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ABSTRACT 

Developing Multiple Dimensional Vibrational Spectroscopy for 

Molecular Conformation Determinations and New Catalysts Design 

by 

Yufan Zhang 

Understanding molecular structures can play a critical role in revealing many 

important chemical and biological phenomena. X-ray crystallography and NMR 

methods, two of the most common structural tools, cannot reveal all unknown 

molecular structures due to the restriction of sample form or low time resolution, 

respectively. Motivated by the need of a new approach to reveal structures that are 

currently not feasible by these traditional techniques, this thesis has developed a 

uniquely designed ultrafast multiple-mode multiple-dimensional vibrational 

spectroscopy (MDVS) to conquer the limitations of traditional methods. The MDVS 

technique has also been applied to study molecular structures under various 

condensed phases, and facilitate the understanding of various chemical mechanisms 

in this thesis. 

Chapter 1 gave a brief review of the current common structure tools that have 

been used by chemists. Their advantages and disadvantages were compared to bring 

up the challenges that a new generation of structure tool needs to conquer. Chapter 2 

gave a detailed description of the new design of our multiple dimensional vibrational 

spectroscopy and its theoretical basis on how it can be used to reveal molecular 



 
 

structures. Chapter 3 gave an example of how the MDVS reveals the molecular 

conformations for molecules in various condensed phases. Chapter 4 showed another 

application of MDVS in revealing an intermediate’s structure during a real catalytic 

reaction for hydrogen generation. Chapter 5 was inspired by the potential application 

of formic acid as a great hydrogen chemical storage material demonstrated in Chapter 

4, we continued working on developing and optimizing hydrogenation catalysts with 

even better efficiency and long lifetime.  
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Chapter 1 

Introduction 

The first important step for scientists to truly understand and manipulate a 

molecule is identifying its structure. Revealing molecular structures of unknown 

molecules or molecules’ conformations under their natural habitat (e.g. in solution, 

during reaction etc.) is of significant importance to chemists. Understanding 

molecular structures would play a critical role in revealing many important chemical 

and biological phenomena, e.g. catalytic mechanism, selectivity of chemical reactions, 

protein folding etc1-3. For decades, many important spectroscopic methods have been 

developed at the disposal of the chemist for use in structure elucidation. Among the 

many tools developed, the most widely accepted and commercially available 

structure tools are XRD and NMR. In the optic field, traditional 2D-IR has also been 

used to study molecular structures in solution. All the currently developed methods 

are based on different theoretical concepts and have their own strengths and 
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weaknesses in revealing molecular structures. Herein, I will briefly introduce those 

most popular structure tools currently available.  

1.1. Overview of the Current Molecular Structure Tools 

1.1.1. X-ray Diffraction (XRD) 

After the diffraction of X-rays was observed by Max von Laue in 1912 - an 

influential milestone in the history of science, X-ray diffraction (XRD) has developed 

into a mature structure tool for chemists to study crystal structures. XRD method is 

based on constructive interference of monochromatic X-rays and a crystalline 

sample.4 The basic principle of XRD technique in determining single crystal structures 

is illustrated in Figure 1.1. 

 

Figure 1.1 - Schematic of X-ray Diffraction for determining 3D single-crystal 

conformation5 (Figure was adapted from reference 5 ) 
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There are many classical textbooks which introduce the X-Ray diffraction 

principle and its applications in details6-8. In brief, X-ray wavelengths are similar to 

the spacing of planes in a crystal lattice, when X-ray light shines on a crystal sample, 

the interaction of the X-ray with the sample produces constructive interference (and 

a diffracted ray) when the conditions satisfy Bragg’s law: nλ=2d sin θ (Figure 1.2)6. 

The Bragg’s law relates the wavelength of electromagnetic radiation to the diffraction 

angle and the lattice spacing in a crystalline sample. Thus, the diffraction pattern 

detected is like a fingerprint to different crystal structures, by mathematically 

interpreting the diffraction pattern of a certain crystal sample, its 3D crystal structure 

can be revealed.  

 

Figure 1.2 – Graphical representation of X-ray Diffraction and Bragg’s law 

representation. 
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X-ray diffraction is then widely used to obtain three-dimensional structural 

information about crystalline solids. It has very obvious benefits that made this old 

technique a routine for chemists in structure determination whenever single 

crystalline is viable. However, X-ray single crystal diffraction also have obvious 

limitation because of its physical principle. First of all, it is a technique highly depends 

on the phase of the sample. In order to get trustworthy interpretation of the 

diffraction pattern, XRD prefers the sample to be a homogenous, perfect single-crystal 

structure, which is a pain for the preparation of many chemical samples, and 

sometimes even impossible for large biomolecules like protein, DNA, etc. Secondly, 

XRD technique requires tenths of a gram of material to be loaded, which, in some of 

the case, is a large number of samples needed for analytical purpose. Thirdly, because 

XRD requires samples to be in the crystalline form, it has received many critics, 

especially in its application in studying biomolecular structures or other molecules 

whose structures it determines doesn’t represent the real conformations of the 

molecules in their nature habitant. Because of its phase limitations, dynamic, 

molecules-in-solution conformations cannot be resolved by XRD techniques.  

1.1.2. NMR 

The phenomenon of nuclear magnetic resonance (NMR) in bulk materials was 

first observed by two independent groups of physicists in 1945 – Purcell, Torrey, and 

Pound at Harvard University and Bloch, Hansen and Packard at Stanford University9. 

After then, the importance of NMR spectroscopy has steadily increased, the 

development of Fourier transform spectroscopy and the introduction of two-
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dimensional methods have established its position as the most important 

spectroscopic tool in chemistry for structure elucidation10. 

The basic principle behind NMR spectroscopy utilizes the magnetic properties 

of atomic nuclei. Many nuclei have spin and all nuclei are electrically charged. When 

an external magnetic field applied, the nuclear magnetic moment of a nucleus would 

interact with the external magnetic field, which leads to an energy transfer. The 

energy transfer, according to the rules of quantum mechanics, is restricted to certain 

discrete values, it would take place at a wavelength corresponding to radio 

frequencies and when the spin relaxes to its base level, energy would emit at the same 

frequency. The signal that matches this energy transfer is then measured and 

processed to obtain an NMR spectrum for the corresponding nuclei whose magnetic 

moments are not zero. Figure 1.3 illustrated the basis of NMR in the case of the spin-

1/2 nucleus. 
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Figure 1.3 – The basic principle of NMR using spin-1/2 nuclei as an example 

(adapted from reference 10) 

The resonant frequency of the energy transition depends on the effective 

magnetic field at the nucleus, which is affected by the chemical environment. 

Different chemical environment yields different resonance signals which can be 

separated in the NMR spectrum as chemical shift. Moreover, the coupling from 

adjacent nuclei (2~3 bond separation) would bring splitting of the peaks for each 

nucleus which is called multiplicity. This is another parameter to help determining 

structures. Additionally, different number of nuclei yield different intensity of the 

signals which can be adopted to figure out the number of nuclei under the same 
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chemical environments. Those are the three major factors in 1D-NMR spectrum that 

can help revealing the unknown chemical structures.  

Other than 1D-NMR spectrum, another more complexed method - 2D-NMR 

was developed in 1970s. The 2D-NMR technique improved the simplest 1D-NMR 

which contains only a preparation phase before the data acquisition. Generally 

speaking, 2D-NMR contains two more intermediate stages that separate the 

acquisition stage from excitation stage, called evolution and mixing11. The schematic 

pulse sequences for 1D-NMR and 2D-NMR are illustrated in Figure 1.4. 

  

Figure 1.4 – Schematic illustration of pulse sequences in 1D- and 2D-NMR 

spectra (adapted from reference 11) 
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The evolution and mixing stage, combined with Fourier transform of free 

induction decay (FID) can yield two frequency dimensions (Figure 1.5), and the 

additional frequency domain makes it possible to disperse overlapping resonances 

into another dimension and provides new structural information that relates to the 

connectivity between different nuclei (e.g. two different carbon atoms) or different 

types of nuclei (e.g. proton and carbon).  

Take the most widely used 2D-COSY and 2D-NOESY spectra used to determine 

structures for example. Their spectra would look like the schematic one shown in 

Figure 1.5 where diagonal peaks and cross peaks are presented. However, in different 

spectra, cross peaks indicate different interactions. Essentially, the cross peaks in 

COSY spectrum provide the through-bond spin couplings while in NOESY spectrum, 

the cross peaks are generated from cross relaxation during the mixing time, 

indicating the through-space spin couplings between two nuclei.  

 

Figure 1.5 – A Schematic 2D-NMR spectrum, indicating how a typical 2D-NMR 

spectrum work. The diagonal peaks have the same frequency coordinates in 
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each dimension, while the cross peaks have different coordinates in two 

dimensions, which indicating coupling between ωA and ωB.(adapted from 

reference 12) 

In summary, NMR is a very strong structure tool and has been widely accepted 

as an indispensable analytical method in general chemistry field. However, this 

method still has some limitations that prevent it from revealing all the unknown 

structures. First of all, NMR methods have sufficient structural resolutions but lack 

temporal resolutions. That makes it not suitable for fast-changing conformations, 

such as determining flexible conformations in solutions or short-lived intermediates 

during reaction. The typical NMR pulse duration is usually microseconds (µs) or even 

milliseconds (ms), despite the fact that some dynamics happened at the time scales 

of fs or ps13. Secondly, though 2D-NMR spectra provide couplings indicating through-

bond or through-space coupling between two nuclei, the information it provides is 

limited and qualitative. To reveal the exact conformation information like what XRD 

can provide is currently not possible for NMR. Last but not least, the NMR spectra 

interpretation would become complicated when it comes to paramagnetic samples. 

Though there are methods and theoretical approaches developed to utilize 

paramagnetism14, chemists are still reluctant to use NMR to determine structures of 

paramagnetic compounds due to the peak broadening they have caused.  

1.1.3. Traditional 2D-IR 

Other than XRD and NMR, in most of the modern chemical laboratories, 

another technique: one-dimensional infrared spectroscopy methods, e.g. FTIR, are 
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among the most frequently used techniques to identify molecular structures. In a 

typical FTIR spectrum, the x-axis indicates the frequency corresponding to the certain 

vibrational normal modes in molecules, while the y-axis indicates the signal intensity. 

The peak frequencies and intensities can help reveal structural information (i.e. 

identify functional groups) while the peak line-shapes indicate molecular dynamic 

information15. In reality, the inhomogeneous broadening and Fermi resonances have 

added complexities into interpretations of FTIR16. Thus, in principle, just as 2D-NMR 

can help disperse overlapping resonances into another dimension and provide spin 

coupling information which is hard to interpret from 1D-NMR, we can expect two-

dimensional infrared spectroscopy to reveal vibrational couplings by adding another 

frequency dimension to the spectrum and revealing new structure information for 

molecules as well.  

Besides, unlike FTIR which uses continuous light as their light resources, 2D-

IR, which is based on a sequence of ultrafast infrared laser pulses, is time resolved. 

This additional property made signal resolving in fast dynamic situation possible. In 

fact, 2D-IR spectroscopy has a much higher inherent time resolution which is about 6 

to 10 orders of magnitude faster than NMR methods. This high time resolution 

advantages, ability of infrared spectroscopy and its additional ability to detect 

vibrational couplings, make this technique a promising tool in providing detailed 

information on molecular structures in much more precise details1, 17-19. 

The 2D-IR technique, because of its high time resolution, several methods have 

been developed to apply 2D-IR into many other field such as to explore the vibrational 
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relaxation dynamics20, solvent-solute interactions21, and other dynamic events before 

it was developed to be a structure tool. In order to understand 2D-IR technique better, 

I’ll first briefly introduce the current traditional experimental approaches to acquire 

2D-IR spectra and their relative advantages and shortcomings regarding to 

determining molecular conformations. 

Ultrafast 2D-IR experiment is a 3rd order non-linear spectroscopic method, the 

non-linear response of the sample can be expressed as a power expansion in terms of 

the electric field of the incident light. The results of the experiments carried out in 

both frequency and time domain contain the same information, related simply by a 

Fourier transform relationship22. Thus, two major methods were developed for 

acquiring 2D-IR date: photon echo 2D-IR23 (in time domain) and double resonance 

2D-IR22 (in frequency domain). 

Photon echo 2D-IR approach is a close analog to 2D-NMR method. In brief, the 

laser output in photo-echo method is split into four beams, three of them (vector k1, 

k2, and k3) are arranged as illustrated in Figure 1.6. They are successively applied and 

all focused onto the sample and when phase-matching conditions are met, signal 

pulse (also called echo pulse) is generated from the sample to form the fourth corner 

(ksig). The time lag between pulse 1 and pulse 2 is referred to as τ or the first 

coherence period while the delay between pulse 2 and 3 is the population time Tw, 

the delay between the third pulse and the emission of the signal is denoted as t, the 

second coherence time. The signal is then detected with a local oscillator, which is 

used to phase resolve and amplify the echo signal. By double Fourier transformation 
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on the time-domain function of both τ and t, 2D-IR spectrum is recovered to map two 

frequencies (excitation and detection frequencies) on the spectrum.  

The major benefits of this approach are its high time resolution (can be faster 

than 50 fs) and high frequency resolution (can be better than 2 cm-1). Moreover, its 

ability to separate the time-orderings of the three excitation pulses to probe in a more 

complete manner. Because of its high time and frequency resolution, photo-echo 2D-

IR has been successfully applied to study the vibrational dynamics and ultrafast 

fluctuations of peptides and proteins21, 24-25. 

  

Figure 1.6 – Schematic diagram of photo echo 2D-IR (a) spatial arrangement 

geometry (b) pulse sequences (adapted from reference 26) 
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Despite the advantages of this technique, there are still several major 

drawbacks. First of all, because it is a time-domain 2D-IR approach, data collecting 

can be very time consuming for each phase controlling of the pulses. Secondly, it 

requires four infrared beams to have perfect temporal and spatial overlap which 

made the experiment very difficult to conduct and the system hard to maintain. 

Thirdly, because of the possible phase errors induced by time errors, data processing 

to remove the phase errors is also complex. Another limitation regarding to its 

application in determine molecular conformations is relatively low excitation pulse. 

A typical fs Mid-IR pulse generated by its laser system has a bandwidth 100~300 cm-

1 with energy 1~10 µJ/pulse with 0.5 ~ 1 W pump at 1kHz, pulse duration is 40 ~ 

150 fs, depend on the central frequency. However, typical vibrational peaks in 

condensed phases are only 10 ~ 20 cm-1 wide, most of the energy in the fs pulse is 

wasted. Thus, the sensitivity of the equipment is limited to detection signals coming 

from vibrational modes with large transition dipole moments, which means the loss 

of information on molecules’ other important vibrational modes.  

The double resonance method is a much simpler approach than the photo-

echo 2D-IR, although both of them probe the same third order response function, 

double resonance 2D-IR only require two laser beams to interact with the sample 

(Figure 1.7). Pulse 1 and 2 are collinear and included in the pump beam. Pulse 3 and 

3rd order signals are collinear and included in the probe beam. Therefore, scanning τ 

once can automatically obtain signals from both phase match directions which largely 

simplifies and speeds the data collection procedures. Additionally, the double-

resonance 2D-IR uses a Fabry-Perot interferometer22, 27 to narrow the pump pulse 
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bandwidth from 100 ~ 300 cm-1 to about 10 cm-1. Which concentrates the pump pulse 

energy and make the detection of weak transition dipole moment possible.   

However, this technique also has its own limitations. Since the pump pulse is 

a narrow band pulse, because of the uncertainty principle, a better frequency 

resolution would mean a worse temporal resolution. Thus, the time resolution is 

worse than photo-echo 2D-IR method. Additionally, the pump pulse is still not strong 

enough considering that the pump pulse and probe pulse are split from one laser fs 

OPA source. 

 

Figure 1.7 – Schematic diagram of double resonance 2D-IR (a) spatial 

arrangement geometry (b) pulse sequences (adapted from reference 26) 

Moreover, regarding to both method, both of their detection pulse frequency 

range is relatively narrow, only in the Mid-IR range which is due to the pulse spectrum 



 
15 

generation method. Their laser setup utilizes an optical parametric amplifier (OPA) 

system to convert the 800nm light from the amplifier into Mid-IR pulse. However, the 

vibrational modes of most molecules can range from near-IR to far-IR especially for 

large molecules like polymers and biomolecules. Thus, lower frequency vibrational 

modes information cannot be detected by either of the traditional 2D-IR approaches. 

Hence, to develop a 2D-IR spectroscopy which is more applicable as a 

structure tool to determine molecular conformations, setup that can provide high 

excitation power and wider detection range is highly desirable. In order to achieve 

this goal and combining with the merits of the traditional methods, we have 

developed new spectroscopic technique based on traditional 2D-IR. The new 

approached developed will be introduced in detail in the next chapter. For now, I will 

just briefly introduce the new approach first in order to make a clear comparison 

between the new technique and all the other methods introduced above.   

1.2. Introduction of Multiple-Dimensional Vibrational 

Spectroscopy (MDVS) as a structure tool  

Since detailed principle explanation and experimental description will be 

introduced in the next chapter, I’ll give a brief idea of how we approached to solve the 

challenges described above. Our method is based on a two-beam experiment similar 

to double-resonance 2D-IR to make setup and maintenance much easier. The major 

difference is instead of generating two beams from only one fs OPA, we synchronize 

two different amplifiers (one ps amplifier and one fs amplifier) to produce excitation 
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pulse and detection pulse, respectively. Additionally, in order to achieve broader 

detection spectrum range, a laser induced air plasma method was adopted to 

generate very broadband light from mid-IR up to far-IR region to tune the fs pulse. 

Thus, the major improvements we have made are: increasing the excitation 

pulse power and broadening the detection pulse. They have made MDVS possible to 

obtain a 2DIR spectrum that can cover a broad range of possible vibrational modes 

presented in molecules and capture their couplings. The improvement strengths the 

ability of the 2D-IR technique and enables us to resolve molecular structures similar 

to what 2D-NMR can achieve. There are definitely drawbacks for this technique. The 

major drawback is similar to that of the double-resonance 2D-IR method: the 

temporal and frequency resolution cannot be satisfied at the same time. Therefore, it 

is difficult to obtain fast dynamics (100~200 fs) with a good frequency resolution (< 

10 cm-1). Luckily, this might not be a huge problem for structure determination as we 

can see in the following chapters. 

1.3. Summary 

In summary, we have briefly introduced the physical principles of the most 

common commercially available techniques in elucidating molecular structures. Each 

approach has its own advantages and limitations. Their general comparison is listed 

in Table 1.1. 

      



 
17 

 XRD NMR FTIR 2D-IR MDVS 

Sample form 
Single 
Crystal 

Liquid/Solid 
No 
restriction 

No 
restriction 

No 
restriction 

Measurable 
atomic types 

All Limited All All All 

Temporal 
resolution 

High Low High High High 

Determination 
of conformation 

Yes Indirect No 
Limited by 

laser power 
Yes 

Signal range / / / 
Often 

limited to 
mid-IR 

Broadban
d covering 
from THz 
to near-IR 

Sample 
Preparation 

Difficult Middle Easy Easy Easy 

Table 1.1 - Comparison among structure tools introduced in Chapter 1. 

In the next chapter, I’ll explain in details about the theoretical basis of MDVS 

in resolving molecular conformations and its detailed optical setup. 
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Chapter 2 

Experimental Setup of MDVS and 

Theoretical Basis of MDVS as a 

Structure Tool 

Many intrinsic properties of the ultrafast nonlinear vibrational spectroscopy 

place it in a unique position to potentially be able to resolve molecular structures that 

are not easy to be determined by using NMR or XRD. For instances, its ultrafast 

temporal resolution (~100 fs) enables it to take “snapshots” of fast nuclear motions 

involved in many molecular conformational changes1-2. The relative ease of 

manipulating the IR pulses allows the samples to be in almost any condensed phase. 

