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Abstract  

 

Applications of Ultrafast Spectroscopy in Charge Transfer and Interfacial Reactions  

By Qiliang Liu  

 

Ultrafast lasers have been widely applied in various fields. As a physical method, the 

ultrafast laser can be utilized to study many chemical processes, such as the kinetics of 

chemical reactions, chemical reactions at electrode-solution interfaces, and other reactions 

that happen on an ultrafast time scale. In the last 4 years of my scientific research, I worked 

on several projects in the group using multiple ultrafast techniques. To study how the 

photoluminescence of a quantum nanorod is quenched on the single-molecule level, time 

resolved photoluminescence (TRPL) combined with atomic force microscopy (AFM) was 

applied to collect emitted photons from nanorods with and without contact to an AFM tip. 

To investigate chemical reactions in an optical cavity, transient absorption spectroscopy 

was performed to probe the exciton kinetics of fluorescent dye molecules trapped in a 

Fabry-Perot cavity. Lastly, to study the behavior of heterogeneous electrocatalyst 

molecules at an electrode-electrolyte interface, vibrational sum frequency generation (SFG) 

spectroscopy was performed to probe a monolayer of the catalytic molecules adsorbed on 

the electrode under a certain potential window. These projects reflect the broad 

applicability of ultrafast laser spectroscopic techniques on modern physical chemistry 

research.   
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Applications of Ultrafast Spectroscopy in Charge 

Transfer and Interfacial Reactions 

1. Introduction  

To generate the highest time resolution and capture the fastest actions, the ultrafast laser 

pulse, which is the shortest event, was created. The ultrafast laser has become a powerful 

tool in a wide range of scientific research fields to study ultrafast processes. In the physical 

chemistry, ultrafast lasers with femtosecond time scales can probe ultrafast chemistry. 

Meanwhile, its high power density and intense peak pulse energy can easily generate 

nonlinear optical effects, providing various probe techniques, such as time-resolved 

photoluminescence (TRPL), transient absorption spectroscopy (TAS), sum frequency 

generation (SFG) spectroscopy, or second harmonic generation (SHG). The high temporal 

sensitivity makes ultrafast laser spectroscopy a general characterization method as the core 

measurement or complementary to other experiments in pioneering research. The state-of-

the-art ultrafast laser techniques developed by Lian research group were applied in my 

projects, presenting inclusive and abundant application of ultrafast laser in the field of 

physical chemistry. 

 

1.1. Time Resolved Single-Molecule Fluorescence 

1.1.1. Time-Correlated Single-Photon Counting 
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The time resolved photoluminescence measurement was developed based on time-

correlated single-photon counting (TCSPC) techniques1-4. The general principle of TCSPC 

is to collect, at most, one emitted photon in one pulse period by a single-photon sensitive 

detector, such as a photon multiplier tube (PMT) or an avalanche photodiode (APD).  

In a typical TCSPC setup, as shown in Figure 1.1, the emitted photons are first captured by 

the detector, which can be either a PMT or an APD. A randomly shaped electrical signal 

will then be generated by excitation of the secondary electrons on the dynodes in the PMT 

or the electron avalanche in the APD. Then, a constant-fraction-discriminator (CFD) 

precisely identifies the arrival timing of this signal by a level trigger, ensuring that the 

timing information is free of the influence of the varying shape and amplitude of the 

electrical signal. After acquiring the timing information of the signal in the CFD, which is 

an electrical component in the TCSPC module, the time-to-amplitude-converter (TAC) 

converts the timing information into the voltage amplitude of a standard electrical signal. 

With the reference of an input pulse or a synchronized TTL signal, the TAC starts to 

increase in amplitude until it receives the timing information of the emitted photon from 

the CFD. By extracting the amplitude value, the temporal delay of the emitted photon to 

the reference can be obtained. To plot the photoluminescence data, the final step is to 

transform all the information from an analog type to a digital type. The amplitude-to-

digital-converter (ADC) realizes this transformation by registering the timing position into 

the digital channels (12-bit channel, equivalent to 4096 slots) according to the amplitude 

value from TAC. With the accumulation of the counts of the emitted photons in each slot, 

a histogram can be created, which is equivalent to the photoluminescence delay curves.  
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Usually, a pulse picker will be integrated to change the pulse period and detection time 

window. A typical time delay detection window can range from 25 ns to 5 μs. The time 

resolution of TCSPC is affected by both pulse duration and electrical response. The 

instrument response function (IRF) time width of a commercial TCSPC setup can range 

from 25 ps to 500 ps.  To guarantee that no more than one emitted photon can be detected 

in a single pulse period, excitation is performed with low intensity and high repetition rate. 

Although room light and electric noise can interfere with TCSPC, it has a high sensitivity 

to emitted photons, fast data acquisition rate, and is relatively low cost among TRPL 

methods. 

 

Figure 1.1. Diagram of a typical TCSPC module, including the CFD, TAC and ADC functions. 

Reprint from ref.1, 3 

1.1.2. Atomic Force Microscope 

Above all, TCSPC can acquire the time resolved photoluminescence of the ensemble 

sample. To make the detection resolution breakthrough to the single-molecule level, an 

atomic force microscope (AFM) is integrated with the TCSPC. TCSPC detection collects 

fluorescence information while the AFM offers the spatial resolution. Different from the 
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other optical or electron microscopes, the AFM does not scan the image by focusing the 

beam onto the sample surface, but instead forms a three-dimension topography of the 

sample surface by detecting the distance between the AFM tip and the sample through 

monitoring the applied force on the tip cantilever. A common schematic of the AFM is 

shown in Figure 1.2, where a laser beam is emitted from a laser diode and focused on the 

cantilever of the AFM tip. The reflected beam is collected by a position sensitive detector, 

and then converted to a voltage value, which contains information on deflection of the 

cantilever. This voltage value is further sent into a feedback loop to maintain the setpoint 

position of the AFM tip. A x-y piezo scanner drives the AFM tip to map the image.  

There are three common operation modes: contact mode, non-contact mode, and tapping 

mode. In the contact mode (static mode or DC mode), the piezo scanner for the z direction 

is driven by a DC bias and the tip always makes a hard contact with the sample surface. 

The static deflection of the cantilever is mapped. In the non-contact mode (dynamic mode), 

the cantilever is working under the resonant vibration condition, and the modulation of 

sample on the cantilever is extracted from the vibration amplitude, frequency and phase. 

The tapping mode (AC mode) can be considered a mixture of the contact and the non-

contact modes. The z direction piezo scanner is driven by an AC bias, forcing the 

oscillating tip to only touch the sample surface at the maximum deflection. For such a short 

contact time, the tip avoids sample destruction and but still records the sample topography. 

As the probe of AFM is determined by the shape of tip, the lateral resolution can be on the 

sub-nanometer scale with the sharpest tip. The usual commercial tip can reach a lateral 

resolution of 10~50 nm, which is much more resolved than an optical microscope. 
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Combining TCSPC with the AFM, the single-molecule level photoluminescence 

measurement can be performed.  

 

Figure 1.2. A simplified AFM schematic of tapping mode.  

1.2. Transient Absorption Spectroscopy  

Transient absorption spectroscopy is an ultrafast nonlinear technique in the typical pump-

probe geometry. For carrier dynamics in a chemical reaction, which occur on the 

picosecond (10-12 s) or even femtosecond (10-15 s) time scale, a common camera is not 

sufficient to capture the ultrafast event. In order to probe these ultrafast events, something 

that can respond quickly enough would be needed which would mean using an ultrafast 

laser pulse to probe the modulation on another ultrafast laser pulse.  

 

Figure 1.3. Pump-probe transient absorption spectroscopy diagram. 

As an advanced absorption spectroscopy technique, transient absorption monitors the 

absorption spectrum change between the ground and excited states. At time zero, the 
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sample is excited by the pump, when the probe beam temporally overlaps with the pump 

(Figure 1.3). The time delay between the two beams can be controlled by a motorized stage, 

ranging from 0 – 2 ns, or controlled digitally by an analog synchronized signal, with the 

tunability up to milliseconds. A mechanical chopper is set in optical path of the pump beam 

and blocks every one out of two pump pulses. The ground state absorption is obtained when 

the pump is blocked, while the excited state is acquired with the pump unblocked. By 

measuring the time-delayed difference between these two absorptions, the evolution 

among states, such as ground states, excited states and charge transfer states, can be 

visualized. To increase the signal-to-noise ratio, a pulse-by-pulse reference is applied to 

suppress the fluctuation of the pulse, and long-time integration and averaged scans are also 

performed.  

 

1.3. Vibrational Sum Frequency Generation Spectroscopy 

Sum frequency generation spectroscopy (SFG) is a nonlinear spectroscopy with high 

surface sensitivity and selectivity. The technique was first developed by Yuen-Ron Shen 

and his group in 19875 where they observed the vibrational C-H stretching mode at both 

air/solid and air/liquid interface. Afterwards, electronic SFG and time resolved SFG was 

developed by Philippe Guyot-Sionnest to study electronic structure and dynamics of 

vibrational modes at different surfaces. Beyond second order harmonic generation (SHG), 

SFG can offer much more information about surface composition, molecule orientation 

and sample structure at gas-solid, liquid-solid, solid-solid, liquid-liquid and gas liquid 

interfaces. In a typical vibrational SFG geometry (Figure 1.4), a near IR beam (usually 

referred to as visible or VIS) 𝜔1  and an infrared beam (IR) 𝜔2  overlap at the sample 
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surface with the same timing and position. With the phase matching condition, the sum 

frequency beam 𝜔3 comes out with a certain wavelength and a certain angle.  

To briefly describe the SFG selection rules, the SFG dipole can be expressed as the product 

of the Raman and IR dipoles, where the IR beam interacts with the sample first and excites 

the sample to a coherent state, and the VIS beam up converts it. Therefore, the SFG active 

species must be both Raman and IR active. For the IR selection rule, the coupling between 

the excitation beam and the vibrational mode is determined by the frequency and the 

direction. Therefore, modes with different orientations produce distinct amplitudes in the 

SFG spectrum. The orientation of a molecule at the surface can be obtained through 

analyzing the amplitude ratios between different modes.  

The surface specification originates from the physical principles of the second order 

nonlinear effect. As the second order susceptibility 𝜒(2) is a third rank tensor with three 

subscripts representing the three axes x, y, and z in Cartesian coordinates, it has 27 

independent elements if there is no symmetry limitation. Here, x and y denote the axis 

parallel to the surface, and z denotes the axis perpendicular to the surface. For a 

centrosymmetric environment like the isotropic or ambient bulk phase, due to the space 

inversion symmetry of the third rank tensor (𝜒𝑖,𝑗,𝑘
(2)

= 𝜒−𝑖,−𝑗,−𝑘
(2)

) and the centrosymmetric 

property (𝜒𝑖,𝑗,𝑘
(2)

= −𝜒−𝑖,−𝑗,−𝑘
(2)

), all the elements are zero. However, for the surface, which 

can be thought of as having a 𝐶∞  symmetry, four components can become non-zero 

independently, which are  𝜒𝑧𝑥𝑥
(2)

(= 𝜒𝑧𝑦𝑦
(2)

), 𝜒𝑥𝑧𝑥
(2)

(= 𝜒𝑦𝑧𝑦
(2)

), 𝜒𝑥𝑥𝑧
(2)

(= 𝜒𝑦𝑦𝑧
(2)

), and 𝜒𝑧𝑧𝑧
(2)

. With 

respect to the incident surface, the p polarized beam contains both perpendicular (z) and 

parallel components (x, y), while the s polarized beam contains only the parallel component 
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(x, y). Therefore, the SFG polarization only has 4 different combinations possible for 

normal cases: pss, sps, ssp, ppp (SFG, VIS, IR). 

