexacene, polarized transient 

absorption spectra demonstrate that both singlet and triplet excitons are manipulated by the 

strong CT characters which lead to the Davydov splittings. In addition, a two-step 

mechanism of singlet fission has been directly observed in the polarized kinetic experiment 

of hexacene single crystals. The fact that singlet fission occurs at different rates along two 

crystallographic axes indicates strong dependence on the intermolecular packing, in 

agreement with the linear absorption results of crystalline pentacene. 

It has to be noticed that pentacene is also intensively studied for singlet fission.17-21 

Further investigation can be conducted by performing transient absorption measurement 

on pentacene single crystals. Compared to hexacene single crystals in which the lowest 

excitation states along two axes can be both excited by the 800 nm pump light, as for 

pentacene, the pumping wavelength need to be adjusted to 627 nm and 672 nm, 

respectively. This can be achieved by introducing another laser beam from a femtosecond 

OPA to the current microscopic transient absorption setup. 
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APPENDIX A 

ESTIMATION OF THE PHOTOEXCITED CARRIER DENSITY 

 

The photoexcited carrier density can be estimated as follows: 

(a) By using a known extinction coefficient for hexacene at 730 nm (0.25×105 cm-

1), the crystal thickness can be calculated: 
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(b) For 0.58 μW 800 nm femtosecond laser pulse with focus spot radius 4.5 μm, 

laser fluence is, 

3
2

4 2

Pulse Energy 0.58 10
170μJ / cm

Spot Size (4.5 10 )






  

 
  

 

(c) Excitation volume is, 

2 3Area Thickness (4.5) 0.52 33μmextV         

 

(d) The number of photons per volume is given by pulse energy/photon 

energy/volume, i.e. 
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(e) Assuming that each absorbed photon generates one singlet exciton, the initial 

singlet exciton density is 8.0×1018 cm-3. 
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(f) Volume of hexacene is, 

a=7.673 Å, b=6.292 Å, c=16.242 Å 

3784. 3Å1V abc    

Since there are two molecules in a unit cell, the volume of each molecule is 

392.06 Å3 

 

(g) The ratio of excited molecule density vs. total molecule density is, 
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 (h) The expected pump probe signal (
T

T


) without considering singlet fission is, 
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APPENDIX B 

FITTING METHODS FOR KINETICS OF SINGLET FISSION 

 

B.1 Kinetics Model 

Singlet fission along one axis (a or b) is a sequential bimolecular reaction: 

1 21

0 1 1 1S  + S [TT] T +Tk k   (B1) 

in which k1 is the rate constant of the formation of 1[TT] state, and k2 is the 

dissociation rate of 1[TT] state. Assuming the population of S0 is constant, the coupled 

differential equations will be,  
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 (B2) 

Solving Eq. B2 gives the population dynamics for the singlet, triplet excitons and 

1[TT] as, 
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B.2 Spectrotemporal Model 
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The observable in transient absorption measurement is proportional to their 

absorption cross sections 
i  as functions of wavelength  , as well as to the population 

of each species iN  as functions of delay t, where i=S0, S1, and T1, respectively. 
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 (B4) 

As a molecule can only be at one of the states, S0, S1, and T1, the population of all 

species follows, 

 
0 1 1S S T( ) ( ) ( )N t N t N t    (B5) 

 

B.3 Analytical Solution for Global Fitting 

Combining Eq. B3 and B4, we are able to apply global fittings to our transient 

absorption data as functions of temporal delays. Since the time-dependent spectra for the 

three transitions are highly overlapped, we here treat any spectral region as a mixture of 

singlet and triplet excitons. This is valid based on Eq. B5, in which ground state bleach 

(GSB) can be decoupled into a combination of the temporal profiles of singlet and triplet 

excitons.  

An analytical fitting function was used for global fittings in Igor Pro 

(WaveMetrics), that is, 
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where an error function, Erf(), is applied to estimate the instrumental response 

function (IRF), c1 is the pulse duration of pump pulse, c2 is the temporal error induced by 

chirp correction, and c3 as well as c4 respond to the cross sections of singlet and triplet 

excitons mixed with GSB contributions, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 169 

APPENDIX C 

ESTIMATION OF CT EXCITON BINDING ENERGY AND CONTRIBUTION 

 

C.1 Estimation of CT Exciton Binding Energy and Percentage of CT Contribution 

in Singlet Exciton for Hexacene Single Crytal. 

 

Figure C.1 (upper) Energy difference between CT and S1 for different oligoacene single 

crystals. The data were retrieved from the literatures.1-2 (lower) Comparisons of the 

experimental measurements (red) and the theoretical calculations (black) for Davydov 

splitting (DS) in different oligoacene single crystals. The right y axis corresponds to the 

percentage of the CT character (green) in the singlet exciton based on the theoretical 

calculations from the literatures.3-4 The dash line is an empirical linear fit for better reading.   
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