As we have recently demonstrated, the three dimensional molecular structures in 

liquids, crystals, amorphous powder, and on the surfaces of metal nanoparticles can 

be determined with this method 3-5. The method is also immune to the problem of 

small cross sections of H atoms in diffraction measurements (XRD) or the issue of 

molecular magnetic properties in NMR measurements. The former is because there 

are always considerable vibrational cross-sections for vibrational modes involving H 

atoms. The relative small amount of sample (> 8 ~ 10 miligram) required for a 

measurement is also an advantage, which is a result of the relative small volume of 
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laser focus spot (with the diameter only tens of micrometers and thickness of 

hundreds of nm to a few microns). Because of these unique advantages, the ultrafast 

multiple-dimensional multiple-mode vibrational spectroscopy has great promise to 

become an important molecular structural tool that complements to the powerful 

diffraction and NMR methods.  

In this chapter, I’ll first give a detailed description of our MDVS setup and its 

significant properties in favor of structure determination. Then, the origin of the 

peaks on a MDVS spectrum will be explained. The theoretical basis of why and how 

the signals collected by MDVS can be used to determine molecular conformations will 

also be explained in details. 

2.1. The optical Setup for MDVS 

As introduced in Chapter 1, MDVS adopted a unique approach to achieve high 

excitation power and wide spectral range that can cover the whole Mid-IR to 

Terahertz (THz) range. The optical setup scheme is illustrated in Figure 2.1. Our set-

up is a two-beam experiment based on the double-resonance setup.   



 
23 

 

Figure 2.1. Optical setup of the Multiple-Dimensional Vibrational 

Spectroscopy (MDVS). 

As can be seen in the scheme, a ps amplifier and a fs amplifier are synchronized 

with the same seed pulse. The ps amplifier (~2.8mJ/pulse) pumps an OPA to produce 

~0.8 ps (vary from 0.7 ~ 0.9 ps ranging in different frequencies) Mid-IR pulses with 

a bandwidth of 10~35 cm-1 in a tunable frequency ranging from 400 cm-1 to 4000 cm-

1 with energy 1 ~ 40 J/pulse (1 ~ 10 J/pulse for 400 cm-1 to 900 cm-1 and >10 

J/pulse for higher frequencies) at 1 kHz. The fs amplifier (~2.8mJ/pulse) applies a 

new method to generate a high-intensity mid-IR and terahertz super-continuum 

pulse. Specifically, the collimated 800 nm beam generated from the fs amplifier 

passes through a Type-I 150-m-thick BBO crystal cut at 29.2° to generate 400 nm 

light (second-harmonic generation). A dual wave plate is used to tune the relative 

polarizations of the 800 and 400 nm pulses, which operates as a full-wave plate at 

400 nm and a half-wave plate at 800 nm. Temporal walk-off between the two beams 
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is compensated by inserting a 2-mm-thick BBO (cut at 55°) between the doubling 

crystal and the wave plate, where the 800 and 400 nm pulses propagate at orthogonal 

polarization with different velocities in the delay plate6-7. Then the two co-

propagating beams are focused on air to generate the super-continuum pulse with a 

pulse duration around 110 fs in the frequency range from < 30 cm-1 to > 3500 cm-1 at 

1 kHz, and the shot to shot fluctuation is less than 1% in the most of the spectral 

region. 

The challenge of the setup is the synchronization of the ps and fs amplifiers. 

We have adopted two special designs to accomplish that. First of all, the seed pulse 

for these two amplifiers comes from the same oscillator. Secondly, the two amplifiers 

have the same two-stage amplification in the cavity. Thus, just by changing the pump 

power, we can easily adjust the number of round-trips of the light inside the cavity. 

Figure 2.2 presents several paraments including pulse duration, band width, and 

synchronization jitter generated from our setup. It is excited to see that the 

synchronization jitter is only around 100 fs by this design8. 
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Figure 2.2 – (A) Autocorrelation trace of the fs amplifier output: pulse 

duration is ~45 fs. (B) Crosscorrelation trace between the fs and ps amplifier 

outputs: ps pulse duration is ~ 1ps. (C) fs/ps crosscorrelation traces by 

continuous scan in 30mins to show the synchronisation jitter is ~ 100fs. (D) 

band width of the ps amplifier output: ~0.6 nm. (E) autocorrelation trace of 

the fs IR pulse duration: ~ 75 fs; (F) the band width of the ps OPA output ~18 

cm-1 

In MDVS experiments, the super-continuum fs pulse is the probe beam which 

is frequency resolved by a spectrograph (resolution is 1~3 cm-1 dependent on the 

frequency) yielding the detection axis (ω3) of a 2D spectrum. While the ps pulse is the 

excitation beam (the excitation power is adjustable, it is adjusted based on need and 

the interaction spot varies from 100 to 500 microns). Scanning the excitation 

frequency would yield the other axis (ω1) of the spectrum. Moreover, two polarizers 

are added into the detection beam pathway in order to conduct polarization 

dependent experiment. The polarizer can selectively tune the detection beam into 

parallel or perpendicular relative to the excitation beam. This is a very important 

design in regard to determining molecular conformation which will be discussed in 

detail later. The mid-IR range signal is detected by Mercury cadmium telluride (MCT), 

measuring the probe beam intensity changing, with or without the chopper on. And 

the terahertz range signal is measured by air-breakdown-coherent-detection (ABCD) 

method. The generated detection spectrum is shown in Figure 2.3.  
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Figure 2.3 – Spectrum of the broadband fs pulse (a) in the high frequency 

range measured with MCT array detector. The low-frequency cutoff is due to 

the low efficiencies of the grating and the MCT detector (b) in the low 

frequency range measured with the air-breakdown-coherent-detection 

(ABCD) method (adapted from reference 9) 

As addressed in Chapter 1, in order for MDVS approach to resolve molecular 

conformations, two most important properties should be met. First, the pulses should 

be powerful enough to detect vibrational modes with weak transition dipole 

moments. Second, the pulses should be wide enough to cover frequencies that general 

vibrational modes in a molecule might have. Our MDVS setup has matched the 

requirement exactly: 1) the excitation power is extremely high, as described above, 

the pulse power is 1 ~ 40 J/pulse, which is at least one order of magnitude higher 

than most of photo echo 2DIR setups. Thus, almost all active IR modes of molecules 

in condensed phases are possible to be studied with this high-power excitation pulse. 

2) The exciting and detecting frequencies are independently tunable by their 

individual sources. Moreover, the detecting pulse has a supercontinuum broad 

frequency range from mid-IR to far-IR (Figure 2.3). These two unique features make 
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probing the coupling between any two modes possible as long as their frequencies 

fall in the pulse frequency range. 

The major drawback of our setup is similar to the double-resonance 2D-IR 

setup. Due to the uncertainty principle, with the band width of the ps pulse around 

18 cm-1, the pulse duration is 0.8 ps. Therefore, this setup is not idea to measure fast 

dynamic events (100 ~ 200 fs) with a good frequency resolution. However, this 

drawback is not a fatal one in case of molecular structural determination. 

2.2. Theoretical Basis of MDVS 

After introducing our MDVS setup and its unique designs, next questions we 

can ask are: what signals are we measuring? What information can we obtain from 

the spectrum collected? Most importantly, how exactly does this MDVS approach 

reveal the molecular conformation? In this section, I’ll explain the theoretical 

background of MDVS spectrum and its mathematical basis in structure 

determination. 

2.2.1. Understanding MDVS spectrum 

Generally speaking, a typical MDVS spectrum can be plotted in three 

dimensions (or if considering time, in four dimensions, that’s why it was called 

multiple-dimensional spectrum). As can be seen in Figure 2.4 adapted from our 

previous studies, at each time delay, the spectrum is composed of signal amplitude as 

a function of excitation frequency range (ωexcite) and detection frequency range 
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(ωdetect). As indicated in Figure 2.4, Peak 1 and 3 which are along the diagonal line are 

called diagonal peaks. For the diagonal peaks, the exciting pulse has the same 

frequency with the detecting pulse. The slice along the diagonal of the spectrum is 

identical to the FTIR spectrum of the measured molecules. Peak 5 to 8 are called cross 

peaks or off-diagonal peaks. They carry the correlations among different vibrational 

modes as their exciting pulse and detecting pulse are at different frequencies. The 

major difference between FTIR and two-dimensional IR data is the correlation 

information that can be derived from two-dimensional IR spectrum. 

 

Figure 2.4 – Examples of MDVS spectrums. from reference 10. The color 

difference in the peaks are corresponding to the signal amplitude where blue 

color indicating negative values and red color indicating positive values. 

The growths of cross peaks with time are coming from different origins, the 

major origins are: 1) vibrational couplings (near time zero); 2) energy transfer, 3) 
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chemical exchanges, and 4) heat effects.1, 11-25 Those four origins bear different 

molecular dynamics and structure information and are normally happening at 

different time delay. The molecular mechanisms which are responsible for the growth 

of cross peaks in MDVS spectra have been introduced in details in published review 

paper8. To focus on the application of MDVS technique in revealing molecular 

information, I’ll introduce the first origin: vibrational coupling in detail in the next 

section. 

2.2.2. Principles of MDVS in structure determination 

Just as the coupling information is stored in the off-diagonal peaks (or cross 

peaks) in 2D-NMR spectrum, the important information regarding to the relative 

relation between a pair of vibrational modes can also be interpreted from the cross 

peaks. Aside from the other origins listed briefly in section 2.2.1, the most closely 

related origin regarding to structure determination is the transition dipole-based 

interactions (vibrational couplings). The structure related information can be 

obtained through the change of polarization between excitation pulse and detection 

pulse. 

Generally speaking, each vibrational mode has a specific vector direction for 

its transition dipole moment. When interact with laser pulse, the electric field E 

prefers to interact with molecule along its vector direction while the vibrational mode 

would prefer to absorb light along the direction of its transition dipole moment. Thus, 

we can expect to have different signal amplitudes when the polarization of laser pulse 

is different. Mathematically, the probability of exciting a vibrational mode by a pulse 
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is proportional to the square of the scalar product of the transition dipole moment 

and the electric field, i.e. E2µ2cos2θ0 (Figure 2.5), where θ0 is the angle between the 

electric vector of the laser pulse and the transition dipole moment of the mode and µ 

is the transition dipole moment vector. Thus, the relative reorientation of molecules 

or vibrational modes can be directly measured by manipulating the polarizations of 

the laser pulses in MDVS experiment.  

 

Figure 2.5 – Schematic description of the polarization excitation of molecules 

or transition dipole moments 

As described in the Section 2.1, each laser pulse is a linearly polarized light 

which can be tuned independently. In MDVS experiment, when we record spectra 

with parallel 
/ /P  and perpendicular P

 polarization between excitation pulse and 

detection pulse, the relative molecular orientation is characterized by a parameter 

called anisotropy26-27. Anisotropy is defined by Equation 2.1: 
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/ /

/ /

( ) ( )
( )

( ) 2 ( )

P t P t
r t

P t P t









 

Equation 2.1 – Anisotropy Defination Equation 

where t in the parenthesis indicates the waiting time delay between the excitation 

and detection pulse. The denominator 
// ( ) 2 ( )P t P t  represents the total signal in all 

the x, y, and z directions and the numerator 
// ( ) ( )P t P t  represents the amplitude 

difference between signals collected in different polarization experiments. Assuming 

the pump beam propagates along the y-axis and the z-axis is the electric field 

propagation direction (Figure 2.5). The signals from different polarization 

experiment can be described as: 

2 2

// 0( ) ( ) [ (0)] [ ( )]z excite excite detect detectP t P t A zE zE t        (a) 

2 2

0( ) ( ) [ (0)] [ ( )]x excite excite detect detectP t P t A zE xE t         (b) 

Equation 2.2 – Signal intensities for parallel and perpendicular experiment 

where 2 2 2 2

0 excite detect excite detectA kE E    and k indicates a constant. E is the electric field 

amplitude and µ is the transition dipole moment. z , x  and   are the unit vectors 

along the z-axis, x-axis and transition dipole moment, respectively. 

For the diagonal peaks in MDVS spectra at t = 0, excitation and detection 

pulse are at the same frequency ( 1 3  ) at t = 0, which means excite detect  . Also, at 
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t=0, no dynamics have occurred. Considering the randomly oriented vibrational 

modes presented in the measurement environment, signal intensities at diagonal 

peaks at t = 0 can be rewrite as: 

4

// 0(0) cos ( )zP A         (a) 

2 2

0(0) cos ( )cos ( )z xP A          (b) 

Equation 2.3 – Polarized signals at diagonal peaks at time zero 

where z  and x are the angles between the electric fields and transition dipole 

moment µ. The bars denote the angles from randomly oriented molecules excited by 

the polarized light. 

 

Figure 2.6 – (a) The law of cosine in a typical Spherical triangle. (b) Scheme of 

angle relations between transition dipole moment and electric field in 

diagonal peaks. 
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Then considering the classical law of cosines in spherical trigonometry (Figure 

2.6a). For spherical triangle ABC, if the central angles between A and B is 1 , between 

A and C is 2 , the angle between plane AB and AC (from the spherical center) is ψ. 

Then the central angle   between B and C can be derived by the following equation: 

2 1 1cos cos cos cos sin sin        

Equation 2.4 – The law of cosines in spherical trigonometry 

Combining Equation 2.4 and Equation 2.3(b) for the diagonal peak situation (Figure 

2.6b) with 
x  , 1 z   and 2 2

  , Equation 2.3(b) now looks like: 

2 2

0

2 2 2

0

(0) cos ( )[cos( )cos( ) cos sin sin( )]
2 2

cos ( )cos sin ( )

z z z

z z

P A

A

    

  

  



 

Equation 2.5 – Derived Perpendicular signal for diagonal peak at t=0 

For randomly oriented molecules, all values of ψ in average are equiprobably, thus 

cos  = 0 and 2cos   = 1/2. Then 2 2

0(0) cos ( )sin ( ) / 2z zP A    . 

If the distribution of molecules that contributes to the signal is isotropic, the 

trigonometric function can be calculated: 

4 4

0

1
cos ( ) cos sin 1/ 5

2
z z z zd



          (a) 
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2 2 2 2

0

1
cos ( )sin ( ) cos sin sin 2 /15

2
z z z z z zd



          (b) 

Equation 2.6 – Trigonometric function calculation for isotropic ditributed 

molecules. 

From that, we can calculate the anisotropy of the diagonal peak at t = 0 to be: 

/ /
0

//

(0) (0)
(0)

(0) 2 (0)

P P
r r

P P






  


0.4  

Equation 2.7 – Anisotropy of the diagonal peak in MDVS spectra at time zero. 

For the anisotropy of cross peaks in MDVS spectra at t=0, excitation and 

detection pulse are now at different frequencies ( 1 3  ). In cross peaks, two 

vibrational modes are involved. Here, we denote angle between the excited transition 

dipole moment vector and electric field direction (z-axis) as 1z  and the angles 

between detected transition dipole moment and electric field as 2 z  and 2 x , 

respectively, according to the polarization relationship. Thus, Equation 2.2 can be 

rewritten as 

2 2

// 0 1 2(0) cos ( )cos ( )z zP A          (a) 

2 2

0 1 2(0) cos ( )cos ( )z xP A           (b) 

Equation 2.8 – Polarized signals at cross peaks at time zero 
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Similarly, regarding to the spatial distribution shown in Figure 2.7 and 

Equation 2.4, if we denote the angle between two transition dipole moments involved 

in the cross peak as θ, the signals generated from parallel and perpendicular positions 

can be rewritten as: 

2 2

// 0 1 1 1

4 2 2 2 2

0 1 1 1

20

(0) cos (cos cos cos sin sin )

1
(cos cos cos ( )sin ( )sin )

2

(2cos 1)
15

z z z

z z z

P A

A

A

     

    



 

 

 

  (a) 

2 20
1 2

2 20
1 2

20

(0) cos ( )sin ( )
2

cos ( )(1 cos )
2

(2 cos )
15

z z

z z

A
P

A

A

 

 



 

 

 

     (b) 

Equation 2.9 – Derived Polarized signals for cross peaks at time zero 

Therefore, the anisotropy of the cross peaks at t=0 can be express in the 

following equation: 

2

//

//

(0) (0) 3cos 1
(0) ( )

(0) 2 (0) 5

P P
r r

P P


 



 
  


 

Equation 2.10 - Anisotropy of the cross peaks in MDVS spectra at time zero. 

This simple equation indicate that the anisotropy of the cross peak actually 

depends on the angle between two transition dipole moments involved in the cross-
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peak measurement! The above mathematical derivatives demonstrate that 

anisotropy of the corresponding cross peaks r(θ) can give direct access to the angle θ 

between the transition dipole moments of a pair of vibrational modes in one 

molecule. At the meantime, anisotropy of diagonal peak is calculated to be a constant 

value (0.4), which can work perfectly as an intrinsic validation of the measurement.  

 

Figure 2.7 – Scheme of relative spatial distribution of excited vibrational mode 

transition dipole moment and detected vibrational mode transition dipole 

moment. 

Moreover, there are two things worth noting. First of all, why the anisotropy 

value needs to be chosen at t=0? As briefly mentioned above, molecules in condensed 

phases, especially in solution, are constantly rotating and there are other dynamics 

processes such as energy transfers etc. happening in the system all the time. As the 

molecules rotate, we can expect the change of the direction of transition dipole 

moment, thus anisotropy would also decay with time. Therefore, in order to get 
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reliable values for θ before all the other dynamics happen, it is essential to obtain the 

anisotropy around time zero. Typical rotational correlation times for molecules of the 

size studied in this thesis are in the range from a few ps and tens of ps4-5, 8-9, 28-30. 

Secondly, the dependence of the cross-peak anisotropy on the cross angle is 

not linear. This is intrinsic from Equation 2.10. As plotted in Figure 2.8, the value of 

the anisotropy is sensitive to the angle at around 45o, with maximum value of the 

slope. When the angle is near 0o or 90o, the slope is almost 0, indicating the least 

sensitivity of the anisotropy to the angle. This nonlinear property implies that the 

angle between two transition dipole moments would have a more precise value 

around 30 ~ 60o. Larger uncertainty would be expected if the two modes are either 

parallel or perpendicular to each other. 

 

Figure 2.8 – Dependence of anisotropy of the cross peak on the angle between 

two transition dipole moments (black) and corresponding slope curve (blue) 

(adapted from reference 8) 
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2.3. Summary 

As described above, the MDVS can in principle resolve the cross angles 

between the transition dipole moments of any two normal modes in one molecule. 

Even though the vibrational modes are usually delocalized on the molecules and are 

not necessarily identical to the bond angles, there are mathematical approaches to 

translate those vibrational cross angles into the angles between any two bonds. The 

molecular conformation is determined by bond angles inside molecules. Thus, this 

concludes that MDVS technique can provide structural insights. The detailed methods 

and procedures of how to utilize the transition dipole moment cross angles to reveal 

molecular conformation in various condensed phases such as liquids, solids, static 

states or intermediates will be discussed thoroughly in Chapter 3 and Chapter 4 

regarding to its applications.  
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Chapter 3 

Conformation Determination for Static 

Chemical Compounds in Solution 

*Part of this chapter is modified from my published paper: reference 1. 

3.1. Introduction 

In condensed phases, noncovalent interactions, including intramolecular forces 

between different parts of a flexible molecule and intermolecular interactions, can 

often “strain” a molecule into conformations that are not favorable for the isolated 

molecule. 