In my project, vibrational SFG spectroscopy was applied and ppp polarized SFG was 

mainly collected under tunable applied bias. The ppp polarization combination is most 

sensitive to the modes perpendicular to the surface. Combined with orientation mapping 

by DFT calculations, the orientation of molecules under different bias can be extracted. 

Also, the vibrational Stark shift of the adsorbates can be probed by SFG, which is important 

for studying the interfacial electric field and how this electric field interacts with chemical 

reactions.  

 

Figure 1.4. A typical near IR – visible reflective SFG geometry.   
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2. Single Nanorod Fluorescence Quenching by an 

AFM Probe 

 

2.1. Introduction 

Super resolution techniques have been useful tools to help observe dynamics and behaviors 

of a single particle. Among these techniques, Apertureless Scanning Near-field Optical 

Microscopy (ASNOM) combines the high spatial resolution from an AFM and the  high 

time resolution from a time-resolved fluorescence microscope.  By using a Pt-coated AFM 

probe as an electron acceptor, the fluorescence quenching was recorded when contacting a 

Pt coated probe with a type I CdSe/CdS nanorod. The position of contact was precisely 

controlled by the piezo stage and finally generated a fluorescence quenching trajectory with 

respect to different positions on the nanorod. The integrated PL intensity and lifetime 

trajectory showed that the fluorescence quenching mainly happened near the CdSe seed 

region. 

2.1.1. Background  

Colloidal semiconductor nanoscale heterostructure materials piqued people’s interest for 

their widespread application in biological sensing6, photocatalysis7-11, optoelectronic 

device12 and light-emitting diode13 fields. Particularly, one-dimensional colloidal 

semiconductor heterostructured nanorods have proven to be  very promising candidates 

due to their tunable light absorptions12, 14-16 and quantum confinement effect in radial 



10 
 

directions and long distance (bulk-level) for long-lived charge separation7, 10, 17-20 in 

longitudinal direction. For instance, CdSe/CdS dot-in-rod nanorods has been reported to 

efficiently produce H2 after the growth of a platinum tip11. Following this discovery, a 

series of systematic charge transfer mechanisms have been investigated using ultrafast 

spectroscopy in ensemble solutions 7-10, 18, 21. Beyond these, more valuable dynamic 

mechanisms of charge transfer in CdSe/CdS dot-in-rod nanoheterostructures are expected 

to be further developed for more advanced applications in frontier science and technology. 

However, ensemble-averaged spectroscopic studies are always impacted by complex 

components in liquid or solid systems and the inhomogeneity of sample itself22-24. In recent 

years, some super resolution optical techniques were developed to make a direct, precise 

and real-time observation on an individual microscale sample, such as confocal 

fluorescence microscopy, total internal reflection fluorescence microscopy (TIRF), 

stimulated emission depletion microscopy (STED), coherent anti-stokes Raman 

microscopy and spectroscopy (CARS), and stochastic optical reconstruction microscopy 

(STORM)25-30.  These techniques provide important information that would otherwise be 

hidden in ensemble measurement. However, they are still faced with challenges to show 

their correlation with the synchronously topographic image. In an effort to improve the 

single-molecule measurement, the combination of topographic and optical measurements 

becomes essential for better understanding more mechanisms in nanostructures22-24. 

One kind of novel high-resolution technique to overcome the optical diffraction limit is 

Apertureless Near-field Scanning Optical Microscopy (ASNOM)31. In ASNOM, an AFM 

probe offers photo-physics information, such as fluorescence22, 32-33, Raman scattering34-38, 

and back scattering39-42 with spatial resolution. In addition, with a functionalized AFM tip, 
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including QD23-24 and carbon nanotube modified tips43, single nanoparticle charge transfer 

and energy transfer mechanisms between modifiers on tips and molecules on substrates 

can be explored. Being mounted on an inverted fluorescence microscope, the AFM-

fluorescence microscope setup can record the correlated topographic and photoluminescent 

image simultaneously.  

Significant efforts have been devoted to the study of charged carrier kinetics of ensemble 

CdSe/CdS quantum nanorods by various ultrafast spectroscopies8, 17-18, 20-21, 44, which 

provides knowledge of the charge transfer and charge separation process with time 

evolution. Beyond that, the carrier kinetics of a single quantum dot particle can be further 

revealed by a time resolved fluorescence microscope with manipulation by an AFM 

probe22-24. Due to the advantages of single-molecule detection, the interference from the 

size distribution, defects, and other inhomogeneous broadening effects can all be 

eliminated. The most straightforward fluorescence decay kinetics of a single CdSe/CdS 

nanorod, can be probed by our single molecule measurement, which offers new sights into 

quantum nanorod fluorescence quenching. 

2.1.2. Purpose and Expectation 

In this project, the CdSe/CdS dot-in-rod nanorod is used as a model to imitate the charge 

transport in one-dimensional nanoscale device. After selectively exciting the exciton in the 

CdSe core, the electron will experience the 1D random walk in the longitudinal direction 

of the CdS rod before radiative decay with the hole remaining in the CdSe core. With the 

Pt tip as an electron acceptor, the fluorescence of CdSe/CdS will be quenched. By 

monitoring how the fluorescence is quenched depending on Pt tip position to the CdS core, 
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the electron diffusion in CdS rod is mapped out. The scheme is shown in Figure 2.1.  

Compared with direct deposition of Pt on the tip of CdSe/CdS8, 17, using an AFM tip as the 

electron acceptor can circumvent length distribution inhomogeneities in the solution 

ensemble and also provide better distance control. In this project, the process of electron 

transfer from a potential well (CdSe seed in CdSe/CdS nanorod) to an electron acceptor (Pt 

coated tip) was imitated by an AFM probe contact. The results demonstrated that the 

fluorescence was mainly quenched near the CdSe seed region. Simulations were also 

applied to understand the position-dependence of the fluorescence quenching.  

 

Figure 2.1. Schematic of the single-molecule correlated AFM and fluorescence setup. 

 

2.2. Experiment Methods  

2.2.1. Synthesis of CdSe/CdS dot-in-rod 

The dot-in-rod nanostructure CdSe/CdS nanorods were synthesized by a previously 

reported method14. Briefly, the wurtzite CdSe seeds were first synthesized and then CdS 

precursor were added and the seeds were allowed to grow into a rod nanostructure. CdO 

(0.060g), ODPA (0.280g) and TOPO (3g) were mixed in a 3-necked round bottomed flask. 

After being kept at 150°C in vacuum for an hour, the temperature was increased to 320°C 
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to dissolve CdO until a clear solution was formed under nitrogen. A Se precursor (0.060g 

Se in 0.5ml TOP) was swiftly injected into the flask after the temperature was heated up to 

370°C. The size of the CdSe seeds were determined by the reaction time after Se injection. 

Typically, 3.6 nm CdSe seeds were achieved with a reaction time of approximately 30 s. 

CdSe seeds were washed by precipitation and redispersed in toluene and ethanol and finally 

dispersed into hexane.  

The nanorod was synthesized via the seeded growth approach14, 18. For 140 nm CdSe/CdS 

dot-in-rods, CdO (0.093g), HPA (0.080g), ODPA (0.290g) and TOPO (3g) were mixed in 

a 3-necked flask. The temperature was heated up to 350°C under nitrogen protection after 

1h of degassing under vacuum. Then 1 mL TOP was added to flask. The S precursor 

solution was prepared by dissolving 100 nmol CdSe seeds and S (0.060g) in 1 mL TOP. 

The resulting solution was quickly injected into the flask and allowed to react for 8 min. 

The nanocrystal was purified by precipitation and redispersion in toluene and ethanol, and 

finally dispersed into toluene.  

The high quality CdSe/CdS dot-in-rods in this project were provided by Dr. Pyun’s group 

from Arizona University. Sample characterization including UV-vis absorption and 

transmission electron microscope (TEM), which are shown in Figure 2.4. 

2.2.2. Sample Preparation 

To measure the nanorod on the single-molecule level, we serially diluted the nanorod 

solution to a suitable concentration (~1 pM) by adding 100 μL of 1 nM nanorod solution 

into 1 mL toluene solution 3 times. The diluted CdSe/CdS nanorod solution (50 μL) was 

spin-coated (1500 rpm, 3 s) onto a glass coverslip precleaned with water, acetone, and 
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ethanol. The toluene would typically volatilize resulting in nanorods that were 

homogenously dispersed on the dried glass coverslip.   

2.2.3. Single-Molecule Quenching Experiment Setup 

Typically, we measured an individual sample by scanning correlated AFM and 

fluorescence images. A schematic of the synchronous surface scanning probe and 

fluorescence microscope set-up was demonstrated in the Figure 2.2. An AFM terminal 

(Asylum MFP-3D) was mounted on an epi-fluorescence microscope (Olympus IX70) 

equipped with a 100×1.4 NA oil immersion objective (Olympus). A Ti:Sapphire (Tsunami 

oscillator pumped by a 10 W Millennia Pro, Spectra-Physics) laser system generated an 

ultrafast laser pulse (~100 fs) with a 80 MHz repetition rate where the wavelength was 

centered at 980 nm. To ensure the sample was only excited once in one PL decay period, 

the laser beam was sent through an electro-optical modulator (Conoptics, USA) to reduce 

the repetition rate to 4 MHz, which changed pulse period from 12.5 ns to 250 ns. Then, the 

laser output was doubled to 490 nm by a Type II BBO crystal. As shown in the Figure 2.2, 

the glass coverslip spin coated with CdSe/CdS nanorods was then fixed onto the x-y plane 

scanning stage. The excitation beam was tuned from 80 nW to 200 nW and focused down 

onto the sample coverslip. When the integrated topographic and photoluminescent image 

was performed, the x-y plane piezo stage was moving while the AFM probe and the 

excitation beam focus were relatively settled at a stationary position. The height, amplitude, 

and phase trace were collected simultaneously by the AFM head, and a fluorescence trace 

was detected by the avalanche photodiode (APD, PerkinElmer SPCM-AQR-14). The PL 

signal outputted by the APD was further analyzed by a time-correlated single photon 

counting (TCSPC) module and corresponding software (Becker & Hickl, SPC 600). The 



15 
 

IRF full width at half maximum was approximately 600 ps. A single nanorod fluorescence 

decay was treated as a simple single-exponential decay. This measurement can be 

performed under both room temperature in air or a sealed system with nitrogen protection.  

To reach a sub-diffraction limit resolution and reveal the length dependence fluorescence 

quenching of a ~140 nm nanorod, an AFM tip was used due to it being an excellent 

quenching medium22, as well as offering high resolution topographic images.  In order to 

quench the CdSe/CdS dot-in-rod fluorescence emission by the AFM probe, a silicon based, 

platinum coated AFM tip (MIKROMASCH HQ:NSC35/Pt) was chosen to be the 

quenching antenna, which works by trapping excited electrons into the Pt layers8, 17, 45.  The 

AFM images were scanned in the intermittent mode (tapping mode or AC mode). 

CdSe/CdS nanorod PL emission was quenched through physical contact with the Pt coated 

tip through contact mode.  

 

Figure 2.2. Schematic of the single-molecule measurement setup 
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To simultaneously make the comparison between free nanorod PL decay and quenched 

nanorod PL decay, the AFM probe and excitation beam focus were aligned onto the same 

position. Since the AFM probe and excitation beam focus were stationary while the piezo 

scanning stage was in motion and the AFM probe and the excitation beam focus were 

collecting data at a random location for the initial scan trial, if the AFM tip was not 

overlapped with the excitation beam focus location, the corresponding PL decay data could 

not be recorded while AFM tip was in contact with the CdSe/CdS nanorod. The strategy to 

align the AFM tip together with excitation beam focus was based on matching the similar 

height trace and fluorescence patterns in AFM image and PL image respectively, following 

previous literature23-24. Figure 2.3 a-c describes the alignment procedures.  Firstly, the 

excitation beam was tuned to focus roughly near the tip location, based on the real time 

optical microscope camera integrated with the epi-fluorescence microscope. The position 

of the tip on the AFM probe cantilever was estimated through the probe product 

information. Typically, a 30 × 30 μm2 area on the sample coverslip was scanned by AFM 

and fluorescence microscope at the same time. By marking all the fluorescence patterns 

one by one, a similar height trace pattern in AFM image could also be extracted. The height 

trace in the AFM image might not indicate nanorods but might instead indicate impurities; 

the fluorescence trace must originate from fluorescent nanorods emitting light. If the 

fluorescence pattern was able to match with the height trace pattern, PL of the CdSe/CdS 

nanorod, the morphology, and the surroundings could be all detected to avoid introducing 

impurities into the single-molecule measurement. Meanwhile, the displacement of AFM 

image pattern and PL image pattern represented the displacement of the location of the 

AFM probe tip and excitation beam focus. By operating the piezo mirror, the excitation 
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beam focus could be moved close to the AFM probe tip empirically. After the initial 

scanning, the scanning area was zoomed in to a 10 × 10 μm2 area for a more precise 

alignment. Finally, the scanning area was zoomed in to an individual CdSe/CdS nanorod 

with a typical scan area of 500 × 500 nm2. For each image, the size was set to 256× 256 

pixels2 and scanned back and forth with a rate of 0.13 Hz. The APD photon integration 

time was set to 20 ms which matched the scan rate and guaranteed that for each pixel point, 

the scan time and photon collection time was roughly identical.  

After the AFM tip and excitation beam focus were well aligned and the scan area was 

zoomed into an individual CdSe/CdS nanorod, the scan rate was set to 0.50 Hz and the 

excitation beam was blocked to scan this nanorod multiple times until the AFM image was 

reproducible. In this case, the AFM was switched to contact mode. The AFM tip was 

moved into position along with the nanorod. The non-quenching and quenching PL 

intensity and lifetime trajectory were measured by recording photons by TCSPC when 

AFM tip was not engaged and when it was engaged and physically made hard contact with 

the nanorod. For the nanorod, each data point contained 15 s PL intensity and the lifetime 

trajectory for preventing the nanorod degrading under continuous light illumination. When 

the CdSe/CdS nanorod was excited and electrons were trapped by the Pt coated tip contact, 

the holes were trapped in the CdSe seed, where they were consumed by oxygen in the air 

and easily oxidized the CdS rod in the atmosphere.  To enhance the luminescence stability, 

an enclosure was made by wrapping saran wrap around the setup for nitrogen purging in 

order to oxygen (Figure 2.3 d). After collecting the PL trajectory at one position, the AFM 

tip was withdrawn and moved to the next adjacent position, to avoid any destructive impact 
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on the nanorod. Finally, the PL intensity and lifetime trajectories of each position were 

combined to generate the whole data set.  

 

Figure 2.3. a), b) and c) Description of AFM tip and excitation beam focus alignment procedures; 

d) A closed scan stage wrapped by the cling film with the nitrogen purge system. 

 

2.3. Results and Discussion 

The CdSe/CdS dot-in-rods, as mentioned above, were shown to have an average length of 

141.0 ± 7.1 nm and an average width of 5.3 ± 1.2 nm determined by a TEM photograph 

(Figure 2.4 a). Figure 2.4 b shows the absorption and PL emission spectra of these nanorods. 

By estimating the bandgap of the CdSe seeds with 3.6 nm diameter, using the empirical 

extinction coefficient extracted from the CdSe 1S absorption peak46, these 

CdSe3.6nm/CdS141nm heterostructured nanorod could be considered to have a Type I 

alignment nanostructure, based on published theoretical calculation results47-48. The Type 

I band alignment between the CdSe core and CdS rod results in the confinement of 

electron-hole pairs into the CdSe core49, because of the energy level well from the fall of 

valance band and conduction band at the interface between CdSe and CdS.  

a) b) c) d) 



19 
 

 

Figure 2.4. a) TEM photography of CdSe/CdS dot-in-rod nanorod; b) Absorption and emission 

spectrum of CdSe/CdS nanorod. Absorption under 500 nm was from the CdS rod; two weak peaks 

at 570 nm and 605 nm was the CdSe seed absorption. 

Figure 2.5 a depicts the AFM image of a single CdSe/CdS nanorod with an image size of 

500 × 500 nm2. The AFM image contained some black holes and background substrate 

impurities, which could be relatively considered as surface contamination50 from spin 

coating and some residual organic precursor. From the PL image during alignment 

procedure with a larger image size (Figure 2.5 b), it had been verified that these artifacts 

would not interfere with the PL measurement. In addition. Figure 2.5 c also showed that in 

the range of optical diffraction limitation, there was not any other emission, which 

supported that this was measured on the single-molecule level. The AFM height trace 

shows the CdSe/CdS nanorod with a length of 148 nm (FWHM) and a width of 21 nm 

(FWHM). The upper left part of the nanorod was extended and bent a little, which could 

be considered as the CdSe seed region.  

a) b) 
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Figure 2.5. a) AFM image of a single CdSe/CdS dot-in-rod nanorod. b) Large size AFM image for 

alignment. c) Correlated PL image with b). 

Figure 2.6 a shows integrated PL intensity and lifetime trajectory of the free state (no Pt 

tip contact, setpoint = 0.000V) and contact state (engage Pt tip contacted with nanorod, 

setpoint = 0.200V) at different positions along with the nanorod. In contact mode, the AFM 

probe tip-to-sample distance could be checked by the feedback of the deflection, which 

was identical to the displacement of the tip from the released state (setpoint =0.000V). The 

deflection would be well maintained when adding a setpoint over 0.050V. Therefore, 

setpoint of 0.200V could be considered as having good physical contact between the Pt 

coated tip and the CdSe/CdS nanorod.The free state PL intensity and lifetime trajectory 

were collected repeatedly; then the AFM tip was engaged for collecting contact state PL 

intensity and lifetime trajectory; afterwards, AFM tip was released and moved to the next 

position. The point marks in Figure 2.6 a corresponds to the markers shown in the 

correlated AFM image in Figure 2.6 c. Basically, the AFM tip was scanned from the upper 

left to the bottom right parts of the nanorod. Spacing between two steps was 11.5 nm on 

average. The free state PL intensity trajectory (black solid lines) was maintained in the 

range 200~300 counts per 50 ms in positions 1-5, while it was reduced gradually in 

a) b) c) 
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positions 6-10, and finally kept stable between 50~150 counts per 50 ms in positions 11-

14 as shown by the black line in Figure 2.6 a. Similarly, the contact state PL intensity 

trajectory also shows the trend of gradual decrease and final stabilization. By comparing 

these two trends, the PL intensity was quenched somehow in positions 2, 3, 4, 5, 6, 7, and 

8 by the Pt coated tip contact. The tip enhanced fluorescent emission was reported in some 

published literature22, 32-33 with a similar apertureless near-field optical microscope, 

however, this phenomenon was not clearly understood and did not appear in this 

experiment. The PL intensity consists of many components, indicating many complicated 

processes, making it difficult to identify each component and extract useful information 

from the PL intensity trajectory in this case51. Also, taking the length of nanorod into 

consideration, 140 nm was within the same diffraction limitation because the only changing 

parameter when collecting data at the free state was the position. When the AFM tip was 

moved to a position, in fact, the piezo scan stage was moving to a new position and the 

relative position of AFM tip and excitation beam focus was not changed. Therefore, one 

possible reason for the gradual reduction of the PL intensity might be that intensity 

distribution of the excitation beam focus varied at different positions; On the other hand, 

with increasing time, the surface defects or trapping states might slowly form and cause 

the PL intensity decrease.  

 

a) b) c) 
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Figure 2.6. a) Integrated PL intensity and PL lifetime trajectories. Free state is marked black and 

the contact state was marked red. Line indicated PL intensity trajectories while dots indicated PL 

lifetime trajectories. b) PL decay curve at free and contact state at seed and rod tip location. c) The 

corresponding points markers in AFM image, associated with contact position. 

While it was unclear how to analyze the PL intensity, the PL intensity decay curves and 

PL lifetime would be much more straightforward and useful. In Figure 2.6 a, black dots 

indicate the free state PL lifetime and red dots indicate the contact state PL lifetime, both 

of which were obtained by fitting with the IRF convoluted single-exponential (some 

featured decay curves are shown in Figure 2.6 b). The free state PL lifetime was within 

15~30 ns. To contrast, the contact state PL lifetime showed an obvious reduction in 

positions 2, 3, 4, 5, 6, 7, and 8 (the lowest points was 6~7 ns), and did not show much 

difference at the other locations compared with the free state PL lifetime. At the contact 

state, the PL lifetime reduction region was overlapped with the PL intensity quenching 

region. Obviously, positions 2, 3, 4, 5, 6, 7, and 8 were found near the CdSe core region 

based on the markers in correlated AFM image (Figure 2.6 c) when doing the quenching 

experiment. This showed that PL intensity population was reduced when the nanorod 

contacted with a Pt coated tip only near the CdSe core region. 



23 
 

 

Figure 2.7. a) Integrated mean PL intensity and lifetime trajectory. b) Normalized PL intensity 

trajectory. c) Normalized PL lifetime trajectory. d) The CdSe/CdS nanorod AFM image after first 

scan with Pt contact, before second backward scan. e) The degraded nanorod AFM image. f) 

Diagram of the normal shape of the nanorod. g) Diagram of the degraded shape of the nanorod. h) 

PL intensity and lifetime trajectory when degradation happened. Blinking behaviors increased 

remarkably. 