The ability to form such interconvertible “strained” conformations of a 

molecule in different environments plays a critical role in many important chemical 

and biological phenomena, e.g. molecular recognitions, the fusion of biological 

membranes, and the formation of polymorphs of pharmaceutical drugs 2-9. The 
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conformational fluctuations of a molecule are caused by the rotations of different 

parts of the molecule around its single bonds (  bonds), e.g. C-C, C-O, and C-N single 

bonds. One simple example is the interconversion of cis/trans conformations of a di-

substituted ethane molecule, which occurs within tens of ps in a room temperature 

liquid 10. In a more complex molecule there are many possible conformations arising 

from internal rotation about several single bonds similar to this cis/trans 

isomerization. Tremendous efforts have been devoted to develop tools to monitor 

real time three-dimensional (3D) molecular conformations and structures seeking to 

understand the correlations between molecular structures and functions at different 

time scales. Among many tools developed, X-ray diffraction techniques and nuclear 

magnetic resonance (NMR) methods are among the most successful ones. However, 

their low intrinsic temporal resolutions determine that the molecular structures 

obtained using these methods are long time averages11-12. In addition, these two 

methods also have other limitations. For instances, the XRD method requires samples 

to be single crystals which are not easy to grow in many cases, and it is generally 

difficult to determine the positions of hydrogen atoms because of their relatively 

small cross sections. The NMR methods require a relatively large amount of sample, 

and the relatively broad NMR linewidth in the solid state or on solid/liquid interfaces 

can cause difficulties in chemical shift assignments. The magnetic properties of a 

molecule can also be a problem in the structural determination by NMR. 

Here, we discuss an approach using an ultrafast (  10-12 second) nonlinear 

MIR/T-Hz (mid-infrared/tera-Hz) vibrational technique13-14 which is free of the 

limitations of the two traditional tools discussed above. The approach can work as a 
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structural tool to determine molecular conformations by measuring the relative 

directions of transition moments of different vibrational modes.12,13 In this way, the 

cross angle between the transition moment directions of two vibrational bands can 

be experimentally determined between 00 to 900 (if the angle is greater than 900, its 

supplement is determined). Because vibrational cross angles are extremely sensitive 

to the directionality of chemical bonds in the molecule15 which can be checked by ab 

initio calculations, they can be translated into cross angles among chemical bonds. 

The 3D molecular conformation can then be constructed based on the chemical bond 

cross angles. In our previous publications, we have found that the approach can work 

in liquids and solids and on the surfaces of metal nanoparticles.16-17 However, the new 

method has not been benchmarked with standard mature experimental techniques 

because of the difficulties to apply the traditional techniques to these situations. In 

this work, we first used the structures of two crystalline polymorphs of an organic 

molecule, 4'-Methyl-2'-nitroacetanilide (MNA), determined by XRD to benchmark the 

method, and then presented its conformations in the melt state and liquid solutions 

determined by this method. The determined molecular conformations in liquids are 

then compared to the results from molecular dynamics simulations. 

3.2. Experiments and Methods 

Experimental parts: The optical setup is introduced in Chapter 2 Section 2.1. 

In the nonlinear IR experiments, the ps IR pulse is the excitation beam (the excitation 

power is adjusted based on needs and the interaction spot varies from 100 to 500 

microns). The super-continuum pulse is the detection beam which is frequency-
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resolved by a spectrograph (resolution is 1~3 cm-1 dependent on the frequency) 

yielding the detection axis of a 2D IR spectrum. Scanning the excitation frequency 

yields the other axis of the spectrum. Two polarizers are added into the detection 

beam path to selectively measure the parallel or perpendicular polarized signal 

relative to the excitation beam. The whole setup included frequency tuning is 

compute controlled. 

MNA was purchased from Aldrich, and its two crystal polymorphs were 

prepared according to literature.18 The white form was produced by cooling a 

saturated MNA solution in a water/ethanol mixture (1/3 volume ratio), and the 

yellow crystal was grown from saturated MNA solutions in hexane or CCl4. The 

crystals were then mixed with KBr and compressed into pellets for optical 

measurements. For the solution samples, the MNA in aqueous ethanoic solvent was 

measured at 65°C with the concentration about 2M (supersaturated, cooled down 

from the saturated solution at 70°C), and CCl4 solutions were measured at room 

temperature (21°C) with the concentration about 0.3 M (saturated solution) and 0.01 

M (dilute solution), respectively. The melt form of MNA was measured at 100°C (the 

melting range for MNA is 91~96 °C). All the experiments conducted at high 

temperature were achieved by a temperature controller connected with a separate 

heater and sample thermocouples. 

Theoretical parts: Density functional theory (DFT) calculations were used to 

convert atomic coordinates (relative atomic orientations) into vibrational 

coordinates (relative vibrational orientations). In this work, the DFT calculations 
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were carried out using Gaussian 0919. The level and basis set used were Becke’s 3-

parameter hybrid functional combined with the Lee-Yang-Parr correction functional, 

abbreviated as B3LYP, and 6-311++G(d,p). The transition dipole moment directions 

of molecules in CCl4 solvent were calculated using SCRF-CPCM. To calculate the 

vibrational cross angles for each conformation, we fixed two dihedral angles and 

optimized the other degrees of freedom by DFT calculations. In the samples, all 

torsion angles of two methyl groups are significantly populated, but in calculations 

based on the energy minimum only one torsion angle is chosen for each conformation. 

This can cause some uncertainty in Er. However, the uncertainty is negligible (only 

~0.1°), because the 15 dihedral angles used are not sensitive to the torsion angles of 

methyl groups and the methyl torsion angles at the energy minima are very close to 

the average most probable methyl torsion angles, as plotted in Figure 3.1. 

 

Figure 3.1 - (A) Potential surface (black) at fixed ( /CC NC , /CC NO )=(-

46.4°, -42,6°) and Er (red) at fixed ( /CC NC , /CC NO ) = (-50°, -40°) at 

various /CC CH for the benzene methyl group in MNA-W; (B) Potential 

surface (black) at fixed ( /CC NC , /CC NO )=(-46.4°, -42,6°) and Er (red) at 

fixed ( /CC NC , /CC NO ) = (-50°, -40°) at various /NC CH  for the aminde 

-50 0 50 100 150 200 250 300 350 400
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 

 

E
n

e
rg

y
 (

k
c
a

l/
m

o
l)

CC/CH dihedral angle (
0
)

 Potential surface

 Er(A) (B)

-50 0 50 100 150 200 250 300 350 400
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

E
n

e
rg

y
 (

k
c
a

l/
m

o
l)

NC/CH dihedral angle (
0
)

 Potential surface

 Er

 

 



 
46 

methyl group in MNA-W. The blue circles emphasize that the minima of the 

two are almost identical, indicating that the calculated most probable 

conformation adopts the most probable dihedral angles experimentally 

determined by Ers. 

Force field parameters for MNA, CCl4, and ethanol were adapted from the 

general Amber force field20 (GAFF) except for partial charges and dihedrals of interest 

(CCNO and CCNC in MNA). The partial charges were determined using the restrained 

electrostatic potential (RESP) method21 at B3LYP/6-31G(d) level. Parameters for 

CCNO and CCNC dihedrals in MNA were refined in order to be able to accurately 

reproduce the gas-phase potential energy surfaces of the two dihedrals computed at 

the MP2/aug-cc-pVDZ level22. The TIP3P model for water23 was used. 

MD simulations for the MNA melt at 400 K (100 MNA), 0.3 Molar of MNA in 

CCl4 at 298K (20 MNA in 344 CCl4), and 2.0 Molar of MNA in water/ethanol (3:1 

volume) at 338 K (20 MNA in the mixture of 185 H2O and 171 CH3CH2OH) were 

carried out using the LAMMPS package 24. The Nose-Hoover thermostat and barostat 

were used to keep constant pressure of 1 bar and constant temperature 25. After a 

proper equilibration, a trajectory of 5-ns production run was used for the statistical 

analysis of the two dihedrals of interest. 
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3.3. Results and Discussion 

3.3.1. Molecular Conformations of MNA in the White and Yellow Crystals.  

MNA can form a white crystal from a water/ethanol mixed solution and a 

yellow crystal from its solutions in nonpolar solvents26. The molecular conformations 

in these two crystals have been characterized with XRD27, and are displayed in Figure 

3.3. The MNA conformations are determined by the angles between three molecular 

planes: the benzene plane, the nitro plane and the amide plane. In the crystals, the 

hydrogen of the amide group can either form one hydrogen bond with one oxygen of 

the nitro group within the same molecule or it can take part in a hydrogen bond 

between two adjacent molecules. In the white crystal (MNA-W, Figure 3.2), 

intermolecular H-bonds dominate, and the nitro and amide planes are tilted from the 

benzene plane at very large angles. This noncoplanar structure of MNA leads to the 

coexistence of two chiral structures in equal amounts in the crystal. The dihedral 

angle between the benzene plane and the nitro plane /CC NO  of one chiral image 

is 43°, and that between the benzene plane and the amide plane /CC NC is 46°. For 

the other chirality, the dihedral angles are -43° and -46° (314°). In the yellow crystal 

(Figure 3.2B), intramolecular H-bonds dominate. The three planes are still 

noncoplanar but with much smaller tilted angles. Two nonequivalent molecules with 

slightly different structures are present in the unit cell. We will name these two 

molecules MNA-Y1 and MNA-Y2, each of which contains two chiral images of equal 

amounts. In MNA-Y1, the dihedral angles /CC NO  and /CC NC  of one chiral 

image are 13° and 161°, respectively, and -13° and -161° (199°) for the other chiral 
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image. In MNA-Y2, the dihedral angles /CC NO  and /CC NC  are 19° and 147°, 

respectively for one chiral image, and -19° and -147° (213°) for the other chiral image. 

The torsion angles of the two methyl groups are undetermined by XRD at room 

temperature because each angle is significantly populated due to the low rotational 

barriers (0.6~1.2 kcal/mol from calculations, in Figure 3.1&Figure S3.8 in Appendix 

A). 

 

Figure 3.2 - Molecular conformations of MNA in (A) the white crystal, and (B) 

in the yellow crystal. (C) Illustration of how the vibrational cross angle 

between two modes is experimentally determined. (D) Calculated vibrational 

cross angle between the NO2 symmetric stretch and the C=O stretch of 

different MNA conformations with various /CC NO  and /CC NC  dihedral 

angles. The z-axis (intensity) is the vibrational cross angle  . (E) Calculated 

vibrational cross angle between the NO2 stretch and the C=O stretch of 

different MNA conformations with various /CC NC  dihedral angles with a 
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fixed / 40CC NO    . The results indicate that the correlation between one 

vibrational cross angle and one bond dihedral angle is not one-to-one.  

3.3.2. Determine MNA molecular conformations in the white crystal. 

To experimentally determine the dihedral angles which define the relative 

orientations of the three planes in MNA by the vibrational transition moment cross 

angle method, we first measure the cross angles among vibrational modes that are 

sensitive to the changes of the dihedral angles /CC NO  and /CC NC . As 

illustrated in Figure 3.2C, a linearly polarized IR pulse excites a vibrational mode (the 

NO2 stretch at 1362cm-1). After a very short period of time (0.1~0.2ps) before the 

molecular rotation or conformational changes have occurred for a substantial extent, 

another linearly polarized pulse with different frequency detects a signal generated 

from the response of another vibrational mode (the C=O stretch) to the excitation of 

the NO2 stretch. In general, the excitation of one vibrational mode can lead to the 

vibrational frequency shift of another mode because of the anharmonic coupling 28. 

The coupling produces a cross peak pair in the experimental results as displayed in 

Figure 3.3B. In Figure 3.3B, the excitation frequency 1

1 1362 cm  is the NO2 

symmetric stretch 0-1 transition frequency, indicating that the cross-peak pair is 

from the NO2 excitation. The detection frequency (red peak) 1

3 1672 cm   is the 

C=O stretch 0-1 transition frequency, indicating that the cross-peak pair is from the 

0-1 transition frequency shift of the C=O stretch from 1672 cm-1 (red peak) to 1555 

cm-1 (blue peak) caused by the NO2 excitation. The amplitudes of the cross peaks 

(Figure 3.3D) are dependent on the polarizations of the exciting and detecting beams, 
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and the cross angle   between the transition dipole moment directions of the two 

coupled modes. For a sample isotropically distributed within the laser focus spot 

(diameter ~ 150 micron), the vibration cross angle can be straightforwardly 

determined based on the relation 14, 29: 

Equation 3.1 – Relations between cross peal intensities and vibration cross 

angle 

2

2

//

2 cos

1 2cos

I

I




 



 

From both parallel and perpendicular measurements (Figure 3.3D) and the 

equation, the vibrational cross angle between the NO2 stretch and the C=O stretch is 

determined to be 0 070 2 . 
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Figure 3.3 - (A) Multiple-mode 2D IR spectrum of a polycrystalline sample of 

the MNA white crystal at waiting time 0.2 ps with the detection beam 

perpendicular to the excitation beam. The relative intensities of peaks are 

adjusted to be comparably visible by multiplying the raw data with constants 

which are listed in the supporting materials. (B) Enlarged 2D-IR spectrum for 

the cross peak pair between vs(NO2) (1) and v(C=O) (3), and (C) enlarged 

2D-IR spectrum for the cross peak pair between v(NH) (1) and v(C=O) (3) 

frequency range. (D) A slice cut along 1 1362   cm-1 of B with the polarization 
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of the excitation both parallel (//) and perpendicular ( ) to the polarization 

of the detection beam and (E) A slice cut along 1 3260   cm-1 of C with the 

polarization of the excitation both parallel (//)  and perpendicular ( ) to the 

polarization of the detection beam. The solid lines denote Gaussian peak fits. 

Because the vibrational cross angles are different, the relative intensities of 

the parallel and perpendicular signals are very different in D and E. 

The next step is to translate the measured vibrational cross angles into the 

chemical bond dihedral angles. As displayed in Figure 3.2D, the calculated vibrational 

cross angle   between the NO2 stretch and the C=O stretch is very sensitive to the 

changes of the two dihedral angles. With the change of the dihedral angles from 0° to 

360°,   varies across the entire range from 0° to 90°. However, the correspondence 

between the bond dihedral angles and the vibrational cross angles   is not one-to-

one. Even with a fixed / 40oCC NO   , on average about four /CC NC  angles give 

a same   (Figure 3.2E). The non-one-to-one correspondence suggests that in order 

to obtain a single value for any bond dihedral angle, a sufficiently large number of 

vibrational cross angles of which the dihedral-angle dependences are different from 

each other must be simultaneously measured. We therefore scanned the vibrational 

cross angles among modes of frequencies from 1200 cm-1 to 3400 cm-1. The spectral 

data are plotted in Figure 3.3A. From the data, we selected fifteen cross peak pairs of 

vibrational modes associated with CH, NO2, C=O, C=C, and NH stretches 

corresponding to fifteen vibrational cross angles which have different dihedral-angle 

dependences (the details of the 15 pairs of vibrational modes are provided in the 

Appendix A) to derive the dihedral angles /CC NO  and /CC NC  for the white 
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crystal. The dihedral angles can be obtained from the experimental vibrational cross 

angles with the aid of the equation: 

1

| |
m

C E

i i

i

A A

Er
m








 

Equation 3.2 – Most probably angles error equation 

where C

iA  is the calculated vibrational cross angle of the ith pair of normal 

modes of a molecular conformation with a pair values (xi, yi) of dihedral angles (

/CC NC , /CC NO ). E

iA  is the experimental vibrational cross angle of the ith pair 

of normal modes (detailed results are listed in Table S3.3), and m  is the number of 

pairs. The dihedral angle values (xm, ym) of the conformation which gives the smallest 

Er, are the most probable angles that the molecular conformation in the sample 

adopts. 
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Figure 3.4 – The average difference Er between the experimental and 

calculated vibrational cross angles of MNA conformations with different 

/CC NO  and /CC NC  dihedral angles for (A) MNA-W, (B) MNA-Y1, and (C) 

MNA-Y2. The z-axis is the amplitude of Er. The minimum Er values of each 

MNA species are labeled with white boxes, which correspond to the most 

possible molecular conformations in the crystal, as depicted in the right 

panels. The dihedral angles of red dots are determined by XRD. 

We calculated the fifteen vibrational cross angles for each of 648 MNA 

conformations which are constructed by varying the dihedral angle /CC NC  from 

0° to 350° and /CC NO  from -80° to 90° (because of the symmetry of the nitro 

group, a variation range of 180° is sufficient) for every 10°. Fifteen calculated 
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vibrational cross angles from each of the conformations are compared to the 

experimental results. The average difference Er defined by Equation 3.2 between the 

calculated and experimental vibrational cross angles versus the two dihedral angles 

is plotted in Figure 3.4A. Two global minima of Er at the dihedral angles ( /CC NC ,

/CC NO ) around (50°, 40°) and (310°, -40°) are clearly visible. The molecular 

conformations with dihedral angles in these two minima are the most probable 

conformations in the white crystal, depicted in the right panel of Figure 3.4A. The 

dihedral angles determined from the vibrational transition moment cross angle 

method are very close to those ((46°, 430) and (314°,-43°)) determined by XRD (red 

dots in Figure 3.4A). 

Different from the vibrational cross angle method demonstrated here, no clear 

correlation between the vibrational frequencies and molecular conformations can be 

found by using Equation 3.2 to obtain the average difference Ers for calculated and 

experimental vibrational frequencies. Results are displayed in Figure 3.5.  
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Figure 3.5 - The average difference Er’ between the experimental and 

calculated vibrational frequencies of MNA conformations with different 

/CC NO  and /CC NC  dihedral angles for (A) MNA-W, (B) MNA-Y1, and (C) 

MNA-Y2. The z-axis is the amplitude of Er’. 7 normal modes were employed for 

MNA-W, which are v(NH), v(CH arom.), v(CO), v(C=C)(at 1588 cm-1), vas(NO2), 

v1(C=C) and vs(NO2). For MNA-Y1&Y2, 6 normal modes were employed which 

are v(NH), v(CO), v(C=C)(at 1578 cm-1), vas(NO2), v1(C=C) and vs(NO2). The 

results show that no clear correlation between the frequency and the 

molecular conformation can be found, different from the vibrational cross 

angle as demonstrated in this work. 
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3.3.3. Determine MNA molecular conformations in the yellow crystal. 

The yellow crystal is the mixture of two different species MNA-Y1 and MNA-Y2. 

Following the method described above for the white crystal to analyze the yellow 

crystal gives only the average of MNA-Y1 and MNA-Y2. A different approach is 

needed to resolve the individual conformation of these two species in the same 

sample. The NH stretch frequency (3360 cm-1) and the C=O stretch frequency (1709 

cm-1) of MNA-Y1 are different from those (3383 cm-1 and 1720 cm-1) of MNA-Y2 (FTIR 

spectra are displayed in Appendix A). Because of the frequency differences and the 

fact that the cross peaks are mainly contributed from the intramolecular vibrational 

coupling 13, the vibrational cross angles associated with these two vibrational modes 

can be unambiguously assigned to either MNA-Y1 or MNA-Y2. These vibrational cross 

angles can then be used to determine the individual conformations of MNA-Y1 and 

MNA-Y2. Following this strategy, for each species, eight vibrational cross angles 

associated with either the NH stretch or the C=O stretch in addition to four other cross 

angles (the details of these modes are listed in the Appendix A) were selected to 

analyze the conformations of these two species. The average difference Er between 

these experimental vibrational cross angles and the calculated cross angles vs. the 

dihedral angles is plotted in Figure 3.4B for MNA-Y1 and Figure 3.4C for MNA-Y2. For 

MNA-Y1, the dihedral angles ( /CC NC , /CC NO ) determined from Figure 3.4B 

are (150°, 20°) and (210°, -20°), and those for MNA-Y2 from Figure 3.4C are (160°, 

30°) and (200°, -30°). Again, these results are also very close to the structures 

determined by XRD (red dots in Figure 3.4B&C). The difference in the dihedral angles 

determined by the two methods is about 10°~20°.  
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3.3.4. Molecular conformations of MNA in liquids. 