To understand the integrated PL intensity and lifetime trajectory better, these trajectories 

were further analyzed statistically. As shown in the Figure 2.7 a, the “on” state PL intensity 

and lifetime trajectory at each point were replaced by their mean intensity and mean 

lifetime for the “on” state, with error bars set as standard deviation. The “off” state was 

selectively neglected. The statistically integrated PL intensity and lifetime trajectory kept 

the same trend as the integrated trajectory. At this point, I assumed that the intrinsic 

a) 

b) 

c) 

d) e) 

f) g) 

h) 
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fluorescence decay of CdSe/CdS nanorod maintain unchanged with respect to different 

position if no electron transfer happens.  The amplitude of fluorescence which scales with 

the excitation intensity can be regarded unchanged when moving the sample due to the 

relatively large beam size compared with rod length.  Based on equations 2.1 and 2.251: 

𝐼𝑓𝑟𝑒𝑒 ∝
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
[𝐴0,𝑓𝑟𝑒𝑒] eq. (2.1)     𝐼𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∝

𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟+Δ
[𝐴0,𝑐𝑜𝑛𝑡𝑎𝑐𝑡] eq. (2.2) 

𝜏𝑓𝑟𝑒𝑒 ∝
1

𝑘𝑟+𝑘𝑛𝑟
 eq. (2.3)      𝜏𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ∝

1

𝑘𝑟+𝑘𝑛𝑟+Δ
 eq. (2.4) 

𝐼 represents the total PL intensity count over integration time. 𝐴0  represents the initial 

exciton population in CdSe core after excitation. 𝑘𝑟 , 𝑘𝑛𝑟  and 𝛥  represent decay 

contribution from radiative decay, non-radiative decay and Pt quench. All the free state 

mean PL intensities were then normalized with respect to itself. All average PL intensities 

at different contact states were then scaled with respect to free state mean PL intensity. 

Similarly, the statistic PL lifetime could be normalized based on equations 2.3 and 2.451. 

The scaled average PL Intensity and lifetime trajectory was plotted in Figure 2.7 b and c. 

Scaled average PL intensity trajectory shows an obvious quenching of PL intensity at 

positions 3, 4, 5, 6, 7, 8; Meanwhile, the scaled average PL lifetime trajectory shows a 

reduction of lifetime, which means a faster PL decay process, at positions 1, 2, 3, 4, 5, 6, 

7, and 8. Corresponding to the point markers in the contact mode AFM image, both of these 

position sets were around the CdSe seed region, supporting that CdSe/CdS nanorod 

fluorescence was only quenched nearby the CdSe seed region. In addition to verify its 

repeatability, a second trial was scanned. Unfortunately, the nanorod degraded this time 

even under nitrogen protection (shown in Figure 2.7 d, e, f, g, h). It was necessary to purge 



25 
 

nitrogen to prevent the degradation. Otherwise, it would have impacts on the PL intensity 

and lifetime trajectories. 

 

Figure 2.8. a) Simulation model. b) Simulated PL lifetime trajectory with respect to different Pt 

contact position with different electron trapping rate kpt. Seed was set at 25 nm. kpt = 0 means free 

state. c) single exponential decay with different kpt. 

To explicitly model this fluorescence quenching trend, a simulation model52-53 was applied 

to show the PL intensity decay curve with respect to different electron transfer rates to Pt 

(Figure 2.8 a). Briefly, when absorbing light, the CdSe core was excited to generate an 

exciton inside. It was denoted that the initial exciton population was 1 in the CdSe seed 

and 0 in CdS rod. The exciton in the CdSe seed has a chance to be ionized into a free 

electron and a confined hole54 – the electron is not associated with the hole and could freely 

diffuse in all directions along with the nanorod while the hole is still trapped in CdSe seed. 

a) 

b) c) 



26 
 

When free electrons came across with Pt coated tip, electron trapping occurred. The 

simulation model is given below:  

𝜕[𝑁∗](𝑖,𝑡)

𝜕𝑡
= −𝐷

𝜕
𝜕 [𝑁∗](𝑖,𝑡−1)

𝜕𝑎

𝜕𝑎
= −𝐷 lim

𝑎→0

[𝑁∗](𝑖,𝑡−1)−[𝑁∗](𝑖−1,𝑡−1)

𝑎
−

[𝑁∗](𝑖−1,𝑡−1)−[𝑁∗](𝑖,𝑡−1)

𝑎

𝑎
                                        

≅ −𝐷
2[𝑁∗](𝑖,𝑡−1)−[𝑁∗](𝑖−1,𝑡−1)−[𝑁∗](𝑖+1,𝑡−1)

𝑎2 ,     
𝐷

𝑎2 = 𝑘𝑑                                             eq. (2.5) 

∆[𝑁](𝑖, 𝑡)/∆𝑡 = −𝑘𝑖[𝑁](𝑖, 𝑡 − 1) − 𝑘𝑟[𝑁](𝑖, 𝑡 − 1) − 𝑘𝑛𝑟[𝑁](𝑖, 𝑡 − 1) + 𝑘𝑏[𝑁
∗](𝑖, 𝑡 −

1)                                                                                                                                eq. (2.6) 

∆[𝑁∗](𝑖, 𝑡)/∆𝑡 = 𝑘𝑖[𝑁](𝑖, −1) − 𝑘𝑏[𝑁
∗](𝑖, 𝑡 − 1) − 𝑘𝑑(2[𝑁

∗](𝑖, 𝑡 − 1) − [𝑁∗](𝑖−, 𝑡 −

1) − [𝑁∗](𝑖 + 1, 𝑡)) − 𝑘𝑝𝑡[𝑁
∗](𝑖, 𝑡)                                                                        eq. (2.7) 

∆[𝑁′](𝑖, 𝑡)/∆𝑡 = 𝑘𝑝𝑡[𝑁
∗](𝑖, 𝑡)                                                                                  eq. (2.8) 

Among this model, 𝑁 , 𝑁∗ , and 𝑁’  represent the exciton population, ionized electron 

population and trapped electron population relatively. Diffusion constant 𝐷 was estimated 

by electron mobility 𝜇𝑒 in  bulk CdS55:  

D =
𝜇𝑒𝑘𝑇

𝑒
                                                                                                                     eq. (2.9) 

where 𝑘 is Boltzmann constant and 𝑇 is room temperature 300K. 𝑎, the Bohr radius of the 

electrons in bulk CdS as the minimum moving step for free electrons is given by56-57: 

𝑎 =
4𝜋𝜀ℏ2

𝑚𝑒
∗𝑒

                                                                                                                  eq. (2.10) 

where 𝑚𝑒
∗  is the effective mass of the electrons in bulk CdS. 

Other parameters were relatively estimated as: ionization rate 𝑘𝑖  as 0.1 ps-1, ionized 

electrons binding recombination rate 𝑘𝑏 as 200 ps-1, total radiative decay and non-radiative 
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decay rate 𝑘𝑟 as 0.00004 ps-1, diffusion rate 𝑘𝑑 as 125 ps-1, and electron bohr radius 𝑎 as 

2.5 nm. Different electron transfer rate to Pt. 𝑘𝑝𝑡 was tuned as 0, 0.001, 0.01, 0.1, 10 ps-1. 

The simulated lifetime (fitted by single exponential decay model) with respect to different 

position were shown in Figure 2.8 b. The seed position was settled to 25 nm. As trapping 

rate was very slow, lifetime did not have reduction and position dependence; While 

trapping rate was as high as the one in Pt-tipped CdS nanorod7 (𝑘𝑝𝑡= 0.1 ps-1), a decrease 

of lifetime without position dependence showed. Even if 𝑘𝑝𝑡 was tuned to 10 ps-1, a weak 

position dependence showed, but with a very short lifetime. Figure 2.8 c shows the 

simulated decay curve to verify the single exponential decay. The faster electron trapping 

rate caused the shorter lifetime.  

Taking into account the previous results (shown in Figure 2.9 a-d) from Arshad 

Karumbamkandathil, a previous group member who worked on this project, his results 

showed a non-position dependent fluorescence quenching trend. However, I believed that 

his results required some further work to be complete. Firstly, his work was done in the 

atmosphere and he did not verify the CdSe/CdS nanorod stability after the Pt contact. The 

nanorod might probably have degraded and showed that quenching trend. Moreover, the 

CdSe/CdS nanorods absorption spectrum did not show a typical CdSe seed absorption, 

which indicates this sample might be sort of CdSexCdS1-x alloyed heterostructured 

nanorods. If so, the assumption that exciton was only generated from the CdSe seed was 

no longer applicable. This irregular excitation might result in a non-position dependent 

fluorescence quenching. In fact, Banin’s group published the similar results based on 

similar techniques22. As shown in Figure 2.9 e-h, a lifetime image of a 108 nm CdSe/CdS 

nanorod was scanned by a Pt coated tip under AFM tapping mode. The fluorescence 
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quench was only observed near the CdSe seed region. A possible explanation of this result 

was proposed that the electron-hole pairs might have a leakage to the Pt coated tip when 

the AFM probe oscillating at the lowest case where it was nearly contacting with the 

nanorod. In my project, a hard engage was applied to make sure Pt coated tip was fully 

contacted with the nanorod. However, the interface of the tip and nanorod was unclear. 

Particularly, CdSe/CdS colloidal nanorods are always containing large amounts of ligands 

on the surface. How these ligands will make contributions to the fluorescence quenching 

is still a question that needs to be answered and would require the development of more 

advanced techniques.  

 

Figure 2.9. a-d) Arshad’s work on this project. e-h) Banin’s group published results. Reprint from 

ref.22.  

 

 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 
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2.4. Conclusion 

In conclusion, a single molecule technique setup was applied in this project to reveal the 

determining step in a one-dimensional electron transfer model. However, the results did 

not agree with our hypothesis. It seemed that the fluorescence quenching was not merely 

from the electron trapped to Pt, but also contained energy transfer contribution, especially 

near the CdSe seed region. Further work to reveal the interfacial structure and impact of 

ligands needs to be done to understand this result more clearly.  

In the future, the potential of our current integrated AFM and fluorescence microscope will 

be developed. One of the interesting applications of this setup is to transfer it to measure 

single particle time-resolved electro-luminescence. In recent years, colloidal 

semiconductors have been developed for many electro-optical devices. Among them, light-

emitting diodes (LEDs) are a very hot topic13. To understand the internal mechanism of 

electroluminescence, people measure transient electroluminescence emission spectra in 

microsecond scale. While time-resolved PL measurement is mainly measured by TCSPC 

method, which counts single photon events in every pulse period. This pulse period is 

identical as pulse picker’s setting, which is controlled by a periodical electronic signal. 

Analogous to time-resolved PL measurement, if the periodical electronic signal could 

trigger a correlated DC current, which goes through conductive coverslip and AFM probe 

to generate a circuit, then the nanosecond resolution electroluminescence could be recorded 

theoretically.  By ALD, electron transfer layers or hole transfer layers are able to grow on 

the AFM probe and coverslip. Hopefully, through a clearer and higher temporal resolution 

electroluminescence kinetics, LED device field could be pushed to a more advanced level.     
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3. Molecules in Optical Cavity with Light-Matter 

Strong Coupling 

 

3.1. Introduction 

3.1.1. Background 

The molecules with an exciton transition located in an optical cavity can generate a hybrid 

light-matter state with the localized light, called exciton-polariton, which has half light-

half excitonic properties58-61. The formation of this light-matter interaction requires 

resonantly matched molecular optical transitions and corresponded cavity modes. The 

strong coupling between the exciton transition and localized electric field in the cavity rises 

up the splitting of the energy, known as Rabi splitting. The corresponded two new 

polaritonic states (P+, P-) are mixed states of light and exciton, as illustrated in Figure 3.1. 