As described above, the MNA molecular conformations are highly different in 

the white and yellow crystals grown from solutions of different solvents. A 

fundamental question associated with the formation of polymorphs is how the 

solvent molecules function in solutions to control the ultimate molecular 

conformations in crystals: through changing the equilibrium molecular 

conformations of the solute or modifying the kinetic process of crystallization to 

selectively facilitate the formation of nuclei for one polymorph or both30? To explore 

this issue, we applied the vibrational cross angle method to investigate the molecular 

conformations of MNA in four environments: sample 1 is a dilute MNA solution in CCl4 

(0.01 M at room temperature), of which the intramolecular H-bond between the nitro 

group and the amide group is much stronger than the solute/solvent interaction; 

sample 2 is MNA in the melt state at 100°C (above the melting points for both 

crystals), of which both intramolecular and intermolecular H-bonds between the 

nitro group and the amide group coexist; sample 3 is a supersaturated MNA solution 

in a water/ethanol (1/3 volume ratio) mixture (~2 M at 65°C, cooled down from the 

saturated solution at 70°C), from which the white crystal is grown; and sample 4 is a 

saturated MNA solution in CCl4 (0.3 M at room temperature), from which the yellow 

crystal is grown. 
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Figure 3.6 - (A) The average difference Er between the experimental and 

calculated vibrational cross angles of MNA conformations with different 

/CC NO  and /CC NC  dihedral angles for the four liquid samples. The z-

axis is the amplitude of Er. (B) The MNA molecular conformation 

corresponding to the dihedral angles of the Er minima in all four liquid 

samples.(C) Conformational distributions of liquid samples 2~4 from MD 

simulations. The z-axis is the relative population of each conformation with a 

pair of /CC NC  and /CC NO  dihedral angles as the x- and y-axis. 

The average differences Ers between the experimental and calculated 

vibrational cross angles of MNA conformations with different /CC NO  and 

/CC NC  dihedral angles for the four liquid samples are displayed in Figure 3.6A. 
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The z-axis of the plots is the amplitude of Er. The results of the four liquids in Figure 

3.6A are very similar: the most probable conformations of MNA in the liquids have a 

broad distribution centered around the coplanar structure of which the dihedral 

angles are (180°, 0°). The liquid conformations are illustrated in Figure 3.6B. MD 

simulations on samples 2~4 give similar results. As displayed in Figure 3.6C, more 

than 50% of the conformations of MNA in the three liquids are conformations with 

the dihedral angles tilted less than 30o from the coplanar structure. The 

conformations in the liquids are different from those in either crystal. The results 

show that even in the supersaturated state, the dominant molecular conformations in 

the solution from which a crystal is grown is very different from those in the crystal, 

and that molecular conformations are very similar in the different solutions with 

different solvents from which different polymorphs are grown. The experiments 

suggest that the solvent molecules are not through thermodynamically altering the 

molecular conformations of MNA, but probably through modifying the kinetic process 

of crystallization to control its ultimate molecular conformations in the crystals.  

3.4. Conclusions 

In summary, we demonstrate that the relative directions of vibrational 

transition dipole moments can be utilized to determine molecular conformations, 

providing a molecular structural tool with a temporal resolution six orders of 

magnitude faster than that of NMR. Because of the relative ease of manipulating the 

laser beams, the flexibility of the sample state (the sample can be crystalline or 

amorphous powders or single crystals, gels, liquids, or very dense gases), the 



 
61 

requirement of relatively small amount of sample (~10-8 gram for organic molecules 

like MNA), and especially the ultrafast temporal resolution, the method will be 

relevant to many fields where static or fast fluctuating molecular structures and 

conformations are important, e.g. heterogeneous catalysis, non-aqueous electrolytes 

in energy storage devices31, organic solar cells, and bio-membranes. With the 

extension of laser frequency to the far IR region and the improvement of the 

calculation strategy, the method is expected to be able to resolve conformations of 

molecules much larger than MNA demonstrated here.  
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Appendix A 

 

Figure S3.7 - The average difference Er of the 15 vibrational cross angles 

between experimental results and calculated results for NMA-W 

conformations with (A) fixed ( /CC NC , /CC NO )=(50o, 40o) and various 

/NC CH  for the amide methyl group; (B) fixed ( /CC NC , /CC NO )=(-50o, 

-40o) and various /NC CH  for the amide methyl group; (C) fixed ( /CC NC , 

/CC NO )=(50o, 40o) and various /CC CH  for the benzene methyl group; 

(D) fixed ( /CC NC , /CC NO )=(-50o, -40o) and various /CC CH  for the 

benzene methyl group. The red dots indicate the angles with minimum energy 

used in calculating the dihedral angles for the isolated molecule. 
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Figure S3.8 - The rotational potential surface of MNA with (A) fixed ( /CC NC ,

/CC NO )=(50o, 40o) and various /NC CH for the amide methyl group for 

the isolated molecule; (B) fixed ( /CC NC , /CC NO )=(50o, 40o) and various 

/CC CH for the benzene methyl group for the isolated molecule; (C) fixed (

/CC NC , /CC NO )=(-46.4o, -42.6o) and various /NC CH for the amide 

methyl group in MNA-W; (D) fixed ( /CC NC , /CC NO )=(-46.4o, -42.6o) and 

various /CC CH for the benzene methyl group in MNA-W. (C)&(D) are 

calculated by fixing the heavy-than-H atom positions as determined by XRD. 
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Figure S3.9 - FTIR spectra of (A) MNA-W and (B) MNA-B. Both of the samples 

were compressed into KBr pellets for the measurements. Some of the major 

absorption peaks are listed in Table S3.1 

Modes MNA-W MNA-Y 

v(NH) 3260 33601 33832 

v(CH arom.) 3039 — 

v(CO) 1672 17091 17202 

vas(NO2) 1533 1541 

v1(C=C) 1505 1527 

vs(NO2) 1362 1344 

v2(C=C) 12811 12582 1277 

Table S3.1 – Assignment of the peaks in FTIR (cm-1) involved in measurements 

and calculations for both the white and yellow form crystals. The superscripts 

1 and 2 is referred in Table S3.3. 
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Figure S3.10 - FTIR spectra of the MNA molecules in (A) dilute CCl4 solution 

(0.01 M at room temperature), (B) melt form (100oC), (C) saturated aqueous 

ethanolic solution (2 M at 65oC) and (D) in saturated CCl4 solution (0.3 M at 

room temperature) Insets: the appearance of samples. Assignment of some 

major absoption peaks are listed in Table S3.2. 
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Figure S3.11 – FTIR spectra of MNA molecules melt from (A) MNA-W and (B) 

MNA-Y. Insets: the appearance of two polymorphs. Both of them present 

yellow color. Assignment of some major absorption peaks are listes in Table 

S3.2 

 

modes 
Sample 

1 
Sample 2 

Melt 
(white) 

Melt 
(yellow) 

Sample 
3 

Sample 
4 

v(NH) 3372 3376 3374 3374 3373 3371 

v(CO) 1712 1708 1707 1707 1701 1712 
vas(NO2) 1539 1534 1538 1537 1535 1538 

v1(C=C) 1515 1514 1510 1513 1515 1515 

vs(NO2) 1340 1340 1340 1340 1342 1340 

v2(C=C) 1276 1275 1274 1275 1277 1276 

Table S3.2 – Assignment of the peaks in FTIR (cm-1) involved in measurements 

and calculations for different liquid samples. 
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Pair 
number 

Coupled modes 

Relative angle (degree) 

MNA-
W 

MNA-
Y 

Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

1 v(NH)/v(CO) 20 — — — — — 

2 v(NH)/vas(NO2) — 
631 
652 

— — — — 

3 v(NH)/v1(C=C) 60 
721 
702 

67 66 — 62 

4 v(NH)/vs(NO2) 65 
441 
412 

61 53 52 61 

5 v(NH)/v2(C=C) 701 722 
421 
412 

39 40 35 41 

6 
v(CH 

arom.)/vs(NO2) 
41 — — — — — 

7 
v(CH 

arom.)/v2(C=C) 
371 — — — — — 

8 v(CO)/v1(C=C) 63 
811 
782 

67 — — 65 

9 v(CO)/vs(NO2) 70 
511 
422 

64 56 60 60 

10 v(CO)/v2(C=C) 861 
371 
392 

34 33 32 34 

11 v(CO)/vas(NO2) — 
711 
682 

— — — — 

12 vas(NO2)/vs(NO2) 84 73 66 68 66 64 

13 vas(NO2)/v2(C=C) 511 462 46 — — — — 

14 v1(C=C)/vs(NO2) 70 50 47 51 51 49 

15 v1(C=C)/v2(C=C) 261 54 42 41 38 41 

Table S3.3 – Transition dipole moment angles between coupled vibrational 

modes of the MNA molecules in different phases, all of which are dtermined 

from the anisotropy measurements. 

Region 

Dividing 
factor 

(
510 ) 

Region 

Dividing 
factor 

(
510 ) 

Pump 1200-1420 cm-1 

Probe 1240-1295 cm-1 
1.0 

Pump 1200-1420 cm-1 

Probe 1295-1400 cm-1 
1.5 

Pump 1200-1420 cm-1 8.6 Pump 1200-1420 cm-1 4.1 
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Probe 1400-1560 cm-1 Probe 1560-1720 cm-1 
Pump 1440-1740 cm-1 

Probe 1240-1295 cm-1 
0.7 

Pump 1440-1740 cm-1 

Probe 1295-1400 cm-1 
3.4 

Pump 1440-1740 cm-1 

Probe 1400-1560 cm-1 
15.9 

Pump 1440-1740 cm-1 

Probe 1560-1720 cm-1 
5.9 

Pump 3000-3340 cm-1 

Probe 1240-1295 cm-1 
0.7 

Pump 3000-3340 cm-1 

Probe 1295-1400 cm-1 
3.0 

Pump 3000-3340 cm-1 

Probe 1400-1560 cm-1 
13.4 

Pump 3000-3340 cm-1 

Probe 1560-1720 cm-1 
14.3 

Table S3.4 – Scaling factors for the MVDS spectrum shown in Figure 3.3A. 
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Figure S3.12 - Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA-W. In addition to the vibrational 

coupling mentioned in the main text, the thermal effects induced by the 
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relaxation of NO2 excitation and the direct vibrational energy transfer from NO2 

to C=O can also produce cross peaks in Figure 3.4C. The signals from these two 

contributions are waiting-time dependent and at very short waiting times 

before any rotational motion or intermolecular energy dissipation has 

occurred by a substantial amount. 
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Figure S3.13 – Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA-Y. 
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Figure S3.14 – Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in dilute CCl4 solution 

(0.01 M at rt, Sample 1). 
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Figure S3.15 – Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in melt form (100 oC, 

Sample 2). 
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Figure S3.16 – Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in melt form (100 oC, 

white sample). 
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Figure S3.17 - Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in melt form (100 oC, 

yellow sample). 

 

Figure S3.18 - Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in saturated aqueous 

ethanoic solution (2M at 65 oC, sample 3). 
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Figure S3.19 - Polarization selective pump/probe data for all the measured 

pairs of coupled vibrational modes of MNA molecules in saturated CCl4 

solution (0.3M at rt, sample 4). 
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Figure S3.20 – All invovled calculated vibrational cross angles of different 

MNA conformations with various /CC NO  and /CC NC  dihedral angles. 

The z-axis (intensity) is the vibrational cross angle θ. 
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Figure S3.21 – The average difference Er between the experimental and 

theoretical vibrational cross angles of MNA conformations with different 

/CC NO  and /CC NC  dihedral angles for (A) MNA-W, (B) MNA-Y1, and (C) 

MNA-Y2. (D) A slice cut along 
0/ 40CC NO    of (A); (E) a slice cut along 

0/ 20CC NO    of (B); (F) a slice cut along 
0/ 30CC NO    of (C). 
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Figure S3.22 – (A) pump/probe data of exciting the C=O stretch 0-1 transition 

in the dilute MNA CCl4 solution. (B) The anisotropy data from the pump/probe 

measurements. The red line is the data fit with a single exponential function. 

The time constant is 33 ps. The anisotropy values within the first 1ps are 

almost unchanged dut to the slow rotation. 
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Chapter 4 

Determining an intermediate structure 

during a catalytic reaction for 

dehydrogenation of formic acid by the 

vibrational cross angle method 

4.1. Introduction 

Knowledge of chemical reaction mechanisms governs the development of 

catalysis and organic chemistry. Elucidating reaction mechanisms is indispensable 

for rational designs and optimization of catalysis systems in broad areas, e.g. 

medicinal chemistry, industrial processes, and material science 1-2. The direct 

approach to study reaction mechanism is to capture the structures of intermediates 

generated during reactions. In many cases, reaction intermediates are of relatively 

high energy and little populated. They are short-lived species and are almost 

impossible to isolate. It is very challenging for traditional structure tools like X-ray 

crystallography and NMR techniques to solve the structures of the intermediates, 

because crystallographic studies require molecules to be isolated and crystallized; 
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and NMR spectra provides average structures for the reaction mixtures in 

microsecond time scales without the detailed knowledge of fast exchanging 

intermediates. Structural tools with higher sensitivity and faster temporal resolution 

which are versatile in various condensed phases are highly desirable. 

Recently, it was demonstrated that three-dimensional structures of molecules 

in liquids, solids, and on surfaces of metal nanomaterials can be determined by 

measuring the cross angles among vibrations that cover the entire molecular 

vibrational modes using an ultra-broadband version3-8 of ultrafast multiple-

dimensional vibrational spectroscopy (MDVS)9-21. Using a similar approach, it was 

also demonstrated that the conformations of reaction substrates and substrate-

catalyst complexes can be derived15, 22-23. In all these previous works, the structures 

resolved are “static”. In other words, no living reactions are occurring during the 

vibrational cross angle measurements. In this work, we apply the vibrational cross 

angle method to investigate the intermediate structures in a reacting system, 

demonstrating that the method is also suitable for the determination of “dynamic” 

structures, which are too fast for NMR to resolve, of thermally driven reactions that 

most organic chemists are dealing with on a daily basis. 

The reaction system investigated in this work is the generation of hydrogen 

gas by decomposing formic acid, catalyzed by a ruthenium PN3-pincer complex (1 in 

Figure 4.1). Formic acid, a major product of biomass processing and a formal adduct 

of H2 and CO2, has recently attracted considerable research interest. It is considered 

a potentially renewable liquid supply and storage material for hydrogen24-25. A 
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sustainable cycle can be envisioned using formic acid to supply hydrogen. To store 

hydrogen, hydrogen and CO2 are added together to form formic acid. To release 

hydrogen, formic acid is decomposed into hydrogen and CO2. The hydrogen storage 

density of formic acid is relatively high, 53g H2/L, suitable for automobile and 

portable applications. Therefore, even before formic acid can be produced from 

renewable sources with a reasonable cost, it is already very attractive to use formic 

acid as hydrogen source for many applications.  

The liberation of hydrogen from formic acid at mild conditions is typically 

catalyzed by homogeneous or inhomogeneous catalysts24-29. Many catalysts have 

been developed to decompose formic acid in the past eight years24-31. However, there 

are a number of challenges for the catalysts to be applied to commercial applications. 

The reactions catalyzed by many of the catalysts produce trace amounts of CO which 

can poison the catalyst of hydrogen fuel cells25. Some of the catalysts are sensitive to 

either water or oxygen or both32-33. These catalysts are either too short-lived or too 

costly to be commercially viable24-31, 34-35. 

The reaction system investigated is the efficient generation of hydrogen gas 

from the decomposition of formic acid, catalysed by a ruthenium PN3-pincer 

complex36 (1 in scheme Error! Reference source not found.). Hydrogen, because 

of its high efficiency and non-toxic exhaust emissions, is considered to be a 

promising energy carrier in future renewable energy technologies.37-42 One major 

issue needed to address in hydrogen energy application is hydrogen storage. Formic 

acid (FA), which is relatively safe, nontoxic and easy to transport, is a promising 
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candidate to chemically store hydrogen24, 43-44. Notably, formic acid has a relatively 

high volumetric hydrogen capacity: 53 g·H2/L, corresponding with an energy 

density of 1.77 kW·h/L, making it a promising on-board storage solution for 

vehicular applications 45-49. FA can decompose into H2 and CO2 or H2O and CO. 

The first decomposition pathway can be recognized as the reversible reaction of CO2 

hydrogenation (CO2 + H2 ↔ HCOOH), which is a promising hydrogen-generation 

process.50-51 Thus, huge interest has been shown in developing either homogeneous 

or heterogeneous catalyst systems for the generation of H2 from FA.24-27, 30, 35, 44, 52-

72 However, when considering industry feasibility, current catalytic systems faces 

several challenges. First of all, side reaction cannot be avoided in many catalytic 

systems, even trace amount of CO generated can be fatal to the hydrogen fuel cells. 

Secondly, the turnover number (TON) of the catalysts are in general not sufficiently 

long, mostly due to the sensitivity to air and water or other impurities that usually 

exists in FA supplies. Examples of very high TONs were reported recently with 

TON>1,000,00071 and TON of 2,400,00035, but the detailed mechanisms for the 

high activity and selectivity are not clear. Herein, a well-defined catalytic system (1 

in scheme Error! Reference source not found.) that can selectively generate 

hydrogen from FA under mild conditions is investigated. This catalyst is not air or 

water sensitive and no detectible CO is generated from the hydrogen generation 

reaction, and is active (turnover frequency (TOF) > 7,000 hr-1) with TON more than 

1 million at 90 °C. The reaction setup is also simple without any sophisticated 

devices. These properties are desirable for numerous industrial applications. 
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4.2. Material and methods 

4.2.1. Experimental methods 

Catalyst 1 was synthesized according to the literature (36). RuPN3P was 

synthesized by adding a solution of Ru1 (47 mg, 0.05 mmol) in THF (10 mL) dropwise 

to a ligand tBu2PN3P (20 mg, 0.05 mmol) in THF (4 mL) and heated at 65 ℃ for 12h. 

RuPN3P (281.6 mg, 0.5mmol) was dissolved in THF (4 mL). A solution of KOtBu (56.0 

mg, 0.5 mmol) in THF (4 mL) was added to it and the reaction mixture was stirred at 

room temperature for 2 hours. The solvent was then removed under vacuum and 

washed with hexane (1 mL × 3) and dried under vacuum to obtain the catalyst. All 

reactions were conducted under Argon protection. Formic acid was purchased from 

Sigma Aldrich and used as received. For the FTIR and vibrational cross angle 

measurements, catalyst 1 and formic acid were mixed with a molar ratio of 1:4 and 

sealed in a cell with CaF2 windows. During the ultrafast spectroscopic measurements, 

hydrogen is constantly generated from the decomposition of formic acid. 

For 1H-NMR and NOESY experiments, HCOOH (1.62 mg) was added into a 

DMSO-d6 (0.5 mL) solution of 1 (20.2 mg) in a screw-capped NMR tube at room 

temperature. Reaction was observed by visual inspection. 

The optical setup used in this research is the same one described in detail in 

Chapter 2 Section 2.1.  
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4.2.2. Theoretical Computations 

Computations on non-metal elements were performed by employing the 

program suite Gaussian 09 73, using density functional theory (DFT) with Truhlar’s 

hybrid meta-exchange-correlation functional M0674 in conjunction with a 6-31G(d,p) 

basis set. For Ru atom, Stuttgart-Dresden effective core potentials (SDD) 75 were used. 

Structures were optimized in gas-phase. 

4.3. Results and Discussion 

 

Figure 4.1 – The structures of the N3-pincer catalyst (1) and the major 

intermediate (2) of the decomposition of formic acid catalyzed by 1. 
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4.3.1. Efficient decomposition of formic acid into hydrogen and CO2 

The decomposition of formic acid with the presence of catalyst 1 is illustrated 

in Figure 4.1. When catalyst 1 is added into either the pure formic acid or its solutions, 

hydrogen immediately liberates from the solution. The reaction rate (turn-over 

frequency (TOF)) and the lifetime (turn-over number (TON)) of the reaction at 50 °C 

in different solvents (DMSO, DMF and other organic solvents) range from hundreds 

to thousands. However, when trimethylamine (Et3N) or Na2CO3 is added into the 

DMSO solution, both TOF and TON are tremendously improved. At 90 °C – a 

temperature close to the optimal operation temperature of many hydrogen fuel cells, 

the TON of catalyst 1 exceeds 1.1 million. Moreover, catalyst 1 is quite air-stable. The 

catalytic activity is not hurt after aging in air for one month36. 
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Figure 4.2 – Compared H-NMR spectra of catalyst 1 in DMSO-d6 (upper panel), 

and a mixture of catalyst 1 and formic acid in DMSO-d6 (lower panel) 

Catalyst with such high reactivity and selectively is worth studying thoroughly.  

In order to understand it deeply, a series of spectroscopic studies and density 

functional calculations (DFT) were conducted. The comparison of 1H NMR spectrum 

between catalyst 1 with catalyst 1 in formic acid dissolved in d6-DMSO solution shows 

the generation of new species (Figure 4.2). In Figure 4.2, the upper panel shows three 

chemical shifts at 5.57 (d), 5.94 (d) and 6.85 (t) ppm, which are assigned to the three 

hydrogen atoms on the central dearomatized pyridine ring. Chemical shift at -26.43 
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(t) ppm is assigned to the hydrogen atom bound with Ru. After adding formic acid 

into catalyst 1 solutions (Figure 4.2 lower panel), the pyridine ring C-H signals shift 

to downfield at 6.44 and 7.38 ppm, showing an added symmetry, indicating the 

rearomatization of the pyridine ring caused by the reprotonation of the imine. The 

peak at 8.49 ppm belongs to the H of OCHO of the formate, which is confirmed with 

the measurement of pure formic acid. The H of Ru-H shifts to -16.90 ppm. Compared 

to the upper panel of Figure 4.2, not only the positions of the peaks shift, but also the 

peak area and number changes. All these changes are consistent with the structure of 

2 in scheme 1 proposed as the major intermediate of the reaction. Different from 

catalyst 1, two of the three protons on the pyridine ring of intermediate 2 are the 

same. Therefore, the two peaks at ~5.94 ppm and ~5.57 ppm in the upper panel of 

Figure 4.2 combine into one that appears at 6.44 ppm. Accordingly, because this peak 

comes from two protons, its area is two times of the peak at 7.38 ppm which is from 

the third proton on the pyridine ring. The intermediate 2 has two identical Hs of NH 

because of protonation and rearomatization of the pyridine ring. Its peak area is twice 

that of a single H. The experimental results strongly suggest that one proton has been 

added onto one of the arm nitrogen atoms. The area of peaks at 8.49 ppm and 8.18 

ppm are close to 1/1 rather than ½  as predicted by the structure of 2. This is because 

the peak at 8.49 ppm also comes from the proton of the excess formic acid molecules 

in the solution. Thus, the area ratio of these two peaks cannot be used to determine 

the structure of 2.  
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4.3.2. Formate binds to Ruthenium 

As mentioned above, the peak position of the H of Ru-H shifts from -26.4 ppm 

(Figure 4.2 upper panel) to -16.9 ppm (Figure 4.2 lower panel) when formic acid is 

mixed with 1. This shift can be caused by the formate/Ru binding. However, the 

protonation of N can also shift the peak downfield. For example, when HPF6 is mixed 

with 1, the peak shifts to -9.8 ppm (Figure 4.3). Therefore, the H peak chemical shift 

of Ru-H is not conclusive for the explanation of formate/Ru binding. The 2D NMR 

spectrum of 1 mixed with formic acid in Figure 4.4 shows that the H of formate (  = 

8.49 ppm) has coupling cross peaks (red) with the Hs (  = 1.35 ppm and 1.48 ppm) 

of the butyl groups, indicating that the two types of protons can be very close to each 

other. This observation is consistent with the formate/Ru binding in 2. Closely 

examining the 2D spectrum finds that the protons of water (   = 3.33 ppm) can 

exchange with N-H (  = 8.18 ppm), Ru-H (  = -16.90 ppm) and H of formate (  = 

8.49 ppm), and H of formate can exchange with Ru-H, supported by the appearances 

of the black cross peaks. It is well-known that the H of formate(CHO) cannot exchange 

with water without the aid of catalyst. The appearance of exchange cross peaks 

between H of formate and Ru-H indicates that formate must interact with Ru during 

reaction. In summary, the NMR results suggest that formate binds to Ru, but the 

binding structure is not known.  
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Figure 4.3 - 1H NMR spectrum of Catalyst 1 mixed with HPF6 in DMSO-d6. 

Thus, in the following, we will use the vibrational cross angle method to reveal 

the most probable binding structure of the formate/catalyst complex.  
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Figure 4.4 - H-H 2D NOESY NMR spectrum of a mixture of catalyst 1 and formic 

acid in DMSO-d6. The proposed intermediate structure was shown in red on 

the upper right. 

4.3.3. FTIR Spectra 

The red dotted curve in Figure 4.5 shows the FTIR spectrum of catalyst 1. 

According to DFT calculations, the major absorption band at 1940 cm-1 is assigned to 

the carbonyl stretch, denoted as v2. The relative small absorption band at 2113 cm-1 

in the inset belongs to the Ru-H stretch, denoted as v1. The absorption bands from 

1450 cm-1 to 1615 cm-1 belong to the vibrational modes of the pyridine ring. The 

detailed assignments for the vibrational modes are listed in Table 4.1and Table 4.2.  
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Denotation Origin Assignment FTIR(cm-1) 
DFT 

calculation 
(cm-1) 

v1 Ru-catalyst Ru-H stretch 2113 2089.3[a] 

v2 Ru-catalyst C≡O stretch 1941 1945.7[a] 

v3 formic acid C=O stretch 1720 1735.4[b] 

v4 Ru-catalyst 
Symmetric 

Pyridine  
C-N stretch 

1560 1545.5[a] 

v5 Ru-catalyst 
Asymmetric 

Pyridine  
C-N stretch 

1478 1469.3[a] 

Table 4.1 - Band assignments for important vibrational modes in catalyst 1 

 [a]: Method used to calculate the vibrational frequencies of the catalyst is 

M06/6-31G**-SDD(for Ru atom), the calculated frequencies are calibrated 

using 0.965 as scaling factor 76 

[b]: Method used to calculate the vibrational frequencies of the formic acid is 

B3LYP/6-311++G**, the calculated frequencies are calibrated using 0.9679 as 

scaling factor 77 

Denotation Origin Assignment FTIR(cm-1) 
M06/6-31G**-

SDD(cm-1)[a] 

𝑣1
′  Intermediate Ru-H stretch 2063 2046.8 

𝑣2
′  Intermediate C≡O stretch 1955 1958.3 

𝑣3
′  Intermediate 

C=O stretch  
on formate 

1721[b] 1735.6 
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𝑣4
′  Intermediate 

Symmetric 
Pyridine  

C-N stretch 
1570 1583.5 

𝑣5
′  Intermediate 

Asymmetric 
Pyridine  

C-N stretch 
1478 1462.6 

Table 4.2 - Band assignments for important vibrational modes in the 

intermediate 

[a]: Vibrational frequency is calculated using 0.965 as scaling factor 76 

[b]: The frequency for v3’is an estimated value based on the FTIR spectra 

because of the excess overlap of the formic acid absorption. 

The blue dotted curve in Figure 4.5 is the FTIR spectrum of formic acid where 

the major absorption band at 1720 cm-1 belongs to the C=O stretch. The black curve 

in Figure 4.5 is the spectrum of the reaction system in which catalyst 1 and formic 

acid are mixed with a molar ratio of 1:4. The mixture shows five intense bands 

between 1350 cm-1 and 2250 cm-1, contributed respectively by the carbonyl, formate 

and pyridine ring vibrations of the intermediates and reactants. These bands are 

denoted as v1’ to v5’. v1’ redshifts from v1 and v2’ blue shifts from v2. v3 and v3’ strongly 

overlap because of the excess of formic acid in the system. v4 and v4’, v5 and v5’ also 

strongly overlap because they are mainly originating from the vibrations of the 

pyridine ring on the pincer ligand, which are not significantly affected by the 

formation of the complex. These vibrational modes will be used in the vibrational 

cross angle measurements to determine the structure of the catalyst/formate 

complex. 
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Figure 4.5 - FTIR spectra of catalyst, reactant, and the reaction system. The 

upper panel shows the reactant structures and possible intermediate 

structure measured in FTIR (lower panel),. below of the formic acid (blue), the 

catalyst (red), and the catalyst/formic acid =1/4 reaction system (black) from 

1200 cm-1 to 2400 cm-1. (Inset) Zoom-in FTIR spectra for the vibrational 

mode of Ru-H stretch both in the catalyst and the reaction system (v1/v1’) 

respectively. 

4.3.4. Detection of the binding of formate to Ru by cross-peak 

measurements 

The general cross-peak measurement experimental method was illustrated in 

Figure 4.6a. Experimentally the carbonyl stretch mode (v2’) of the catalyst was 

resonantly excited by a linearly polarized narrow-band IR pulse at about 1955 cm-1 (

1  in Figure 4.6b). Because of anharmonic coupling, the excitation of v2’ shifts the 

frequencies of other vibrational modes connected to it. The frequency change of the 
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C=O vibrational mode (v3’) of formate caused by the excitation of v2’ was detected by 

another linearly polarized broad-band IR pulse from 1610 cm-1 to 1750 cm-1 after a 

very short waiting time (0.1 ps). A 2D IR spectrum is plotted as the difference in the 

absorptions of v3’ with v2’ excited and unexcited. As displayed in Figure 4.6b, the 2D 

spectrum is a cross peak pair between vibrational modes v2’ and v3’ at a waiting time 

of 0.1 ps with the detection beam perpendicular to the excitation beam. A blue peak 

at 1675 cm-1 appears underneath a red peak at about 1725 cm-1. The red peak 

represents the vibrational population reduction at about 1725 cm-1 caused by the v2’ 

excitation. The blue peak shows the vibrational population increase at about 1675 

cm-1. The results indicate that the vibrational excitation of the carbonyl stretch mode 

(v2’) of the catalyst shifts the C=O vibrational mode (v3’) of formate from about 1725 

cm-1 to about 1675 cm-1. The frequency shift ~50 cm-1 is much larger than that (~ 6 

cm-1) of a vibrational pair bound through a H-bond78, suggesting that the binding 

between formate and the catalyst is stronger than a typical H-bond. (Although the 

quantitative correlation between the anharmonicity shift and the interaction strength 

of vibrational pair is yet to establish, previous experimental observations suggest that 

a stronger interaction typically causes a larger frequency shift.4, 7, 13, 79-82 
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Figure 4.6 - Cross peak measurements for vibrational mode pairs. (a) 

Illustrations of the cross angle vibrational coupling measurement method for 

vibrational modes carbonyl stretch (v2’) and C=O stretch (v3’). The t-Butyl 

groups have been omitted for clarity. (b) The 2D spectrum of the cross-peak 

for v2’ and v3’ at a waiting time 0.1 ps. (c) Plots of the polarization dependent 

cross peak intensities for four vibrational pairs with the polarization of the 

excitation beam parallel (//) and perpendicular () to the polarization of the 

detection beam, respectively. 

The signal amplitudes of the cross peaks in 2D IR depend on the relative 

polarizations of the excitation and detection pulses and the directions of transition 

dipole moments of the involved vibrational modes7, 83. This can be seen from Figure 

4.6c-I which displays the polarization dependent intensity of the red peak shown in 

Figure 4.6b. For an isotropically distributed sample within the laser focus spot 

(diameter ≈ 150 μm), the vibrational cross angle between the transition dipole 

moments of the involved vibrational modes can be directly determined via the 

relation mentioned in Chapter 3 Equation 3.16, 84. 

The vibrational cross angles can then be converted into 3D molecular 

conformations with the aid of calculations 7. In order to obtain only the conformation 
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of the intermediate and exclude the interference from the conformations of the 

catalyst and reactant in the mixed system, all signals collected from experiments are 

from exciting vibrational modes on the catalyst (or formate) and detecting the 

responses of vibrational modes of formate (or catalyst). The time dependent 

polarization selective signals for different vibrational mode pairs are displayed in 

Figure 4.6c. The cross-angles between vibrational mode pairs are listed in Table 4.3. 

Cross peak Modes Angle () 

   
I ’1/’3 30°4° 

II ’2/’3 45°5° 

III ’3/’4 45°6° 

IV ’3/’5 51°9° 

Table 4.3 – Vibrational cross angles experimentally determined 

It’s important to note that all the vibrational modes involved in the above 

measurements are delocalized on the molecules and the direction of the transition 

dipole moments for the vibrational modes are not necessarily the same as those of 

the chemical bonds. We then used ab initio calculations to convert these vibrational 

cross angles into the dihedral angles of chemical bonds. In the calculations, the major 

functional groups of the molecule are rotated along the single bonds. The vibrational 

cross angles between different vibrational modes of the preset conformations are 

then calculated.7 For each preset conformation, there is a unique set of vibrational 
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cross angles for its vibrational modes. By comparing the experimental vibrational 

cross-angles with the calculated results for the preset conformations, we can 

determine which preset conformations bears the vibrational cross angles that are the 

closest to the experimental results. The comparison can be done quantitatively with 

the aid of Equation 3.2 mentioned in Chapter 3.  

We preset 576 possible conformations for intermediate 2 by varying the 

dihedral angle C1-Ru-O1-C2 from -5° to 175° for every 10° and Ru-O1-C2-O2 from 1° 

to 351° for every 10°. The starting conformation was the one with the lowest 

calculated energy in single molecule. The vibrational cross angles for each 

conformation were then calculated. The calculated cross angles and the measured 

one were compared by applying Equation 3.2 and the Er values are plotted in Figure 

4.7a. The minimum Er value at the dihedral angles (C1-Ru-O1-C2, Ru-O1-C2-O2) 

(175°, 90°) is marked in the plot with a white box and the corresponding 

conformation of the catalyst/formate complex is displayed in Figure 4.7b. 

Conformations along a 3rd dimension (varying the angle Ru-O1-C2, denoted as α) 

were also searched (Figure 4.7c). The results and the most probable conformation 

determined by this method are displayed in Figure 4.7d~f. The most probable 

conformation (Figure 4.7d~f) of the 3D search is only slightly different from that of 

the 2D search -- the most probable angle of Ru-O1-C2 in 3D search is 123°, and that 

in 2D search is 130°. In the structure determined (Figure 4.7d~f), the slightly 

negatively charged H is on the top of the slightly positively charged C between two 

Ns. In the structure determined by the vibrational cross angle method, the H of 



 
102 

 

formate is close to Ru. This structure makes it easy to transform into the proposed 

transition state TS3 in scheme 2 to cleave the C-H bond and release CO2.  

 

Figure 4.7 - Intermediate 2’s conformation determination: (a) The difference 

(Er) between experimental and calculated vibrational cross-angles for 

possible conformations of intermediate 2 with different Ru-O1-C2-O2 and C1-

Ru-O1-C2 dihedral angles. The z-axis is the value of Er shown in a color map. 

The minimum Er value is marked with a white box. (b) the exact dihedral 

angles determined where the yellow bonds show the dihedral angle C1-Ru-O1-

C2 and the green bonds show the dihedral angle Ru-O1-C2-O2. (c) The 

difference (Er) between experimental and calculated vibrational cross-angles 

for possible conformations of intermediate 2 with different Ru-O1-C2 bond 

angles denoted as α. (d) Determined dihedral angles and bond angles for the 

intermediate 2. (e)&(f) The complete structure of intermediate 2 determined. 

The t-butyl groups have been omitted for clarity in (b) & (d). 

4.3.5. Proposed Reaction Mechanism 

The above spectroscopic measurements suggest that the reaction pathway of 

the dehydrogenation of formic acid may include the protonation of the imine arm of 
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1, the complexation 2 of formate and catalyst, and the elimination of H on formate 

through the exchange with Ru-H. This reaction mechanism is further rationalized 

with DFT calculations (Figure 4.8). Starting from 1, the carbonyl group of a HCOOH 

molecule and the proton shuttle water molecule85-86 bind the Lewis acidic Ru center 

and basic imine N, respectively, to facilitate the proton transfer from HCOO(H) to N 

via transition state TS1. This results in the aromatic intermediate 2. A conformational 

rearrangement of 2 is required to allow the formyl-proton to approach the Ru center 

(X2) via transition state TS2 with an energy barrier of 8.8 kcal/mol. The abstraction 

of H of formate by Ru can then proceed to generate intermediate X3 through 

transition state TS3 with a barrier of 19.1 kcal/mol. The following liberation of a CO2 

molecule gives a hydride intermediate 3. Catalyst regeneration is achieved through 

the hydrogen elimination, a reverse process of the hydrogen activation in our 

previous work85-86. The proposed dihydride species 3 was not seen during the formic 

acid dehydrogenation reaction monitored by 1H NMR, consistent with the proposed 

reaction profile that the hydrogen elimination is not the rate determining step. 

Complex 3, however, can be formed when hydrogen was introduced to the DMSO 

solution of 1. The rearomatized structure of the pyridine ring was supported by 1H 

NMR. Upon treatment of CO2, 3 was converted to 2. 2D NOESY experiments (Figure 

4.4) indicate exchange signals between the Ru-H and Ru-OOCH, suggesting the 

possible equilibrium between intermediates 2 and 3 and CO2, supporting the 

supposed role of 3 in this catalytic process. The computed free energy profile 

indicates that the formic decomposition proceeds with an overall energy barrier of 
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24.3 kcal/mol where the elimination of CO2 through the cleavage of C-H bond serves 

as the rate-determining step. This is partially supported by the observed isotope 

effect that the reaction with DCOO- is four times slower than HCOO-. The complete 

transformation is favored through the release of H2 and CO2 to be exergonic by 12.5 

kcal/mol (Figure 4.9). 

 

1
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2
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Figure 4.8 - Computed mechanism for the dehydrogenation of formic 

acidcatalyzed by PN3 Ru pincer complex. The free energies (in red) are mass-

balanced and relative to Cat. + HCOOH. 

 

 

Figure 4.9 – The free energy profile for the dehydrogenation of formic acid. 

According to the mechanism, the formation of intermediate 2 requires a 

formate to attack the Ru center and a proton to add onto the imine. It is very 

conceivable that a reagent which can separate formic acid into formate and a 

transferable proton can facilitate the formation of 2. Following this ration, triethyl 

amine and Na2CO3 were added into the reaction system in DMSO, and the catalytic 

performances were dramatically improved. The lifetime (TON) reaches >1,100,000, 

1

2 3

1
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and the TOF reaches 38,000 at 90 °C.  Some previous catalysts also used amines in the 

reactions54, 87, but lifetimes are significantly shorter. Based on the above mechanistic 

studies, it is very likely that the ability of tuning the local pH value by the two N-H 

arms is the key for this success. When a formic acid that is not captured by 

triethylamine is close to the catalyst, its acid proton prefers to bind to one of the two 

nitrogen atoms because of their basicity. In the process, the two nitrogen atoms serve 

as the local molecular buffer. This mechanism significantly reduces the chance for 

protons to attack the coordination atoms and the metal center, and therefore 

diminish the decomposition of the catalyst induced by the attacking of protons. 