With the electric field �⃗�  and dipole moment 𝑑 , 𝑛𝑝ℎ photons in a cavity with volume 𝑉 at 

vacuum (permittivity = 𝜀0) will have a Rabi splitting as described equation 3.158, 60, 62-69: 

ℏΩ𝑅𝑎𝑏𝑖 = 2�⃗� ∙ 𝑑 ∙ √𝑛𝑝ℎ + 1 = 2√ℏω 𝜀0𝑉⁄ 𝑑√𝑛𝑝ℎ + 1                                         eq. (3.1) 

As an analog to the molecular orbit diagram, the photons in the optical cavity are quantized 

photons, like harmonic oscillators with certain frequency and limited boundary. The newly 

formed polariton states are the results of coupled photons and transitions.   



31 
 

 

Figure 3.1. Interpretation of hybrid light-matter states. Reprint from ref.68 

The coupling strength is determined by the density of the coupled electric dipole and the 

quality of the cavity. With the benefit of that, the light-matter strong coupling regime can 

be easily achieved through two main ideas: a planar Fabry-Perot cavity containing a large 

number of molecules60, 63, 69-85 or a single emitter enclosed in a high-quality nanocavity86-

96. In addition, to achieve strong coupling there is no need to compromise to low 

temperature or high vacuum condition based on light-matter interaction. As the shown in 

the Figure 3.2, the former cavities are photonic and the latter ones are plasmonic cavities. 

Both types have diverse species that can generate a resonant optical mode compliable for 

different requirement.  

 

Figure 3.2. Photonic cavity forms: a) Fabry-Perot cavities, b) resonators, c) Bragg gratings or 

photonic crystals; Plasmonic cavity forms: d) trapped standing wave or surface plasmon, e) and f) 

localized surface plasmon, g) nano antenna. Reprint from ref.59 
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The physics of the exciton-polariton has been well studied, while the interest of 

modification of chemical reactions of the molecules in the optical cavity have become more 

and more attractive. Thomas Ebbesen and his students inspire many perspectives and lead 

the pioneering studies in this field60, 62-69, 71, 77, 80, 82, 92, 97-115. They studied the ground state 

chemical reactivity of the silane deprotection reaction of 1-phenyl-2-

trimethylsilylacetylene, and retardation of the reaction rate was reported under vibrational 

strong coupling65. They also manipulated the donor and accepter energy level by strong 

coupling in an optical cavity, to increase the resonant energy transfer rate64. They also 

explored the possibility of the strong coupling application out of the optical purpose. By 

fabricating the organic semiconductor on a silver photonic crystal array, they surprisingly 

improved the conductivity of the organic layer, which indicated the significance of the 

modulation of electromagnetic environment by strong coupling105. Beyond the static 

methods, time resolved transient absorption spectroscopy was also applied by J. C. 

Owrutsk’s group116 to study strong vibrational coupling in W(CO) 6 molecules in a mid-IR 

cavity, and showed that the relaxation time of vibrational models can be dramatically 

modified. Later, Wei Xiong’s group used two dimensional infrared spectroscopy to reveal 

the dark state among the polariton states72. Besides the above, there are increasing studies 

in mechanisms and the applications of polaritons in chemical reactions.   

In chemistry, one of the most significant processes during chemical reactions is electron 

transfer. Electron transfer was first proposed by Rudolph A. Marcus in 1956, and further 

developed as Marcus Theory, which is regarded as the universal model to study the electron 

transfer kinetics from a donor to an acceptor in the solution. It basically describes how the 

electron transfer rate can be determined by the free energy difference between reactants 
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and products, and the reorganization energy. With the assumption of the parabolic potential 

energy surface in the reaction coordinate, the electron transfer rate reaches the maximum 

when the free energy difference cancels out the reorganization energy. With the strong 

coupling of the light in the cavity, the anharmonicity may be introduced into in the potential 

energy surface, leading to acceleration or suppression of the electron transfer rate, 

influencing even the pathway or the product selection in the chemical reactions. Therefore, 

understanding electron transfer has great significance, and the modulation of the electron 

transfer process by strong coupling has promise for the development of next generation 

devices.  

3.1.2. Purpose and Expectation 

Many fundamental questions of chemical reactions under light-matter interaction were 

studied except for electron transfer. In this project, electron transfer in an optical cavity 

would be studied as the electron transfer pathway might change with the polariton states. 

Transient absorption spectroscopy would be the main approach for studying the electron 

transfer kinetics, and time resolved photoluminescence would provide complementary data.  

In principle, a donor and an accepter molecule are needed. At the start of the project, 

Rhodamine 6G (R6G) molecule was chosen for the cavity fabrication trials, because it is 

cheap, non-toxic, and it has optical transition around 550 nm. However, R6G was found 

problematic. A J-aggregate molecule should be more suitable for this project. Due to lack 

of mature fabrication skills and experience on finding suitable system, here only 

preliminary results are presented and it is considered as a potential new direction for our 

group.  
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3.2. Experiment Methods 

3.2.1. Optical Cavity Fabrication 

The optical cavity used in this work is Fabry-Perot cavity, which consists of two planar 

silver mirrors. The fabrication followed Thomas Ebbesen’s procedure64. Firstly, the R6G 

molecules were mixed with polyvinyl alcohol in water. Then, a sliver layer was deposited 

on a cleaned microscope slide, followed by spin-coating a mixture of R6G and PVA with 

2000 rpm for 30 sec. After the solution was totally dried and formed plastic layer, another 

sliver layer was sputtered on the top of the whole film. The completed cavity has the sliver-

molecule/polymer-sliver sandwich structure, shown as the diagram in Figure 3.3. The 

concentration of R6G and PVA is various, depended on the cavity length and resonant 

condition. All the sliver deposition was performed by thermal evaporation, with kind 

assistance from Prof. Sergei Urazhdin, in the physics department at Emory University.  

 

Figure 3.3. Diagram of the sandwich structure molecules in optical cavity.   

 

3.2.2. Transient Absorption Spectroscopy Measurement 

The femtosecond pulse beam for transient absorption was provided by a regeneratively 

amplified 800 nm Ti:Sapphire Laser with 2 mJ pulse energy, 1 kHz repetition rate and 150 

fs pulse duration (Legend, Coherent Inc.). Probe beam was formed by white light 
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generation through pumping around 10 μJ into a sapphire window. The 10% of the white 

light probe was taken as the reference signal to improve the signal-to-noise ratio. The rest 

1.3 mJ of the laser output was used to pump an optical parametric amplifier (Opera, 

Coherent Inc.), and converted into the signal and idler beam after the second amplification. 

By combining the sum frequency generation or second order generation of one of these 

two beams and the fundamental 800 nm beam, a wide range of visible pump beams 

from400 nm to 750 nm could be obtained. With a synchronized chopper at 500 Hz, the 

pumped and unpumped absorption spectra were recorded and subtracted. The data 

acquisition system was a Helios system, from Ultrafast LLC., which captured the signal 

through a fiber coupled multi-channel spectrometer with a complementary metal oxide 

semiconductor (CMSO) array. The IRF of the whole setup was estimated about 150 fs by 

measuring response of toluene in a cuvette. For all the measurement, the probe beam was 

normally incident. 

3.2.3. Time Resolved Fluorescence Measurement 

The time resolved fluorescence setup shares the same TCSPC module and excitation laser 

as already described in previous part. The excitation beam pumped the sample and the 

transmitted fluorescence photons were collected by an MCP-PMT (Hamamatsu Photonics) 

after filtering out the excitation beam. For all the measurements, normal incidence was 

performed. 

 

3.3. Results and Discussion 

The physics of Fabry-Perot cavity transmission is given by the follow expression58, 117-119: 
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𝑇 =
1

1+(4𝐹2 𝜋2⁄ )𝑠𝑖𝑛2(𝜙 2⁄ )
                                                                                               eq. (3.2) 

where 𝐹 is the finesse of the cavity, and can be derived by the reflectivity of two parallel 

mirrors, 𝑅1and 𝑅2, as shown in eq. 3.3.  𝜙 is the phase shift of a round travel of photons 

the cavity, which is determined by the refractive index 𝑛 of the medium between two 

mirrors, the cavity spacing distance 𝐿𝑐𝑎𝑣, and wavelength of the photons 𝜆, as shown in eq. 

3.4.  

𝐹 =
𝜋(𝑅1𝑅2)

1
4

1−√𝑅1𝑅2
                                                                                                                eq. (3.3) 

𝜙 = 4𝜋𝑛𝐿𝑐𝑎𝑣 𝜆⁄                                                                                                           eq. (3.4) 

To begin, the thickness dependent reflectivity of a single sliver mirror on the glass substrate 

can be estimated by measuring UV-Vis absorption spectrum. Figure 3.4 a shows extinction 

curves of different thickness of single sliver layer on glass substrate. Here, it was assumed 

that 𝑇 + 𝑅 ≈ 1. The UV-Vis spectrometer takes transmitted intensity and converts it into 

absorbance by assuming 𝑇 + 𝐴 ≈ 1. Without molecules, the sliver absorption in visible 

range is very minor. The thickness of sliver was ranged from 20 nm to 100 nm. When the 

thickness of silver was 40 nm, the reflectivity of the sliver layer was over 90% (A>1) from 

450 nm to 800 nm, which could form high quality cavity. When the sliver layer was thicker, 

the absorption of the sliver affected the quality of cavity because the strong absorption 

reduced the reflectivity. Thus, the following cavities were all deposited with 40 nm sliver. 

In Figure 3.4 b, the resonant cavity mode position could be controlled by tuning 

concentration of PVA solution. More concentrated PVA solution forms longer spacing 

distance between two sliver mirrors. The cavity mode position– PVA concentration 
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relation was estimated by spin-coating 3.5, 4.0, 4.5, and 5.0 wt% PVA solution on a 15 

mm × 15 mm glass.  

 

Figure 3.4. a). Extinction curves of different single layer sliver on glass. b) Transmission curves 

of optical cavity by spin-coating different concentration PVA solution. 

As the preliminary trial of studying molecules in optical cavity, J-aggregates, for instance, 

the TDBC molecule in Thomas Ebbesen’s work64, which formed aggregates with aggregate 

state dipole moment aligning along with the direction of electric field oscillating within in 

a two planar mirrors optical cavity, were not involved, considering the price of the 

molecules. Instead of the J-aggregates, the fluorescence dye R6G was chosen as 1/3 of the 

transition dipoles that can be coupled with the cavity mode, assuming the orientation of 

molecular dipoles was randomly distributed.  Figure 3.5 a shows the absorption spectrum 

of R6G in water. The strong exciton transition around 520 nm was the target for the cavity 

fabrication. According to Figure 3.4 b, 4.0% ~ 4.5% PVA solution was supposed to be 

used. Thus, a series of concentration of PVA solution from 3.50% to 5.00% were mixed 

with 5 mM R6G and dispersed in the cavity. The transmission curves were plotted in Figure 

3.5 b. When the PVA concentration was around 4.0% to 4.5%, the transmission peak split 

into two peaks, which indicated the cavity modes were overlapped with R6G transition, 

a) b) 
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generating two separated polaritonic states and allowing light to pass through. It was a pity 

that the absorption spectra could not be measured without the integration sphere. However, 

the splitting proved the strong coupling of R6G molecules in the optical cavity. While PVA 

solution was too dilute or concentrated, the off-resonance features were displayed, which 

have an intense peak mainly consisting of the cavity mode and a weak peak mainly consist 

of the exciton transition81, 101. This verified the effectiveness of controlling the cavity mode 

by tuning concentration of PVA solution. The fluorescence decay of these samples and 

control samples (R6G in ethanol, R6G in PVA polymer outside of cavity) were measured 

and plotted in Figure 3.5 c. Except for the free R6G in ethanol, all the other samples’ 

fluorescence decay kinetics showed no clear trend but much faster than the free one. This 

will be discussed later. For further investigation, the influence of the glass substrate was 

shown in Figure 3.5 d. All the cavities in Figure 3.5 d were made on 25 mm × 25 mm glass. 

Although the same concentrated PVA solution was used, all the R6G molecules were not 

coupled resonantly with cavity. Actually, many other factors might affect the cavity 

fabrication, and could not considerably be covered. The condition explored in Figure 3.5 b 

was useful for the further study. 
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Figure 3.5. a) R6G absorption spectrum in water. b) Transmission curves of 5 mM R6G in optical 

cavity. The cavity spacing distance was determined by a series of concentrations of PVA solution. 

c) The PL decay curves of the samples in b). d) Cavities made by 25 mm × 25 mm glass substrate 

with same conditions as in b). All the samples were off-resonance. 

To investigate the relationship between the molecule’s density and Rabi splitting, the PVA 

solution concentration was fixed at 4.50% for strong coupling while the R6G concentration 

varied. The transmission curves were shown in Figure 3.6 a. For the empty cavity (0 mM 

R6G), there was no splitting that appeared, although the cavity mode did couple with the 

R6G transition. With increasing concentrations of R6G molecules, the splitting of the 

transmission curves was increased. As R6G molecules were distributed randomly in the 

PVA polymer, the Rabi splitting could be rewritten with a factor of 1/3, and could still be 

proportional to the sqrt of the molecular density. Since the volume of the cavity was fixed, 

a) 

c) 

b) 

d) 
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the relation between Rabi splitting and the square root of the molecular concentration was 

plotted in Figure 3.6 b. Due to the limitation of the fabricated cavity, the precise cavity 

mode could not be reproduced very well, thus the cavity mode when containing molecules 

or not might be quite different. The transmission curves were not able to be fitted. The Rabi 

splitting could only be estimated by subtracting the two transmission peaks energy levels. 

Even though, the Rabi splitting roughly kept the linear relationship with the square root of 

the concentration, which could be reflected as the red dashed line inFigure 3.6 b. 

 

Figure 3.6. a) Optical cavities fabricated with 4.5% PVA solution and various concentrations of 

R6G from empty cavity to 5 mM. b) Linear relationship between Rabi splitting and sqrt of R6G 

concentration. 

It has been reported strong coupling can alter the lifetime of excited states. To study the 

excited state dynamics, TAS is applied. The transient absorption spectra of the sample 

series of Figure 3.5. b were presented in Figure 3.7 with excitation of upper polariton band 

(P+) at 500 nm and lower polariton band (P-) at 550 nm. Both polariton bands showed 

ground state bleach peaks, and the subtracted spectra shapes varied with the concentration 

of the PVA solution. Compared with the TAS of the R6G molecules in PVA polymers 

outside of the cavity in Figure 3.8 a, and free R6G molecules in ethanol in Figure 3.8 b, it 

a) b) 
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is quite clear that whether the R6G molecules were inside or outside of the cavity, as long 

as R6G molecules were trapped in PVA polymers,  the ground state bleach signal decays 

extremely quickly within 100 ps. The exciton lifetime of free R6G molecules in ethanol is 

about 4 ns. This mismatch is due to the dimerization of the concentrated R6G in polymer120. 

As R6G/PVA/water solution was spin-coated on the glass substrate, a majority of the water 

was evaporated during dry casting. The rest of the water was involved in polymerization 

which significantly increased the concentration of R6G in the plastic polymer. The 

formation of R6G dimer traps the exciton formed by monomer, causing the fast decay of 

R6G in polymer film. In principle, R6G is not a good molecule to study strong coupling 

issue. 

The transient absorption spectra can be attributed analytically by the transmission curves 

of a cavity containing medium with certain amount of excited stated population 72, 75, 88, 116, 

121-124: 

𝑇𝑐𝑎𝑣(�̅�) =
𝑇2𝑒−𝛼𝐿𝑐𝑎𝑣

1+𝑅2𝑒−2𝛼𝐿𝑐𝑎𝑣−𝑅𝑒−𝛼𝐿𝑐𝑎𝑣cos⁡(4𝜋𝑛𝐿𝑐𝑎𝑣�̅�+2𝜑)
                                                       eq. (3.3) 

where 𝛼  accounts for the exciton coefficient of the molecules in the cavity, and 𝑛 

represents the wavenumber dependent refractive index. 𝜑 denotes the phase shift as light 

reflects at the mirror. To obtain the 𝑛 and 𝛼, the dielectric function of real 𝜀1 and imaginary 

𝜀2 part of the cavity medium was derived with a format of sum of Lorentzian functions: 

𝜀1 = 𝑛𝑏𝑔
2 + ∑

𝐴𝑖(𝜈𝑖
2−𝜈2)

(𝜈𝑖
2−𝜈2)2+(Γ𝑖𝜈)2𝑖                                                                                       eq. (3.4)  

𝜀2 = ∑
𝐴𝑖Γ𝑖𝜈

(𝜈𝑖
2−𝜈2)2+(Γ𝑖𝜈)2𝑖                                                                                                 eq. (3.5) 
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Where 𝑛𝑏𝑔  is the background medium refractive index, and 𝐴𝑖 , 𝜈𝑖 , Γ𝑖  represent the 

amplitude, resonant frequency, linewidth of the 𝑖𝑡ℎ mode, respectively. With 𝜀1 and 𝜀2, the 

𝑛 and 𝛼 can be derived as: 

𝑛 = √𝜀1+√𝜀1
2+𝜀2

2

2
                                                                                                          eq. (3.6) 

𝛼 = 4𝜋𝜈√
−𝜀1+√𝜀1

2+𝜀2
2

2
                                                                                                 eq. (3.7) 

In fact, even if the theoretical knowledge is sufficient, R6G was not a good system, as the 

dimerization made the analysis much more sophisticated. Another serious issue was that 

the reproducibility was poor for this fabrication method. The cavity modes could be 

duplicated with the same condition easily, but the thermal evaporation could not always 

produce the same sliver thickness. These obstacles made some important parameters 

unmeasurable nor reliable based on assumption. In addition, a molecular system with donor 

and acceptor was not familiar to us, as dimerization might be a very common issue in a 

concentrated condition. 

Nanocrystal systems were also explored, such as QDs or semiconductors in the optical 

cavity, but strong coupling was never achieved in this project. While the nanocrystals are 

one hundred times larger than molecules, the large-size induced surface roughness caused 

trouble when depositing sliver layer. The sliver layer always looked cloudy but not mirror-

like, which had much lower reflectivity. Furthermore, larger size dramatically reduced the 

concentration, which might impede the light-matter interaction move forwards to the strong 

coupling regime. As most literature in this field only reported strong coupling of QDs in 
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nano photonic array, the charge transfer between QDs and molecules in strong coupling 

condition is still a very interesting topic. 

3.4. Conclusion 

The project was terminated due to lack of experience in the field and poor fabrication 

reproducibility. Fortunately, strong coupling between R6G molecules in two planar silver 

mirrors was investigated by static transmission measurement. We found the splitting of the 

energy levels scales with the sqrt of the R6G concentration. However, due to the formation 

of dimer, the intrinsic exciton lifetime has been altered. Thus, time resolved fluorescence 

measurement and transient absorption spectroscopy measurement fail to offer further 

information on how cavity would modify the carrier dynamics. However, this preliminary 

result should still be helpful for accumulating the knowledge of light-matter interaction for 

further study in the future.  
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Figure 3.7 TAS of the R6G in cavities. a), b), c), d), e), f), g) 500 nm pump; h), i), j), k), l), m), n) 

550 nm pump. The spectral shape changed with the shift of cavity transmission. 
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Figure 3.8 a) TAS of R6G molecules in 4.5% PVA polymers film outside of the cavity, pumped 

by 500 nm. b) TAS of free R6G molecules in ethanol, pumped by 500 nm. 

 

  

a) b) 
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4. Investigation of A Novel Rhenium Disulfide 

Electrocatalyst by Vibrational Sum Frequency 

Generation Spectroscopy 

 

4.1. Introduction 

Heterogeneous electrocatalysis has been developed as a promising approach to overcome 

the energy regeneration issues around the world. This field has made progress in the 

enhancement of stability, selectivity, and productivity of the catalytic reaction, especially 

in electrocatalytic reactions. By binding electrocatalytic molecules onto a metal or 

semiconductor electrode surface, CO2 reduction or H2 evolution can be more efficient. 

However, the behaviors of catalysts during heterogeneous electrocatalysis have always 

been of interest, particularly in understanding how the interfacial electric field interacts 

with molecules. In this paper, a novel rhenium-based CO2 reduction electrocatalyst 

Re(SSbpy)(CO)3Cl was synthesized and attached to polycrystalline gold film electrode. By 

probing the symmetric CO stretching mode with potential dependent SFG vibrational 

spectroscopy, the Stark shift rate of 7~8 cm-1V-1 under applied bias was revealed, indicating 

a weak correlation between the symmetric CO stretching dipole and the interfacial electric 

field. In addition, DFT calculations indicated that this molecule tended to be adsorbed on 

the gold surface with a nearly zero tilt angle with great agreement to spectroscopic results.  

4.1.1. Background 
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CO2 reduction has extraordinary significance in solving the problem of energy 

consumption and sustainability in future prospects. The emission waste and greenhouse 

gas can convert into regenerative fuels through the CO2 reduction reaction125-126. 

Electrochemical catalytic CO2 reduction reaction has fascinated scientists’ focus because 

of its great potential however, the difficulty of improvement of stability127-129, selectivity130-

133, and efficiency134-136 are still the most challenging issues all around the world.  

To overcome these barriers, a homogeneous catalyst Re(bpy)(CO)3Cl and its derivatives 

were synthesized and reported as a series of CO2 selective and highly efficient 

electrocatalysts with low onset potential to reduce CO2 to CO, in 1984137. Recently, 

heterogeneous catalysis, through immobilizing catalysts on a metal or semiconductor 

surface, is developing promisingly. Compared with homogeneous catalysis, heterogeneous 

catalysis can be more easily recycled and achieve greater catalytic selectivity138-139, but it 

brings difficulties on characterization of the catalysts. Many molecular behaviors and 

responses at the interface of surface and solution are thereby not understood 

unambiguously, particularly the catalytic mechanism affected by the interfacial electric 

field140-141. With regard to the detection of molecules attached on the surface during the 

electrochemistry reaction, in-situ electrochemical sum frequency generation vibrational 

spectroscopy offers its unique benefits to exclusively probe the vibrational mode of the 

catalysts adsorbed on the electrode surface over a potential range142-144. Due to the nature 

of the second order nonlinear response, only the interface between the solid electrode and 

solution can generate an asymmetric electronic environment145. Therefore, electrochemical 

SFG is believed to be a powerful tool to study the interfacial chemical reaction between 
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catalyst and redox couples. SFG can also offer insights in how interfacial electric field 

would impact the reactions. 