4.4. Conclusion 

In this work, we demonstrate that the structure of reacting intermediate in a 

thermally driven hydrogen generation reaction can be resolved by the ultrafast 

vibrational cross angle method which was previously benchmarked with crystalline 

samples7, 88. Combining the results from the ultrafast vibrational measurements, NMR 

results, and DFT calculations, a reaction mechanism is proposed for the efficient and 

selective dehydrogenation of formic acid catalyzed by the PN3-pincer Ru catalyst. 

Following this mechanism, a system was designed to achieve an extremely long 

reaction lifetime for the catalyst with the aid of triethylamine. The superior 

performance of the catalytic system and its relatively low cost make it very promising 

for many applications, e.g. for proof of concept, we recently built a 12W self-

sustainable model car based on this catalyst (a video can be found online). The 
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ultrafast vibrational cross angle approach demonstrated in this work holds promise 

to in situ resolve the transient intermediate structures of other organic reacting 

systems that are elusive for traditional techniques because of their fast dynamics.   
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Appendix B 

 The Cartesian Coordinates (Å) of the most possible conformation of the 

intermediate 2. 

 

ATOM               X                    Y                      Z         

 H                  1.71653600   -0.04733000   -4.93304200 

 C                  1.42583300   -0.02473800   -3.88554500 

 N                  0.68852500    0.03257700   -1.22711600 

 C                  1.17448200   -1.21608000   -3.21857200 

 C                  1.31825100    1.18908700   -3.23321000 

 C                  0.96115900    1.18374800   -1.88127900 

 C                  0.82141000   -1.14886400   -1.87185600 
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 H                  1.27654100   -2.17905000   -3.71030800 

 H                  1.53031200    2.12804100   -3.73517100 

 N                  0.61159800   -2.29172700   -1.12792900 

 P                  0.08864000   -2.22674300    0.52687800 

 C                  1.14329700   -3.55623000    1.36237800 

 C                  2.54048800   -2.96308500    1.54951600 

 H                  3.04390200   -2.80743800    0.58792700 

 H                  3.14238100   -3.67498500    2.13136400 

 H                  2.52968200   -1.99491700    2.05947700 

 C                  0.54642600   -3.82862800    2.74440800 

 H                  1.24299400   -4.45803100    3.31427100 

 H                 -0.41059400   -4.36127000    2.70029900 

 H                  0.40385200   -2.90173500    3.31617500 

 C                  1.29585200   -4.86026000    0.57873600 

 H                  1.73988500   -4.69168700   -0.41078000 

 H                  0.36585700   -5.42085300    0.45834800 

 H                  1.99621400   -5.50789700    1.12416700 
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 C                 -1.72373500   -2.80056500    0.40981400 

 C                 -2.44925700   -2.42822400    1.70575400 

 H                 -2.02859700   -2.92476200    2.58746400 

 H                 -3.50117200   -2.73615600    1.62648000 

 H                 -2.42411500   -1.34704300    1.88164200 

 C                 -2.36765400   -2.03426000   -0.75038500 

 H                 -1.98064600   -2.36092600   -1.72303900 

 H                 -2.21725300   -0.95205200   -0.66783500 

 H                 -3.44895300   -2.22799900   -0.73975600 

 C                 -1.90727400   -4.29184000    0.13455200 

 H                 -1.37138200   -4.62157900   -0.76557400 

 H                 -2.97425300   -4.48918200   -0.03957700 

 H                 -1.59742500   -4.91957700    0.97682000 

 N                  0.84273900    2.35316200   -1.17246500 

 P                  0.41600300    2.37488500    0.51257500 

 C                  1.73289500    3.48275700    1.36157300 

 C                 -1.27961900    3.22804900    0.42903300 



 
117 

 

 C                 -1.24703600    4.66056700   -0.11345300 

 C                 -2.15914900    2.41786400   -0.52955300 

 C                 -1.89933000    3.18804700    1.82551500 

 C                  1.29918500    4.90611800    1.70686100 

 C                  2.96928500    3.56994900    0.46740700 

 C                  2.09559900    2.75937100    2.66214400 

 H                 -2.26108800    1.37395300   -0.22005000 

 H                 -3.16208300    2.86622100   -0.54242900 

 H                 -1.76789200    2.43963500   -1.55411400 

 H                 -1.30351500    3.73123600    2.56969100 

 H                 -2.89379400    3.65486200    1.79948500 

 H                 -2.01932200    2.15585700    2.17705900 

 H                 -0.62242800    4.74964100   -1.01307600 

 H                 -2.26544200    4.95066800   -0.40553100 

 H                 -0.90493300    5.39217900    0.61958700 

 H                  2.11827700    5.37271200    2.27110600 

 H                  1.13473000    5.52137900    0.81599000 
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 H                  0.40700500    4.95055500    2.34256200 

 H                  3.76875300    4.05288000    1.04697600 

 H                  3.33125100    2.59322800    0.11986300 

 H                  2.78656400    4.21083500   -0.40779700 

 H                  2.87797400    3.33581900    3.17534600 

 H                  1.23848000    2.69035700    3.34576600 

 H                  2.47902000    1.75402200    2.45868100 

 H                  1.21037900    3.17502300   -1.63460500 

 Ru                 0.38802200    0.05213900    0.91413200 

 H                 -1.18892500    0.12961100    0.78919300 

 C                  0.09284300    0.08191300    2.73657300 

 O                 -0.14665600    0.09848100    3.87711500 

 H                  0.62996400   -3.15966700   -1.64940800 

 O                  2.67737800    0.04939900    0.91775700 

 C                  3.50058428   -0.05269270   -0.05507460 

 H                  3.78455325   -1.11242210   -0.31824665 

 O                  3.99793184    0.84174768   -0.73619556 
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Motivation for Chapter 5 

As demonstrated in Chapter 4, a good dehydrogenation catalyst has been 

developed to enable the relatively low cost and nontoxic, non-flammable formic acid 

to become a practical hydrogen chemical storage material, particularly for portable 

applications. The Ruthenium-based catalyst studied in Chapter 4 has a high TOF and 

a relative long TON. However, it’s yet to be commercially viable. First of all, the 

catalytic system needs DMSO or other organic solvents and base additives. This is not 

environmentally friendly. Secondly, the relative high TOF of the Ru-catalyst is reached 

at 90 °C. This temperature is still too high comparing to the working temperature 

(~60 °C) of the commercially available PEM hydrogen fuel cell 1. Thus, catalyst which 

can work in simpler system (i.e. more common solvent such as water and no need of 

base) and have high performances under lower temperature is highly desirable. 

Inspired by the success of the Ru-catalyst, we have dedicated to developing more 

efficient and robust formic acid dehydrogenation catalysts for practical applications. 

From our studies, we have found that Iridium-catalyst can potentially solve the 

problem using water as solvent and perform better than Ru-catalyst under lower 

temperature. Though Iridium is more expensive than Ruthenium, recycling is 

possible to drop down the long-time cost of the catalysts.  
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Chapter 5 is a summary of our work on developing and studying new 

generation of Ir-catalyst for hydrogen production from formic acid towards practical 

application.  
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Chapter 5 

Highly Efficient and robust water 

soluble Iridium catalyst for hydrogen 

production from formic acid under mild 

condition 

5.1. Introduction 

Hydrogen has long been considered as a promising clean energy source in future 

renewable energy technologies because of its unique property with water as the only 

product when it undergoes combustion2-6. However, it’s still facing difficulties regarding 

the storage and transportation of hydrogen gas and safety issues to handle it that hindering 

its application in energy business. One promising approach to solve the challenge is 

chemical storage7. Formic acid (FA), because of its high volumetric hydrogen capacity 

(53g H2 L
-1), non-toxic and relative safe to handle, has been viewed as one of the promising 

hydrogen chemical storage materials, especially in automotive applications8-14. A secure 

and reliable energy storage and utilization system on a new generation hydrogen-driven 

automobile can be envisioned by carrying FA in liquid form and releasing hydrogen by 
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selectively dehydrogenating FA and direct consuming hydrogen via PEM fuel cell15. Thus, 

recent research attentions have been focused on developing effective catalytic system to 

dehydrogenate FA.  

In recently years, a variety of homogeneous catalysts based on, Rhodium11, 

Ruthenium15-19, and Iron20-23 have been reported for the selective dehydrogenation of FA 

in variable conditions. However, for some of them, the catalysts were dissolved in organic 

solvent (e.g. DMF, DMSO) which would not be favorable in automobile considering the 

cost and toxicity; others will need the presents of amines or other organic bases in order to 

achieve high efficiency. Those catalytic systems could be problematic when scaling up and 

applying for practical use. Thus, a practical catalytic system which can take place in simple 

aqueous solutions without the protection of organic base is favorable. 

Among all the transition metal studies, Iridium based complexes have recently been 

proven to function effectively in aqueous solution base-free24-27. Examples of high turnover 

frequencies (TOFs) and high turnover numbers (TONs) achieved by Iridium-centered 

catalysts have been reported by Li27 and Himeda28 group. However, detailed mechanisms 

for high activity and stability are not clear.  

Herein, we conducted a thorough study of an effective Ir-centered catalyst both 

experimentally and theoretically. From the perspective of industrial application, catalysts 

with both high activity and long life-time are highly favorable and viable in reality. 

Moreover, relative low temperature closer to the best performance of hydrogen fuel cell is 

even better. The catalyst we reported here has shown a very high activity (TOF more than 
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19,000) and long life-time (TON more than 1 million) for dehydrogenating formic acid in 

aqueous solution without any organic base additives at relatively low temperature (60°C) 

and even at acidic environment. Not only did the catalyst present in this paper has a 

promising in direct application to industry, the theoretical study can also act as a guiding 

role in optimizing catalysts of the same type with even better activity and stability. 

5.2. Method 

5.2.1. Experimental section: 

General. Unless otherwise noted, all the commercially available chemicals were 

used as received. NMR spectra were measured with a Bruker Avance III HD 600MHz with 

a 5mm DCH cryoprobe. FT-IR spectra were recorded on a Perkin-Elmer Spectrum 100. 

The pH values were measured by a Mettler Toledo FiveEasy pH meter with a glass 

electrode after calibration with standard buffer solutions. The amount of released gases was 

measured by Alicat Whisper Series Mass flow meter (range from 0-500sccm). Water used 

in the reactions was HPLC grade. Synthesize of the catalysts and detailed experimental 

procedures were described in the supporting information. 

Catalytic synthesis general procedure: To a 50 mL flask, 0.3 mmol ligand, 0.15 

mmol [Cp*IrCl2]2 and 20 mL CH2Cl2 were added. The mixture was stirred at room 

temperature overnight. The solvent was removed and the residue was washed with ethyl 

acetate three times to give corresponding catalyst as yellow solid. Characterization of the 

synthesized catalysts is listed in Appendix C. 
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General procedure for catalytic dehydrogenation of FA screening: 1mM 

catalyst aqueous solution was freshly made and then 1mL of the solution was diluted to 

3mL in a round bottom two-neck flash and preheated at the desired temperature (80°C). 

Then FA was added to the system at constant rate by a syringe pump and the mixture was 

stirred. The flow rate and total volume of the released gases was recorded by the Alicat 

flow meter. The average TOF of the initial 10 min was adopted as the initial TOF used to 

compare. After the catalysts were totally deactivated and the flow rate dropped below zero 

(which is readable from the flow meter but indicating an air fluctuation and meaning no 

gas was generated from the system), The TON was then calculated based on the total 

volume of the released gases. 

General procedure for pH-dependent, concentration-dependent 

dehydrogenation of FA/formate: freshly prepared 10mM solution of catalyst (0.5mL) 

was added to a degassed aqueous HCOOH/HCOONa solution (or HCOOH solution with 

additional acid), the pH of the solution was adjusted at desired value before the reaction. 

The mixture was stirred at the desired temperature. The TOF determination method was 

similar as in the first section. 

H-NMR study of the condition for Ir-H complex generation: Cat-6 (2.0mg, 

3.5umol) was dissolved in corresponding solvent (D2O or CDCl3, respectively) under Ar. 

For Cat-6 and FA or PF mixture, 100uL of the FA or PF solution in corresponding solvent 

(0.11M) was added to the NMR tube. Then the mixture was measured by a 1H-NMR 

spectrum both right after and after 12h.  
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5.2.2. Computational Details: 

For binding energy comparison geometry optimization and frequency analysis of 

all catalysts and corresponding ligands were conducted in H2O with SMD solvation model 

and a mixed basis set of LANL2DZ29 for Ir and 6-31g(d) for other atoms. Single-point 

energies were calculated at the M06/6-311+G(d,p)/LANL2DZ with SMD solvation model 

(H2O as solvent) on B3LYP-optimized geometries. For catalytic mechanism calculation, 

geometry optimizations of the iridium-centered organometallic compounds in their singlet 

ground state were performed with DFT using the M06 functional30. Calculations were 

performed in H2O with SMD solvation model and a mixed basis set of LANL2DZ29 for Ir 

and 6-311+g(d,p) for other nonmetallic atoms. Vibrational frequency calculations were 

also conducted to verify all optimized structures as minina (no imaginary frequency) or 

first-order saddle point (one imaginary frequency) and free energies were provided at 

298.15K. Transition states located were checked by performing intrinsic reaction 

coordinate (IRC)31-32 calculations to confirm that each of them actually connects the two 

desired minima. All calculations were carried out with Gaussian 0933 software package. 

5.3. Result and discussion 

A range of pentamethylcyclopentadienyl (Cp*) Iridium complexes with different 

N,N-bidentate ligands (cat-1 to 8) have been synthesized in this work (Scheme. 1). All of 

them show excellent stability, no protection from air and moisture is needed for catalytic 

properties measurement.  



 
126 

 

For the purpose of industrial use, we first conducted TOF and TON measurement 

screening for those catalysts under condition that imitating the practical utilization. All the 

catalysts were dissolved in DI water and preheated to 80°C, then the pure formic acid was 

added to the catalyst aqueous solution at a certain, constant rate. TOF was calculated by 

averaging the gas generation rate in the first 10 minutes and TON was calculated by 

totalizing the overall gas generation volume. The relative effectiveness and lifetime of each 

catalyst were summarized in Table 1. As can be observed from the screening, different N, 

N bidentate ligands have dramatic difference in both catalytic efficiency and catalytic life 

time. Generally speaking, pyridine-based bidentate ligands have better performance than 

imidazole-based ligands. (when imidazole ring is substituted by a pyridine ring, the 

performance of the catalysts would increase). The low TOF and short lifetime of cat-5 

under experimental condition might be the steric hindrance of the two methyl groups. 

Another observation that is not represented in Table 1 is the catalysts’ solubility in water. 

Only cat-3 showed poor water solubility which might be introduced by the hydrophobic 

effect of the four methyl groups substituted on the imidazole rings. Methyl group 

substitution on the -NH group also causes the catalysts’ activity to drop according to the 

screen comparison. This effect is most significant in cat-5 (Table 1, run 5). Cat-5 shows 

the worst activity which might be the cause of methyl group substitution on -NH group of 

the ligand. Cat-5 also dies very quickly (no gas was generated from the cat-5 solution after 

about 10 minutes of the experiment), which might be explained the steric effect of the two 

near-by methyl group that the binding is less stable than the other ligands. DFT calculation 
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has also been conducted to propose the possible reaction of catalyst deactivation in the later 

section.  

 

Figure 5.1- Catalysts’ structures examined during initial catalyst development 

trial 

In our initial screening, weighting between TOF and TON, cat-6 proved to be the 

best catalyst in a simple aqueous system without any need of adding organic base as 

additives in the system (Table 1 entry 6). To gain insight into the mechanism of the catalyst 

and further optimize its catalytic system, we continued to conduct more thorough 

experimental and theoretical research on cat-6.  

 

Run Catalyst/ Temperature Initial TOF / TON 
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µmol (°C) (h-1) 

1 Cat-1/1 80 38,000 110,000 
2 Cat-2/1 80 43,800 64,000 

3 Cat-3/1b 80 15,000 42,000 
4 Cat-4/1 80 40,000 98,000 
5 Cat-5/1 80 9,800 1,607 
6 Cat-6/1 80 60,000 620,000 
7 Cat-7/1 80 76,000 97,000 
8 Cat-8/1 80 100,000 82,000 

Table 5.1- Effect of different ligand structures on the efficiency and lifetime of 

Iridium catalyst. 

First of all, we reexamined our initial screening method in order to design more 

appropriable small-scale catalyst tests. The dehydrogenation reactions were also taken at 

80°C in the previous screening. However, when taking industrial application and safety 

into consideration, especially in mobile application like hydrogen-fueled vehicles, lower 

temperature would be preferred. It is essential for us to check the activities in lower 

temperature like 60 °C since that was the best working temperature for the current 

commercially available PEM hydrogen fuel cell1. Additionally, catalysts were dissolved in 

pure water and pure FA were added at constant flow rate without an initial charge of 

excessive FA solution. Since the initial trial has demonstrated the relative stability of Cat-

6 in the reaction without the protection of any organic base, it would be fair to test its 

activity when adding in different concentrations of FA solutions.  

TON and TOF were then tested for Cat-6 in 1M of FA aqueous solutions. TOF 

were calculated in the first 10 minutes and TON were calculated until Cat-6 were totally 

inactivated. The results were then compared with the current published results from 
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Himeda’s group28 under the same condition (Table 2). As can be seen, the TOF was 

dropped as expected since TOF was temperature-dependent, which will be discussed later. 

However, the TON of cat-6 under this condition was increased dramatically to more than 

1 million (The gas generation with time is plotted in Figure S4 in the supporting 

information), indicating the boost of performance with an initial charge of FA solution. 

Catalyst 
Cat. 

(uM) 

Temperature 
(°C) 

FA TOF/ 
h-1 

TON 
concentration(M) 

C4 from Ref.8 50 60 1 13,300 20,000 
C5 from Ref.8 50 60 1 15,000 20,000 
C6 from Ref.8 10 60 1 54,700 100,000 

Cat-6 from this 
work 

25 60 1 16,000 1,016,753 

Table 5.2 – TOF and TON comparison amaong catalysts from different works. 

This interesting phenomenon might be originated from the initial presents of 

excessive proton concentration or the initial presents of excessive formate anion in the 

starting solution or the effect of both. To further explore the mechanism, pH-dependent 

and Concentration-dependent experiment were conducted on Cat-6.  

pH-dependent experiments of dehydrogenation activity of cat-6 in 1M FA solution 

were first tested in the more acidic environment by adding extra proton into the FA solution 

to adjust the pH value from 0.6 to 1.7 to check if TOF will be boosted even more. In order 

to eliminate the effects of possible extra anions in the system, three types of acid (HCl, 

H2SO4, and H3PO4) were used and compared. pH = 1.7 is the pH value of 1M FA solution 

without adding any other acids. As can be observed from the plotted results (Figure 1), 
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adding additional proton into the reaction system didn’t improve the TOF, on the contrary, 

extra proton in the systems actually weakened the activity. Additionally, different 

counterion destructed the catalytic activation in a vary degrees. From the plot, adding HCl 

made the most damage to the catalytic activity while H2SO4 and H3PO4 didn’t have 

significant different between each other. This phenomenon implies that the catalytic 

mechanism might involve the dissociation of Cl ligand. Excessive free Cl- presented in the 

system would hinder this process while other anions (SO4
2-, PO4

3-) would affect the 

equilibrium process. The detailed proposed catalytical mechanism will be discussed in 

detailed later. 
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Figure 5.2 - pH-dependent experiment of FA dehydrogenation at 60°C. All 

experiments were done in 1M FA aqueous solution with different types of 

acidic additives to adjust the pH from 0.6 to 1.7. Comparison was made among 

different acidic additives in FA solution. Black solid line, adding HCl; blue solid 

line, adding H3PO4; red solid line, H2SO4. 