A novel rhenium bipyridine tri-carbonyl chloride catalyst with a disulfide bond on the 

bipyridine ring was recently synthesized. The significant interest for the disulfide bond 

modification is that the bond will break and form two Au-S bonds when binding on the 

gold electrode surface. With knowledge of the previous Re complexes, to study this catalyst 

molecule with a new type of binding structure by electrochemical SFG will expand the 

understanding of the e lectrochemical interface and catalysis, which may even help 

improve the guidance of the catalyst design.  

 

4.1.2. Purpose and Expectation 

In this work, the interfacial electric field induced Stark tuning of Re(SSbpy)(CO)3Cl was 

investigated by scanning SFG vibrational spectra with different applied bias. Beyond the 

spectroscopic results, DFT calculations was also conducted to predict the orientation and 

states of the catalyst at different potentials. By the integration of experimental data with a 

theoretical model, we reported the response of Re(SSbpy)(CO)3Cl to the interfacial electric 

field under different potentials. 

 

4.2. Experiment Methods 

4.2.1. SFG Measurements 

The experimental setup of SFG spectroscopy is shown in Figure 4.1. A commercial Yb: 

KGW laser (CARBIDE, Light Conversion, Ltd.) provides a ~290 fs ultrafast pulse beam 
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at 1030 nm with a 200 μJ per pulse. 90% of the output is firstly compressed and then enters 

the high power optical parametric amplifier (Orpheus-HP, Light Conversion, Ltd.) to 

generate a broadband mid-infrared pulse from 1350 nm to 16000 nm. The other 10% of 

uncompressed 1030 nm output is directly introduced into the second harmonic band 

compressor (SHBC, Light Conversion, Ltd.), in which two inversely chirped pulses with 

the same magnitude are modulated from the broadband 1030 nm pulse and generate a 

narrowband 515 nm pulse with ~6 cm-1 bandwidth by neutralizing the opposite temporal 

chirp during second harmonic generation in a BBO crystal. An integrated acoustic-optical 

modulator could tune the pulse repetition rate up to 200 kHz.  

 

Figure 4.1. Experimental setup scheme of high repetition rate sum frequency generation 

spectroscopy.  

For the SFG measurement geometry, a narrowband p-polarized VIS pulse at 515 nm and a 

broadband p-polarized IR pulse centered at 5150 nm were focused on the gold film 

electrode with the angle of incidence as 65° and 40° respectively. The reflected p-polarized 

SFG signal was collected by Shamrock S500i spectrometer with its combined Newton 

EMCCD (Andor Technology, Ltd.).  

For the phase-sensitive SFG measurement, the angle of incidence of the IR pulse at the 

first sample stage was set to 55°. The reflected SFG, VIS and IR were again focused onto 
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the second sample stage by a parabolic mirror. Finally, the phase-sensitive SFG signal was 

imaged into the detector.  

The SFG signal and imaginary part can be described with the following expressions143-144, 

146-149: 

𝐼𝑆𝐹𝐺 ∝ |𝐴𝑁𝑅𝑒𝑖𝜑 + ∑
𝐴𝑞

𝜔𝐼𝑅−𝜔𝑞+𝑖𝛤𝑞
𝑞 |

2

𝐼𝑉𝐼𝑆𝐼𝐼𝑅                                                                eq. (4.1) 

𝐼𝑚 [𝐴𝑁𝑅𝑒𝑖𝜑 + ∑
𝐴𝑞

𝜔𝐼𝑅−𝜔𝑞+𝑖𝛤𝑞
𝑞 ] = 𝐴𝑁𝑅 sin 𝜑 − ∑

𝐴𝑞𝛤𝑞

(𝜔𝐼𝑅−𝜔𝑞)
2
+𝛤𝑞

2𝑞                               eq. (4.2) 

where 𝐴𝑞, 𝜔𝑞, and 𝛤𝑞 respectively represent amplitude, frequency and dephasing time of 

the 𝑞 th mode. 𝐴𝑁𝑅 indicates the amplitude of non-resonant signal, which comes from the 

substrate SFG response, and 𝜑  means the relative phase difference between the non-

resonant signal and resonant signal. 

4.2.2. Orientation Extraction from SFG Spectra  

Orientation information of molecules can be extracted from SFG spectra though the second 

order hyperpolarizabilities 𝛽𝑖𝑗𝑘,𝑞
(2)

, as described in many previous literatures143-144, 146, 150-151. 

The second order susceptibility of the interface composed of molecules can be defined in 

terms of 𝛽𝑖𝑗𝑘,𝑞
(2)

 as: 

𝜒𝐼𝐽𝐾,𝑞
(2)

= ∑ 〈(𝐼 ∙ 𝑖̂)(𝐽 ∙ 𝑗̂)(�̂� ∙ �̂�)〉𝛽𝑖𝑗𝑘
(2)

𝑖𝑗𝑘                                                                      eq. (4.3) 

in which the molecular coordinators are converted to the laboratory coordinators by ZYZ 

Euler rotation. The second order susceptibility of ppp polarization combination 𝜒𝑝𝑝𝑝,𝑞
(2)

 can 

be derived as: 

𝜒𝑝𝑝𝑝,𝑞
(2)

= −𝐿𝑥𝑥𝑧𝜒𝑥𝑥𝑧,𝑞
(2)

− 𝐿𝑥𝑧𝑥𝜒𝑥𝑧𝑥,𝑞
(2)

+ 𝐿𝑧𝑥𝑥𝜒𝑧𝑥𝑥,𝑞
(2)

+ 𝐿𝑧𝑧𝑧𝜒𝑧𝑧𝑧,𝑞
(2)

                               eq. (4.4) 
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where 𝐿𝑖𝑗𝑘 indicates the Fresnel factors, and they are listed in Table 4.1143. 

Table 4.1. Fresnel Factors of homodyne (IR AOI = 40°) and heterodyne (IR AOI = 55°) SFG. 

 IR AOI=40° IR AOI=55° 

|Lzxx| 0.14 0.18 

|Lxzx| 0.03 0.03 

|Lxxz| 0.19 0.02 

|Lzzz| 1.06 1.35 

Molecular orientation information can be extracted from SFG spectra by mapping out the 

tilt (θ) and twist (ψ) angles by DFT calculation and searching the combination which 

matches the experimental spectra best. This work is leaded by Prof. Batista group at Yale 

University, and it is still ongoing.  

 

4.2.3. SAM Preparation 

Polycrystalline gold film electrodes were prepared from microscope slides coated by 100 

nm Au and 7.5 nm Cr as the adhesive layer, which were purchased from Substrata Thin 

Film Solutions, Inc. The gold films were firstly pretreated in an ultrasonic bath in acetone 

for 5 min, and then in ethanol for 5 min. The above step was repeated once again before 

drying with nitrogen flow. The cleaned gold films were immersed in 1mM ReSS/DMF 

solution for over 48 hours for ReSS assembled as a monolayer at the gold film surface. 

Before SFG measurements, the gold films were rinsed and washed by ethanol three times, 

and then stilly dried in air. Electrolyte was made by mixing 10 mM sodium hydroxide with 

Milli-Q water. The NaOH solution was bubbled with nitrogen for 30 min, prior to 

electrochemistry SFG measurement. 
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4.2.4. Electrochemical SFG Measurements  

The electrochemical SFG setup was modified from our previous ideas143-144. As shown in 

Figure 4.2, the electrochemical SFG was run in a chamber electrochemistry cell. A glass 

dish which served as electrolyte container was placed in a sealed clear plastic box. The 

gold film attached with copper tape was fixed in the glass dish as the working electrode. 

The adhesion part of the gold film and the copper tape was covered by epoxy resin for 

isolation. A 2 mm CaF2 window was pressed on the gold film as cell window. To control 

the thickness of the electrolyte solution, 50 μm PTFE spacers were added between gold 

film electrode and CaF2 window. A Pt wire counter electrode was cleaned by flame baking 

in advance. At the beginning of the in-situ electrochemical SFG measurement, purging 

plastic chamber with nitrogen flow for 15 min was followed by injection of nitrogen 

bubbled NaOH electrolyte. The chamber was continuously purged with gentle nitrogen 

flow during the electrochemical SFG scans.  

 

Figure 4.2. Diagram of electrochemical SFG in chamber cell geometry.   
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A potentiostat (CH Instruments, Inc.) controlled the potential from +0.30 V to -1.10 V vs. 

Ag/AgCl (1M KCl) with scan rate of 2 mV/s. After several cycles of electrochemical SFG 

scans, the SAM was removed from the gold film surface by adding -1.60 V for 50 sec. 

Afterward, the SFG spectrum of the nearly bare gold film was collected for normalization 

of IR spectral shape. For the balance of the SAM photostability and SFG signal quality, 

each spectrum was integrated for 25 sec with the pulse repetition rate at 10 kHz.  All the 

involved SFG signals were with the ppp-polarization combination. 

 

4.2.5. Impedance-Potential Measurements 

The capacitance was measured in a glass beaker with PTFE cap. The ReSS adsorbed gold 

film slides were immersed into 10 mM NaOH/H2O solution with approximate area of 1 cm 

× 0.8 cm. The impedance-potential measurement was performed under 100 Hz, 5 mV AC 

voltage. The applied potential scanned with 5 mv/s from +0.30 V to -0.90 V vs. Ag/AgCl 

(1M KCl) and then backward.  The electrolyte was bubbled by nitrogen flow in advance.  

The total capacitance of a SAM modified gold film electrode can be determined as152-154: 

1

𝐶𝑡𝑜𝑡𝑎𝑙
=

1

𝐶𝑆𝐴𝑀
+

1

𝐶𝐺𝐶
                                                                                                     eq. (4.5) 

where 𝐶𝑆𝐴𝑀 and 𝐶𝐺𝐶  represent capacitance induced by the SAM and diffuse layer 

respectively. Both 𝐶𝑆𝐴𝑀  and 𝐶𝐺𝐶  change at different applied potentials while 𝐶𝐺𝐶 

dominates. In this case, the minimum of the capacitance-potential curves can be used to 

estimate the potential of zero charge.   

4.2.6. Sample Information 
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The catalyst Re(SSbpy)(CO)3Cl was synthesized by our collaborator Mauricio Cattaneo 

from Universidad Nacional de Tucumán. The molecule structure and spectroscopic 

characterization are shown in Figure 4.3 a, b and c. 

 

Figure 4.3. a) Re(SSbpy)(CO)3Cl molecule structure. b) FTIR spectrum of ReSS in KBr pellet. c) 

UV-Vis absorption spectrum of ReSS in acetonitrile.  

4.3. Results and Discussion 

4.3.1. Homodyne and Heterodyne SFG Spectrum of ReSS SAM in Air 

The common SFG and phase sensitive SFG of Re(SSbpy)(CO)Cl3 SAM at gold film were 

measured in air (Figure 4.4 a). As shown in top of Figure 4.4 b, the SFG spectrum of ReSS 

shows a pronouced CO symmetric stretching mode around 2030 cm-1. Besides this, it also 

exhibits a shoulder at lower frequnecy region around 1950 cm-1, which probably could be 

assigned to CO asymmetric stretching mode. The resonant mode of the SFG signal was 

fitted and showed the frequency of the CO stretching mode at 2026 cm-1. Due to ambiguity 

of the low frequency mode, phase-sensitive SFG was performed and the result was plotted 

in the bottom of Figure 4.4 b. Through the expression of the imaginary part of SFG signal, 

the extremum usually indicates the frequency of resonant mode. The SFG spectrum shows 

a huge amplitude of the CO symmetric stretching mode and a noise-level amplitude of the 

CO asymmetric stretching mode. Understanding the orientation of the catalyst on the 

a) b) c) 
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surface has significant meaning to visualize the interfacial reaction. Orientations of the 

catalyst may alter its reactivity and may also affect the reaction selectivity through 

interfacial bonding or steric effects. From the ratio of amplitudes from these two peaks, the 

orientation of ReSS SAM can be implied. Taking the direction of the CO symmetric and 

asymmetric dipole moments into consideration, only the situation that the ReSS nearly 

stands up vertically at gold surface matches the best. The dipole of the CO symmetric 

stretching mode can couple with p polarized infrared beam, resulting in huge amplitude , 

while the dipole of CO asymmetric mode is almost parallel to the gold surface, thus, 

resulting in negeligible signal amplitude.   

 

Figure 4.4. a) Scheme of SFG measurement in the air. b) homodyne SFG spectrum with fitting 

result (top) and heterodyne SFG spectrum (bottom). 

Further analysis will be performed by our collaborators via computational simulation. By 

scanning the configurations of tilt (𝜃) and twist (𝜓) angles in DFT optimization, the best 

matched simulated spectrum can be found and the orientation of the ReSS at gold films 

can be defined. 

4.3.2. Electrochemical Vibrational Stark Shift 

To investigate the influence of the electric field at the interface of the gold film and 

electrolyte on the SAM of ReSS, SFG spectrum were scanned synchronously with cyclic 

a) b) 
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voltammetry. To avoid irreversible dissociation of ReSS from gold surface and suppress 

hydrogen evolution in the negative potential regime143, the potential range was set from 

+0.30 V to -1.10 V. Meanwhile, 10 mM NaOH was selected to offer a base environment 

and conductivity while more concentrated base electrolyte would promote the irreversible 

desorption process143.  

 

Figure 4.5. a) Cyclic voltammogram associated with potential dependent SFG scans. b) First cycle 

potential dependent SFG scans.  

 

The cyclic voltammogram of three successive cycles of the potential-dependent SFG 

measurement was shown in Figure 4.5 a. In the initial negative sweep of the first cycle, 

multiple reductive peaks appeared respectively at -0.44 V, -0.70 V and -0.88 V, as well as 

the large cathodic current that started flowing at -0.24 V. The reductive peak at -0.44 V 

and -0.70 V during the cathodic current disappeared in the following cycles. Although these 

reductive peaks and current are still ambiguous, they could be attributed to electrochemical 

surface equilibrium, probably due to disordered ReSS molecules outside of SAM or 

a) b) 
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contamination induced adsorption/desorption. In the both of the following two cycles 

(Figure 4.6 a and d), two reductive desorption peaks occurred at -0.64 V and -0.87 V. 

According to the previous study of Re(bpy)(CO)3Cl with a functional thiol group155-158, the 

disulfide bond could break with the formation of two Au-S bonds when self-assembled at 

the gold surface. Therefore, these two peaks can be assigned to the desorption of two Au-

S bonds one after another. The current increased crucially while the hydrogen evolution 

reaction just started at -1.00 V. Correspondingly, there were two re-adsorption peaks at -

0.85 V and -0.73 V, during the positive going sweep. It is remarkable that the CV curves 

were reproducible except that the current ampiltude was weaker after each cycle. 

Compared with desorption peaks, the adsorption peaks in the same cycle always had less 

amplitude, indicating that some ReSS was dissociated from the gold surface into the 

solution.  
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Figure 4.6. a), b) and c) are spectra, frequency and amplitude fitting results of second cycle 

potential dependent SFG respectively. d), e) and f) are spectra, frequency and amplitude fitting 

results of second cycle potential dependent SFG respectively. 

Corresponding to the CV curves, three successive cycles of the SFG spectra with different 

bias were plotted in Figure 4.5 b (1st cycle), Figure 4.6 a (2nd cycle) and Figure 4.6 d (3rd 

a) 

d) 

b) 

c) 

e) 

f) 
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cycle). The SFG scans with different potential were offset for clarity. The symmetric C≡O 

stretching mode of ReSS was probed while the asymmetric C≡O stretching mode was 

barely observed. This is consistent with the theoretical configuration model which predicts 

that ReSS would stand erect on the gold surface; thus, the transition dipole of the symmetric 

C≡O stretching mode has a vertical component to the surface while the dipole of 

asymmetric C≡O stretching mode is nearly parallel to the substrate. Overall, the SFG 

spectra changed in an apparently different way during the negative going sweep of the first 

cycle, while the changes of SFG spectra appears in a similar way in the following cycles 

(details show the comparison of shapes of the certain specific spectrum). The frequency of 

the C≡O stretching mode decreases in the negative going sweep and increases backward in 

the positive going sweep after surface equilibrium. Besides, the amplitude of the ReSS 

signal almost disappeared at around -1.10 V, indicating that the ReSS molecules desorbs 

from the gold surface and are totally dispersed in the solution. The stability and 

reproducibility were tested with another separate control sample using the same 

experimental conditions with more successive scans. The trend of frequency shifting was 

consistent while the initial amplitude of ReSS signal at the beginning of each cycle dropped 

gradually. This supports the irreversible dissociation of ReSS in CV curves.  

 

a) b) c) 
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Figure 4.7. a) Fitting results of non-resonant signal in 2nd cycle of electrochemical SFG scans. b) 

Fitting results of non-resonant signal in 3rd cycle of electrochemical SFG scans. c) Capacitance-

potential curves. 

To further understand the interfacial electric field induced frequency shift of ReSS CO 

stretching mode, potential dependent SFG spectra of the second (Figure 4.6 a) cycle were 

fitted with a normalized SFG signal formula. The frequency and amplitude of the 

symmetric CO stretching mode were plotted in Figure 4.6 b and c respectively. During the 

Stark tuning of the CO stretching mode with respect to different applied potentials, the 

frequency of the CO mode shifts gradually to lower wavenumbers in the cathodic sweep 

and shifts backward in the anodic sweep. Notably, the frequency shifting rate changed 

suddenly around -0.80 V, where the first Au-S bond had already dissociated and the 

reductive current of second Au-S bond was about to flow. Consistently, the amplitude of 

the CO mode dropped steadily between +0.30 V and -0.80 V and became intricate at a 

more negative potential. Herein, the complexity of the determination of the amplitude 

originates from the peak width broadening and amplitude decrease. The Stark tuning rate 

of CO stretching mode between +0.30 V to -0.80 V extracted through linear fitting was 

6.75±1.51 cm-1/V in the negative going sweep, and 7.50±0.83 cm-1/V in the positive sweep. 

A previous study143 of a similar rhenium based catalyst, Re(S-2,2’-bpy)(CO)3Cl showed 

the Stark tuning rate at the polycrystalline gold surface is  21.0±2.0 cm-1/V. The DFT 

calculation results of Re(S-2,2’-bpy)(CO)3Cl demonstrated that the optimal tilt angle is 

65°~75°, depending on whether the CO or Cl faces the gold surface. This significant 

difference indicates that the CO groups of Re(SSbpy)(CO)3Cl should be located farther 

away from the gold surface than the CO groups of Re(S-2,2’-bpy)(CO)3Cl, consequently, 
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the former CO mode frequency shifts slower under weaker interfacial electric field while 

the latter CO mode frequency shifts faster under stronger interfacial electric field. 

Furthermore, this result concurrently agrees with the vertical adsorption model from DFT 

predictions. Likewise, the spectra of the third cycle of electrochemical SFG scans were 

also analyzed and plotted in Figure 4.6 d, e and f. The Stark tuning rate of the CO mode in 

the negative going sweep and positive going sweep was 7.83±0.86 cm-1/V and 8.82±1.33 

cm-1/V respectively. According to other fitting results, the trend of frequency shifting and 

amplitude variation under bias follows quite well with the second cycle, which verifies the 

reproducibility and stability.  

Additionally, the non-resonant signal of the 2nd and 3rd cycle scans of potential dependent 

SFG measurements was plotted in Figure 4.7 a and b. The dark dots and the light dots 

indicated the non-resonant signal amplitude extracted from fitting results and averaging of 

spectra signal between 2075 cm-1 and 2085 cm-1, respectively. Both series of dots in 

negative going sweep demonstrated minima around -0.70 V, while the minima occurred at 

about -0.50 V during the positive going sweep. The displacement between dark and light 

dots was caused by the baseline slopes in the spectra. As the previous study reported159-163, 

the minimum signal of second order nonlinear spectroscopy is dominated by the 

contribution from the susceptibility of the substrate (𝜒𝐴𝑢
(2)

), which indicates the interfacial 

electric field induced third order nonlinear response (𝜒(3)𝛥𝛷, 𝛥𝛷⁡ = ⁡𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝐸𝑃𝑍𝐶) 

reaches the minimum in this case. These non-resonant signal minima could be attributed 

to the cancellation of the static electric interaction between the gold and solution interface, 

that is to say, the applied potential at this moment is equivalent to potential of zero charge. 

According to the impedance-potential measurement results shown in Figure 4.7 c, the 
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minima of capacitance in both negative and positive going sweeps were roughly around 

0.40 V, which follows the fitting results of electrochemical SFG spectra and alkanethiol 

modified gold surface reported by other literatures164-166. 

 

4.4. Conclusion 

The CO2 reduction catalyst Re(SSbpy)(CO)3Cl was characterized by SFG spectroscopy. 

Through electrochemical SFG vibrational spectroscopy, the interfacial electric field 

induced Stark shifting of the symmetric CO mode was investigated in the potential region 

from +0.30 V to -1.10 V. Combined with DFT calculations, the ReSS was estimated to 

stand almost perpendicularly to the gold surface, which proposed a comprehensive model 

for the study of heterogeneous electrocatalysts in the further future.  
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5. Summary  

The projects presented in this thesis comprehensively demonstrate the application of 

ultrafast laser techniques in physical chemistry scientific research. Ultrafast and nonlinear 

spectroscopies can be also applied to many aspects in other fields. Time resolved 

photoluminescence can offer the information of fluorescence lifetime and decay pathway. 

Combined with an AFM, single-molecule level detection of the time-domain fluorescence 

spectroscopy was applied to study single particle fluorescence quenching, decreasing the 

complexity of modeling and simulating in an ensemble system. Transient absorption 

spectroscopy has widespread applications in the study of exciton and carrier dynamics. 

Using transient absorption spectroscopy to study polariton dynamics has shown promise. 

To investigate the heterogeneous CO2 catalyst response at interfaces, sum frequency 

generation spectroscopy was developed and performed. Modeling of a similar catalyst 

under bias also contributed to this study. 

This thesis is a great opportunity to summarize these advanced ultrafast techniques 

involved in my projects, and my contribution for further development of these techniques. 

Despite certain difficulties that cannot be overcome in these experiments, other physical 

chemists should take advantage of these sophisticated technologies for deeper and more 

comprehensive research. Generally, ultrafast laser techniques have always had strong 

potential for providing new knowledge and hold a significant position in scientific research.   
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