We then conducted concentration-dependent experiment on Cat-6 to find the 

optimized FA concentration under the same condition, TOF were calculated and compared 

among FA concentration ranging from out of the bottle FA (≥98%) to very dilute FA 

solution (0.1M) (Table 3), the result indicated that 5M is the optimal concentration, too 

concentrated or too dilute FA solution wouldn’t yield good catalytic activity of cat-6.  

Runa Cat/umol CON(uM) Formic acid TOFb/h-1  

1 Cat-6/10 50 Pure 120 

2 Cat-6/10 50 22.5M 1,156 

3 Cat-6/10 50 10M 16,071 

4 Cat-6/10 50 5M 19,200 

5 Cat-6/10 50 1M 14,800 

6 Cat-6/10 50 0.1M 5,800 

Table 5.3 – TOF of cat-6 in different concentrations of formic acid aqueous 

solutions. 
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Figure 5.3 – Plot of the TOF at 60 °C versus concentration of FA in aqueous 

solution 

In order to make a thorough comparison and figure out the effect of proton 

concentration and formate anion concentration on the catalytic activity of cat-6, pH-

dependent experiments ranging from 0.6 to 7 were conducted on different concentrations 

of FA solutions (1M, 3M, and 5M). Thus, under each FA concentration, we could compare 

the proton effect on activity with constant formate concentration. Likewise, under the same 

pH value, different concentration of FA solution would have same proton centration while 

differing in the formate concentration. Summary of pH dependent under different 

concentration of FA solution (Figure 3 and Table S2) show a very interesting trend. To 

point out, the pH value of 1M, 3M and 5M FA aqueous solution (without adding acid or 

base to adjust pH value) under room temperature is 1.7, 1.5, and 1.4 respectively. Thus, for 
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each concentration, there is an optimized pH value that showed up just at the pH value 

where the formate concentration is slight higher than the proton concentration. This is 

important in implying that it might be the free formate anion, rather than undissociated 

formic acid that facilitate the catalytic mechanism. 
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Figure 5.4 - Plots of TOF of Cat-6 versus different pH value in different 

concentrations of FA/SF solutions and FA with extra H2SO4.Black solid line is 

the pH-dependent plot for 1M FA solution, blue solid line is the pH-dependent 

plot for 3M FA solution, and red solid line is the pH-dependent plot for 5M FA 

solution. 

5.3.1. Temperature dependent experiment 

The temperature dependence of the dehydrogenation activity of FA by cat-6 has 

also been conducted (Fig. 2 and Table S…). From analyzing Arrheniu plot (Fig. 2), the 
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activation energy (Ea) was calculated to be 14.3 ± 1.0 kcal/mol, which is smaller than the 

apparent activation energy for the current published FA dehydrogenation catalysts27-28, 

which is consistent with the TOF comparison between cat-6 and current published best Ir-

centered catalysts. 
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Figure 5.5 - Arrhenius plot of TOF values for cat-6. The activation energy is 

calculated to be 14.3 ± 1.0 kcal/mol. 

5.3.2. Mechanism Study 

In order to have a deeper understanding of the catalytic mechanism and catalysts’ 

stability, both NMR experiment and DFT calculation has also been adopted. 
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First of all, we have done theoretical calculation to compare and explain the 

different lifetime among screened catalysts. The TON number is restricted by deactivation 

of the catalysts during catalysis, it is a side reaction beside the major catalytic cycle that 

most of the researchers are interested in. However, though deactivation is inevitable, 

understanding the causes for deactivation would benefit a lot in rationally designing better 

catalysts to improve TON. Generally, for spectator ligands, the most possible deactivation 

pathway would be the dissociation of ligands that leads to the loss of catalytic activity34. 

Thus, bond dissociation energies would be a suitable indicator for the lifetime of this type 

of catalysts. For our catalysts, since Cl- is considered to be involved in the catalytic 

mechanism and is substituted by formate anion at the beginning of the reaction, based on 

our experimental results. Additionally, Cp* is universal presented in all of our catalysts 

screened which seems to not be the major factor that causes the difference in their lifetime, 

it is most likely that the dissociation of the N, N-bidentate ligands would be the significant 

factor.  

By definition, the bond dissociation energy (BDE) for a species is the bond 

enthalpy35, it is the reaction enthalpy of the bond hemolysis reaction. If we denoted out 

catalyst as IrCp*Cl-R, where R represented the bidentate ligand. The dissociation can be 

expressed as the following equation (1). Thus the bond dissociation energy depends 

exclusively on the relative enthalpies of formation of reactant and product states: 

IrCp*Cl-R → IrCp*Cl + R        (1) 

ΔBDEH(1) = ΔfH(IrCp*Cl) + ΔfH (R)- ΔfH(IrCp*Cl-R)   (2) 
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Thus, we can use the corrected enthalpy energy at 298K derived from DFT 

calculation after the optimization of their molecular conformations. Because of the 

common IrCp*Cl part, the comparison of the dissociation bond energies ΔΔH can be 

derived from just the corrected enthalpy between the optimized catalysts and the optimized 

bidentate ligands: 

ΔΔBDEH = ΔfH(R1) - ΔfH (IrCp*Cl-R1) - (ΔfH(R2) - ΔfH (IrCp*Cl-R2)) (3) 

Thus, the higher ΔΔBDEH value is, the harder for ligand to dissociated. We then 

compare the dissociation energy trend with the experimental TON trend. As can be viewed 

from Figure 5 (The detailed calculated value can be seen in Table S4-S5 in the supporting 

information). It is clear that relative binding energy trend is consistent with the TON trend 

among catalysts, indicating that the dissociation of the ligands might be a possible pathway 

of deactivation and designing ligands with stronger binding ability to Ir center might help 

increase the catalysts’ lifetime.  
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Figure 5.6 - Plots of experimental TON for the screened catalysts with DFT 

calculation of the relative binding energies comparison among catalysts. The 

left axis (black) is for the theoretical enthalpy difference between catalysts 

and their corresponding ligands, the unit of the energy is Hartree. The right 

axis (blue) is for the experimental TON data. 

5.3.3. Catalytic Mechanism Study 

On the basis of the above results and research results from other catalyst with 

similar structure36, a tentative catalytic mechanism is proposed as shown in Figure 5.10. 

In brief, the FA dehydrogenation using Ir-based complex generally goes through three 

steps, first step is the formate coordination to Iridium center, second step is the formate 

ligand overturn from O-donor to H-donor and the release of carbon dioxide to generate Ir-

hydride complex intermediate, third step is the dehydrogenation to release hydrogen gas, 
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final step is the catalyst regeneration. NMR reaction studies have been conducted to 

demonstrate the generation of Ir-H complex during the reaction (Figure 5.7-9)).  

 

Figure 5.7 - H-NMR comparison among (a). catalyst – 6 only, (b). Mixture of 

catalyst-6 with FA (formic acid) in the ratio of 1 to 4, (c). Mixture of the same 

combination as b staying after 12h, (d). Formic acid only. The solvent for H-

NMR is D2O. 
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Figure 5.8 - H-NMR comparison among (a). catalyst – 6 only, (b). Mixture of 

catalyst-6 with PF(potassium formate) in the ratio of 1 to 4, (c). Mixture of the 

same combination as b staying after 12h, (d). PF only. The solvent for H-NMR 

is D2O. 
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Figure 5.9 - H-NMR comparison in aprotic solvent: CDCl3. (a). catalyst – 6 only, 

(b). Mixture of catalyst-6 with FA in the ratio of 1 to 4, (c). Mixture of the same 

combination as b staying after 12h, (d). FA only. 

The NMR studies have also demonstrated the importance of the presence of proton 

solvent, indicating that free formate anion, other than formic acid, is critical in the 

generation of Ir-hydride complex, which is consistent with our concentration/pH-

dependent matrix experiments.  
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Figure 5.10 - Possible catalytic cycles for dehydrogenation of formic acid by 

Cat-6. 

Density Functional Theory (DFT) calculations of the free-energy profiles for the 

catalytic reaction by cat-6 has supported the proposed mechanism (Error! Reference 

source not found.). The calculation revealed that the rate-determining step is the overturn 

of the formate ligand from O-donor to H-donor. The energy barrier between TS1-2 (ΔE = 

17.2 kcal/mol) agrees well with the experimental data from temperature-dependent 

experiment (ΔE = 14.3 kcal/mol). 
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Figure 5.11 - Energy profiles of the catalytic reaction by cat-6. The numbers 

about the bar refer to the activation energies and reaction energies in 

kcal/mol. 

5.4. Conclusion 

We have synthesized and screened effective catalysts for dehydrogenation of FA to 

generate hydrogen gas under mild condition in water solution without the need of other 

additives. The practical reaction condition has been optimized and studied from various 

aspects ranging from reaction temperature, formic acid refilling method to formic acid 

concentration and pH values. We observe a TOF of around 19,000 h-1 and a TON of around 

1,017,000 at 60 °C which is a favorable temperature for commercially available hydrogen 

fuel cell. Detailed theoretical studies were also conducted, which is crucial to understand 

the mechanism of hydrogen generation and the possible deactivation pathway of the 
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screened catalysts. The theoretical studies can be of practical guidance to rationally design 

catalysts with longer life-time and higher efficiency.  
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Appendix C 

 Characterization of catalysts synthesized in Chapter 5: 

Cat-1: The yield was 87%. 1H NMR (600 MHz, CDCl3, TMS): δ 1.76 (s, 15 H), 

3.92-3.97 (m, 1H), 4.14-4.22 (m, 3H), 7.61 (t, J = 6.6 Hz, 1H), 8.13 (t, J = 7.8 Hz, 1H), 

8.67 (d, J = 5.4 Hz, 1H), 9.38 (d, J = 7.8 Hz, 1H), 10.93 (brs, 1H); 13C NMR (150 MHz, 

CDCl3): δ 9.2, 46.3, 51.9, 87.6, 128.6, 128.7, 140.4, 147.5, 150.4, 169.5; IR(powder): v = 

1592, 1460, 1287, 1051, 1030, 758 cm-1; HRMS (ESI) for C18H24N3ClIr (M+), (Calc.) 

510.1288, found 510.1274. 

Cat-2: The yield was 87%. 1H NMR (600 MHz, CDCl3, TMS): δ 1.79 (s, 15 H), 

3.66 (s, 3H), 3.87-3.91 (m, 1H), 4.07-4.12 (m, 1H), 4.28-4.34 (m, 2H), 7.76 (t, J = 6.6 Hz, 

1H), 8.29 (t, J = 7.8 Hz, 1H), 8.63 (d, J = 7.8 Hz, 1H), 8.86 (d, J = 5.4 Hz, 1H); 13C NMR 

(150 MHz, CDCl3): δ 9.2, 36.2, 50.6, 55.8, 88.2, 127.5, 129.3, 140.6, 146.7, 152.2, 167.4; 

IR(powder): v = 1583, 1453, 1288, 1030, 756 cm-1; HRMS (ESI) for C19H26N3ClIr (M+), 

(Calc.) 524.1444, found 524.1446. 

Cat-3: The yield was 77%. 1H NMR (600 MHz, CDCl3, TMS): δ 1.70 (s, 15 H), 

2.28 (s, 12 H); 13C NMR (150 MHz, CDCl3): δ 9.9, 10.3, 12.2, 86.6, 125.6, 132.7, 138.5; 

IR(powder):  = 1590, 1420, 1215, 1032, 782 cm-1; HRMS (ESI) for C20H29N4ClIr 

(M+), (Calc.) 553.1710, found 553.1713. 

Cat-4: The yield was 81%.1H NMR (600 MHz, CDCl3, TMS): δ 1.79 (s, 15H), 

3.85 (q, J = 12.0 Hz, 1H), 4.06-4.14 (m, 2H), 4.23-4.26 (m, 1H), 4.37 (s, 3H), 7.12 (d, J = 

1.2 Hz, 1H), 7.21 (d, J = 1.2 Hz, 1H); 13C NMR (150 MHz, CDCl3): δ 9.4, 37.4, 47.4, 

51.3, 86.9, 126.5, 127.0, 140.9, 160.4; IR(powder): v = 1608, 1488, 1288, 1062, 1035, 

792 cm-1; HRMS (ESI) for C17H25N4ClIr (M+), (Calc.) 513.1397, found 513.1396. 

Cat-5: The yield was 72%.1H NMR (600 MHz, CDCl3, TMS): δ 1.79 (s, 15 H), 

3.51 (s, 3H), 3.91-3.97 (m, 2H), 4.19-4.26 (m, 2H), 4.32 (s, 3H), 7.29 (d, J = 1.2 Hz, 1H), 
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7.53 (s, 1H); 13C NMR (150 MHz, CDCl3): δ 9.4, 39.2, 39.5, 51.3, 56.5, 87.3, 128.0, 

128.8, 140.4, 161.2; IR(powder): v = 1575, 1475, 1457, 1292, 1122, 1034, 776 cm-1; 

HRMS (ESI) for C18H27N4ClIr (M+), (Calc.) 527.1553, found 527.1556. 

Cat-6: The yield was 91%. 1H NMR (400 MHz, CDCl3, TMS): δ 1.75 (s, 15 H), 

3.92-3.97 (m, 1H), 4.14 (s, 6H), 7.12 (dd, J = 2.8, 6.5 Hz, 1H), 8.43 (d, J = 6.5 Hz, 1H), 

9.06 (d, J = 2.7 Hz, 1H), 10.50 (brs, 1H); 13C NMR (100 MHz, CDCl3): δ 9.2, 46.1, 51.9, 

58.2, 87.1, 112.9, 116.9, 148.8, 150.6, 168.4, 169.7; IR(powder): v = 1597, 1479, 1254, 

1043, 1025, 840 cm-1; HRMS (ESI) for C19H26N3ClOIr (M+), (Calc.) 540.1394, found 

540.1386. 

Cat-7: The yield was 92%. 1H NMR (400 MHz, CDCl3, TMS): δ 1.73 (s, 15 H), 

3.86-3.95 (m, 1H), 4.15 (s, 6H), 7.17 (d, J = 8.4 Hz, 1H), 8.08 (t, J = 8.1 Hz, 1H), 8.87 

(d, J = 7.4 Hz, 1H), 10.5 (brs, 1H); 13C NMR (100 MHz, CDCl3): δ 10.0, 46.2, 52.5, 58.0, 

87.8, 110.7, 121.4, 143.8, 145.7, 163.9, 170.2; IR(powder): v = 1593, 1479, 1307, 1065, 

1052, 805 cm-1; HRMS (ESI) for C19H26N3ClOIr (M+), (Calc.) 540.1394, found 540.1383 
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 Computed energies, enthalpies, and free energies for catalysts 

mentioned in Chapter 5 

  
M06/LANL2DZ-6-311+G(d,p)/SMD(H2O)/B3LYP/LANL2DZ-6-

31G(d)/SMD(H2O)  

  E E0 Etot H G 

Cat-1 -1429.039357 -1428.654004 -1428.629933 
-

1428.628989 -1428.705421 

Ligand for 
Cat-1b -474.306491 -474.143973 -474.135577 -474.134633 -474.177482 

Cat-2 -1468.318871 -1467.905418 -1467.87915 
-

1467.878205 -1467.959736 

Ligand for 
Cat-2 -513.587007 -513.397048 -513.387282 -513.386338 -513.431988 

Cat-3 -1562.998558 -1562.544921 -1562.514972 
-

1562.514028 -1562.603488 

Ligand for 
Cat-3 -608.270415 -608.038938 -608.025059 -608.024115 -608.078076 
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Cat-4 -1446.288751 -1445.893797 -1445.869234 -1445.86829 -1445.946583 

Ligand for 
Cat-4 -491.559334 -491.385819 -491.376707 -491.375762 -491.419895 

Cat-5 -1485.564423 -1485.140362 -1485.115389 
-

1485.114445 -1485.192777 

Ligand for 
Cat-5 -530.840777 -530.640216 -530.629299 -530.628354 -530.676944 

Cat-6 -1543.538503 -1543.121842 -1543.095669 
-

1543.094725 -1543.176069 

Ligand for 
Cat-6 -588.804856 -588.61056 -588.599605 -588.598661 -588.647216 

Cat-7 -1543.54603 -1543.123779 -1543.097568 
-

1543.096624 -1543.176963 

Ligand for 
Cat-7 -588.81004 -588.61551 -588.604664 -588.603719 -588.651997 

Cat-8 -1408.206025 -1407.813394 -1407.789216 
-

1407.788272 -1407.865516 

Ligand for 
Cat-8 -453.473878 -453.305285 -453.296882 -453.295938 -453.338611 

a. E is the electronic energy without Zero-point energy (ZPE) correction; E0 is the 

ZPE corrected electronic energy; Etot is the corrected internal thermal energy, 

H and G are the corrected enthalpy and free energy at 298 K, respectively. The 

unit of all the energies in this table is Hartree. 

b. All the ligand mentioned there referred to the unique N N-bidentate ligand for 

each of the catalysts. 

Table S5.4 - M06/LANL2DZ-6-311+G(d,p)/SMD(H2O)/B3LYP/LANL2DZ-6-

31G(d)/SMD(H2O) computed energies, enthalpies, free energies of all 

stationary catalysts and bidendate ligand discussed in the texta. 

Catalyst ΔΔBDEH (a.u.) ΔΔBDEH(kcal/mol) TON 

Cat-1 0.008265 5.186366018 110000 

Cat-2 0.005776 3.624494872 64000 

Cat-3 0.003822 2.398341309 42000 

Cat-4 0.006437 4.039278651 98000 

Cat-5* 0 0 1607 

Cat-6 0.009973 6.258152243 620000 

Cat-7 0.006814 4.275849733 97000 

Cat-8 0.006243 3.917541809 82000 

* Cat-5’s dissociation bond energy was set as 0, all the results were a relative value 
corresponding to cat-5’s value. 

Table S5.5 – Relative bond dissociation energy comparison and their  
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respective TON 

 Cartesian Coordinates of All the Structures mentioned in Chapter 5 from 

DFT calculation 

All optimizations and frequency calculation are done using M06/ SMD(H2O)/ 6-

311+g(d,p) for non-metallic atoms and LANL2DZ for Ir metal center. 

HCOOH HCOO- 

 C                  0.00000000    0.41863700    0.00000000  C                  0.00000000    0.62569700    0.00000000 

 H                 -0.35507000    1.45820400    0.00000000  H                  0.00000000    1.71999300    0.00000000 

 O                  1.15901300    0.09132500    0.00000000  O                  0.80138300   -0.34213600    0.00000000 

 O                 -1.02763900   -0.42063600    0.00000000  O                 -0.80138300   -0.34213600    0.00000000 

 H                 -0.69592000   -1.33554000    0.00000000   

 

H2 CO2 

 H                  0.00000000    0.00000000    0.37371500  C                  0.00000000    0.00000000    0.00000000 

 H                  0.00000000    0.00000000   -0.37371500  O                  0.00000000    0.00000000    1.15530600 

   O                  0.00000000    0.00000000   -1.15530600 

 

Cat-6(1) Cat-6-OOCH(2) 

 Ir                -0.76821800   -0.09401100   -0.11145500  Ir                 0.79512100   -0.04166700    0.04985900 

 Cl                -0.04334500   -0.11886400   -2.52546700  C                  1.65454900   -0.92342700   -1.71628100 

 C                 -2.00116800   -0.37348500    1.63867500  C                  1.76807200   -1.89903600   -0.64827400 

 C                 -1.55105300   -1.66863000    1.19236800  C                  2.57547200   -1.32439600    0.37336700 

 C                 -2.01764300   -1.87972200   -0.14211100  C                  2.94716100    0.01028400   -0.02295700 

 C                 -2.81325800   -0.72281300   -0.51116500  C                  2.41821900    0.23218000   -1.34822800 

 C                 -2.81392600    0.19040500    0.58233300  C                 -2.09464500    0.90329900   -0.13375500 

 C                 -1.81402400    0.19191600    2.99680300  C                 -2.02418700   -1.38093300   -0.41442800 

 C                 -0.73747500   -2.60682400    2.00022900  C                 -3.40395100   -1.46681900   -0.43991200 

 C                 -1.82532000   -3.09652300   -0.96920000  C                 -4.14676500   -0.29843500   -0.29159200 

 C                 -3.55241100   -0.54972800   -1.78406500  C                 -3.46732200    0.91519400   -0.14075000 

 C                 -3.56126600    1.46846400    0.65456500  H                 -1.42109300   -2.27879300   -0.50716100 

 C                  2.11138600    0.82166000    0.15785500  H                 -3.86870300   -2.43598500   -0.56614100 
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 C                  2.02234100   -1.47841900    0.08024500  H                 -4.02976500    1.83522300   -0.02246700 

 C                  3.40114500   -1.57708600    0.08497000  N                 -1.36962300   -0.23136000   -0.26613400 

 C                  4.15356800   -0.40626000    0.13856600  C                 -1.25606600    2.08613900    0.03177400 

 C                  3.48403600    0.82121200    0.17128900  C                  0.65359900    3.23313800    0.21113100 

 H                 -0.88033700   -0.15781000    3.44575600  H                  1.44275400    3.23274600    0.96611000 

 H                 -2.63644000   -0.11224400    3.65567500  H                  1.10266400    3.49235200   -0.75550900 

 H                 -1.79357200    1.28543100    2.97618200  C                 -0.51542900    4.15341200    0.55948300 

 H                 -0.22541100   -3.34370800    1.37672000  H                 -0.45222400    5.12422900    0.06906800 

 H                 -1.39145100   -3.15228300    2.69116300  H                 -0.60263000    4.30693000    1.64054800 

 H                  0.00850800   -2.07846300    2.60114900  N                  0.02452800    1.91374800    0.10874700 

 H                 -1.81026300   -2.85359500   -2.03482500  N                 -1.66508100    3.37435800    0.06844200 

 H                 -2.64182800   -3.80881500   -0.80079300  H                 -2.59440900    3.58594400    0.41396600 

 H                 -0.88632500   -3.60229700   -0.72695200  O                 -5.47899500   -0.23900500   -0.27734600 

 H                 -3.62090100    0.50430600   -2.06729100  C                 -6.21222100   -1.45968700   -0.37687200 

 H                 -4.57341700   -0.93482800   -1.67409600  H                 -7.26378200   -1.18178600   -0.33122600 

 H                 -3.07555800   -1.09203600   -2.60338400  H                 -6.00621100   -1.95964100   -1.32779800 

 H                 -3.07557300    2.18240200    1.32477600  H                 -5.97039700   -2.12323200    0.45871500 

 H                 -4.56926900    1.28223700    1.04434100  O                  0.08070300    0.10133000    2.14899200 

 H                 -3.66492700    1.93254500   -0.32978900  C                 -0.34073400   -0.92175200    2.77977800 

 H                  1.40849100   -2.37239200    0.02398200  H                 -0.68002400   -0.68701000    3.81052500 

 H                  3.85909800   -2.55668700    0.04381400  O                 -0.40412000   -2.08521700    2.37861200 

 H                  4.05337600    1.74437600    0.18978300  C                  2.96491200   -1.95217000    1.65741400 

 N                  1.37835300   -0.31483000    0.13166600  H                  4.01389600   -2.26791200    1.60220000 

 C                  1.28136800    2.01859800    0.12548600  H                  2.88182600   -1.24362100    2.48714800 

 C                 -0.62051200    3.18561100    0.06990900  H                  2.35774600   -2.82985800    1.88692800 

 H                 -1.41098400    3.28931500   -0.67624500  C                  3.85251100    0.91266300    0.73212400 

 H                 -1.06715200    3.31360100    1.06483000  H                  3.70173800    0.80834300    1.81070500 

 C                  0.55299900    4.13645500   -0.15478800  H                  4.90210000    0.67760300    0.51773500 

 H                  0.48806700    5.04408900    0.44451000  H                  3.68572000    1.96049900    0.46738900 

 H                  0.65109900    4.41322400   -1.21033100  C                  1.23039500   -3.28132700   -0.68133400 

 N                  0.00202100    1.86112300   -0.00294600  H                  1.98089300   -3.96664700   -1.09348200 

 N                  1.69248900    3.29917200    0.25413700  H                  0.96347000   -3.63889700    0.31666000 

 H                  2.63129900    3.55357300   -0.03035400  H                  0.34433000   -3.35121800   -1.31868800 

 O                  5.48638900   -0.35586800    0.14955200  C                  0.95410800   -1.14020200   -3.00528800 

 C                  6.21324700   -1.58313900    0.10562000  H                  1.59940600   -1.69061200   -3.70024500 

 H                  7.26637400   -1.30776800    0.11934500  H                  0.04088000   -1.72685500   -2.86808500 

 H                  5.98333900   -2.20112100    0.97861900  H                  0.68390000   -0.19162600   -3.47660100 

 H                  5.99008000   -2.13300900   -0.81355800  C                  2.65393600    1.42566100   -2.19546700 

  H                  3.49271800    1.23140900   -2.87474600 

  H                  1.78082100    1.66754600   -2.80786000 

   H                  2.91089000    2.30244700   -1.59584200 
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Cat-6-HCOO(TS1) Cat-6-H (3) 

Ir                 0.74972000   -0.06881600   -0.00073800  Ir                -0.76216600   -0.06313900   -0.32335800 

 C                  1.66465300   -1.30282900   -1.69753600  C                 -1.71588100   -1.43804400    1.32008000 

 C                  1.77583000   -2.01703800   -0.42986100  C                 -1.83309100   -1.95598100   -0.03633200 

 C                  2.59612500   -1.23063100    0.44519700  C                 -2.64156700   -1.03994500   -0.78435200 

 C                  2.92935500    0.00698500   -0.23048900  C                 -2.88859800    0.10157400    0.05074900 

 C                  2.38276700   -0.07439900   -1.58006100  C                 -2.36365700   -0.19479500    1.37825600 

 C                 -2.15883100    0.80983100   -0.22941400  C                  2.15131300    0.79614600   -0.05523900 

 C                 -2.07705900   -1.50020300   -0.05755900  C                  2.04591500   -1.49756000   -0.22546600 

 C                 -3.46318500   -1.59738400   -0.10945600  C                  3.42037700   -1.61266500   -0.13463000 

 C                 -4.21931300   -0.42324100   -0.23099100  C                  4.18127800   -0.45299100   -0.00062300 

 C                 -3.53985900    0.80642200   -0.28662000  C                  3.52268100    0.77761000    0.03688500 

 H                 -1.47031000   -2.39228600    0.03969900  H                  1.42830200   -2.38345400   -0.34006700 

 H                 -3.92196300   -2.57618600   -0.05671600  H                  3.86903900   -2.59708300   -0.16976600 

 H                 -4.10283100    1.72888400   -0.37493000  H                  4.09404900    1.69385600    0.14228400 

 N                 -1.41919500   -0.33212000   -0.12376100  N                  1.40614900   -0.32814000   -0.18738600 

 C                 -1.33484800    2.01576700   -0.27137000  C                  1.34130000    2.00153200   -0.01277800 

 C                  0.57578500    3.20934700   -0.30714300  C                 -0.54669900    3.19091300    0.02552500 

 H                  1.35869700    3.34408600    0.44098600  H                 -1.34101300    3.33298600   -0.71064800 

 H                  1.02438200    3.30496300   -1.30241300  H                 -0.99096000    3.27829300    1.02577100 

 C                 -0.61684700    4.17225000   -0.11849300  C                  0.63510600    4.14215600   -0.16373000 

 H                 -0.57786200    5.03022900   -0.79063300  H                  0.59074700    5.01194000    0.49150800 

 H                 -0.69094200    4.53017500    0.91444300  H                  0.71297100    4.48567800   -1.20108100 

 N                 -0.04205100    1.87401500   -0.18544700  N                  0.05948500    1.86497400   -0.10976900 

 N                 -1.76756400    3.29691600   -0.43845600  N                  1.77869700    3.27558900    0.16900800 

 H                 -2.67908500    3.54452400   -0.06683200  H                  2.69170600    3.51971600   -0.19898300 

 O                 -5.56068600   -0.36425500   -0.29997700  O                  5.51356600   -0.41936300    0.09901300 

 C                 -6.31073000   -1.59148800   -0.26817400  C                  6.22784400   -1.65337200    0.07690800 

 H                 -7.35636500   -1.29166800   -0.33714400  H                  7.28048600   -1.39205000    0.17279000 

 H                 -6.04868300   -2.22689900   -1.11979400  H                  5.93078100   -2.28958300    0.91621300 

 H                 -6.13933600   -2.12679100    0.67074400  H                  6.06616400   -2.17967300   -0.86862200 

 O                  0.69676200    1.00397600    3.56668800  H                 -0.42369100    0.11448300   -1.88511200 

 C                  0.19125500    0.00952600    3.11964500  C                 -2.51127300    0.70690000    2.54948000 

 H                  0.39109000    0.11391700    1.63534800  H                 -2.30014300    1.74790000    2.28231500 

 O                 -0.40099600   -1.01987300    3.30337000  H                 -3.54081000    0.67638500    2.92789500 

 C                  3.06652700   -1.63594600    1.80912700  H                 -1.84515100    0.42743300    3.36947600 

 H                  3.22058000   -0.76930100    2.45716000  C                 -0.98918300   -2.14086800    2.40722600 

 H                  2.35740500   -2.31067700    2.29544600  H                 -0.83398700   -1.49902600    3.27760800 

 H                  4.02567000   -2.16346300    1.72032700  H                 -1.54981500   -3.02518700    2.73475000 

 C                  1.29040900   -3.41322000   -0.17901600  H                 -0.00918000   -2.49340400    2.06613500 

 H                  0.35406300   -3.61576700   -0.70703400  C                 -1.42213300   -3.32054700   -0.46139700 

 H                  2.03171700   -4.13964300   -0.53875000  H                 -0.50510800   -3.63771700    0.04540200 
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 H                  1.13096300   -3.60053700    0.88641700  H                 -2.19925700   -4.05637100   -0.21784400 

 C                  3.87983800    1.05595800    0.26576500  H                 -1.24428100   -3.36807300   -1.53975700 

 H                  3.84074100    1.14922800    1.35465800  C                 -3.17757600   -1.25796800   -2.15305400 

 H                  4.91116000    0.79663200   -0.00974900  H                 -2.51371900   -1.89024800   -2.74898500 

 H                  3.65921500    2.03540800   -0.16807200  H                 -4.15345400   -1.75577300   -2.09809400 

 C                  2.60548700    0.93259500   -2.66596600  H                 -3.31442300   -0.31326100   -2.68637000 

 H                  2.72590900    1.94084900   -2.26107800  C                 -3.77001700    1.25509200   -0.27135700 

 H                  3.52441800    0.68549500   -3.21467600  H                 -3.76775600    1.47331500   -1.34323500 

 H                  1.78200600    0.94358900   -3.38521600  H                 -4.80573000    1.04550900    0.02520700 

 C                  0.97096300   -1.82465500   -2.91728700  H                 -3.45463100    2.15991700    0.25781900 

 H                  0.04798900   -2.35244000   -2.65639300  
 H                  0.72363100   -1.02132200   -3.61611300  
 H                  1.62041100   -2.53853900   -3.44168000   

 

Cat-6-H-H(4) Cat-6-H-H-tri(TS2) 

Ir                -0.82601600   -0.09002900   -0.40527500 Ir                -0.79593600   -0.09776000   -0.27494900 

 C                 -1.72139500   -0.22828700    1.55019300  C                 -2.00274700   -0.27099100    1.46122000 

 C                 -1.24438400   -1.54171300    1.21073400  C                 -1.50133000   -1.59602700    1.14599500 

 C                 -1.91717000   -1.97886200    0.02600300  C                 -1.96868200   -1.95478500   -0.15242300 

 C                 -2.87650700   -0.95889300   -0.32485200  C                 -2.80767600   -0.87558100   -0.62592900 

 C                 -2.76907200    0.11480000    0.60658000  C                 -2.84850400    0.15097100    0.36218900 

 C                  2.05682200    0.82335000   -0.15977600  C                  2.10823800    0.80358700   -0.09486700 

 C                  1.98398600   -1.46349100   -0.46537400  C                  2.03806900   -1.50064900   -0.19077400 

 C                  3.35146700   -1.57166300   -0.30128000  C                  3.41715800   -1.58905800   -0.13225400 

 C                  4.08786600   -0.41767000   -0.04344800  C                  4.15670400   -0.41261100   -0.04006100 

 C                  3.41618900    0.80967700    0.01713100  C                  3.47608100    0.81179800   -0.02753900 

 H                  1.37948800   -2.34282100   -0.66535100  H                  1.42914200   -2.39715100   -0.26186200 

 H                  3.81273000   -2.54789700   -0.37320600  H                  3.88464100   -2.56480800   -0.15470100 

 H                  3.97347300    1.72053300    0.20871100  H                  4.03942200    1.73665300    0.03087900 

 N                  1.33839000   -0.30095400   -0.38776800  N                  1.38700300   -0.34038200   -0.16481100 

 C                  1.22252800    2.01863200   -0.12656300  C                  1.27292000    2.00250300   -0.09480900 

 C                 -0.68254200    3.18792300   -0.13022600  C                 -0.63160100    3.17719500   -0.04623100 

 H                 -1.45557000    3.36409400   -0.88034100  H                 -1.42956500    3.33821800   -0.77281200 

 H                 -1.15130300    3.21926000    0.86218800  H                 -1.06652000    3.23430800    0.96054100 

 C                  0.49634400    4.15572300   -0.22959300  C                  0.54241500    4.14170500   -0.21541400 

 H                  0.41815100    4.99434600    0.46133100  H                  0.50260600    4.98795100    0.46973400 

 H                  0.62174600    4.54159700   -1.24696300  H                  0.61859600    4.51720100   -1.24144600 

 N                 -0.05360600    1.87625000   -0.31407000  N                 -0.01357600    1.85854900   -0.21972500 

 N                  1.62621800    3.27880100    0.11464800  N                  1.68364700    3.26593300    0.08237800 

 H                  2.57587100    3.55558600   -0.10664500  H                  2.63588200    3.54735400   -0.11650500 

 O                  5.40368600   -0.38296200    0.15334300  O                  5.48357400   -0.34573200    0.03534500 
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 C                  6.13065100   -1.61187700    0.11431800  C                  6.23325500   -1.56071600    0.03177900 

 H                  7.16803700   -1.35226100    0.31738400  H                  7.27885500   -1.26529500    0.09758500 

 H                  5.76647300   -2.30056700    0.88228600  H                  5.97009500   -2.17937500    0.89466000 

 H                  6.05189900   -2.07426200   -0.87382600  H                  6.06586000   -2.11560900   -0.89579400 

 H                 -0.41452600   -0.26292000   -2.23550900  H                 -0.13163900   -0.39017300   -2.41002400 

 H                 -0.92309200    0.38035100   -2.23742300  H                 -0.57516600    0.23984100   -2.44923900 

 C                 -3.63097900    1.32031600    0.65110000  C                 -3.66331600    1.38804500    0.31649400 

 H                 -3.88614200    1.66860800   -0.35331500  H                 -3.81235800    1.73548300   -0.70919400 

 H                 -4.56739100    1.08659800    1.17112800  H                 -4.65118700    1.19539900    0.75151500 

 H                 -3.14929700    2.14113100    1.18730400  H                 -3.20079400    2.19493100    0.89055600 

 C                 -3.81475700   -1.02869000   -1.46831000  C                 -3.49982700   -0.84511300   -1.93374300 

 H                 -4.72381800   -1.56027400   -1.16242400  H                 -2.97283200   -1.44265500   -2.68123000 

 H                 -4.10764300   -0.03374500   -1.81164200  H                 -4.50807300   -1.26227200   -1.82286900 

 H                 -3.37937100   -1.57405800   -2.30935500  H                 -3.60030600    0.17589300   -2.31046900 

 C                 -1.77339900   -3.29898600   -0.63580700  C                 -1.69352400   -3.21822000   -0.88001800 

 H                 -2.48275400   -4.01724400   -0.20786400  H                 -0.78140000   -3.69714000   -0.51483000 

 H                 -1.97696800   -3.23014300   -1.70751600  H                 -2.51974900   -3.92639000   -0.74745500 

 H                 -0.76787400   -3.70764800   -0.50615800  H                 -1.57711900   -3.03998000   -1.95274400 

 C                 -0.22617700   -2.29822500    1.97111200  C                 -0.63014200   -2.40715400    2.02421700 

 H                 -0.72655600   -2.83726600    2.78494300  H                  0.04234400   -1.77794900    2.61333800 

 H                  0.28489000   -3.03766500    1.35077500  H                 -1.25189500   -2.97570100    2.72608700 

 H                  0.51777400   -1.63793200    2.42469100  H                 -0.03224000   -3.12167000    1.45314400 

 C                 -1.30260500    0.56193800    2.73305100  C                 -1.82558100    0.44796000    2.74316800 

 H                 -1.84080200    0.22580400    3.62678800  H                 -2.64245900    0.19079800    3.42828300 

 H                 -0.23116800    0.44570500    2.92332500  H                 -0.88342800    0.17813400    3.22682200 

 H                 -1.51070200    1.62637100    2.59653600  H                 -1.84316900    1.53149900    2.59547700 

 

Cat-6-end (5)   

 Ir                 0.76078100   -0.05541800   -0.11897000  
 C                  2.00214800   -1.75996200   -0.73295400  
 C                  1.62239400   -1.92931500    0.62311900  
 C                  2.10722100   -0.78674600    1.36713100  
 C                  2.83960300    0.06824200    0.45942600  
 C                  2.75340800   -0.51687700   -0.83554500  
 C                 -2.10881400    0.83133000   -0.05479700  
 C                 -2.02980600   -1.47318900   -0.13858300  
 C                 -3.40858200   -1.56551400   -0.10293400  
 C                 -4.15239300   -0.39183100   -0.02642000  
 C                 -3.47380800    0.83782800   -0.01045400  
 H                 -1.42040600   -2.36919400   -0.19836700  
 H                 -3.87214600   -2.54284900   -0.13047800  
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 H                 -4.04142300    1.76065700    0.03536900  
 N                 -1.37965800   -0.31119600   -0.10759400  
 C                 -1.26682000    2.02889800   -0.05081500  
 C                  0.65870500    3.18979600    0.01696500  
 H                  1.11647400    3.27139200    1.00943600  
 H                  1.44288900    3.31973700   -0.73097700  
 C                 -0.50623400    4.16768300   -0.16181500  
 H                 -0.54084500    4.59625200   -1.16774600  
 H                 -0.50028000    4.97840000    0.56631800  
 N                  0.03314400    1.86885100   -0.11288300  
 N                 -1.66508100    3.28817500    0.03926900  
 H                 -2.62818400    3.58769200   -0.04893200  
 O                 -5.47687200   -0.32853800    0.03073200  
 C                 -6.22316100   -1.54730700    0.02983500  
 H                 -7.27003500   -1.25479200    0.08348600  
 H                 -6.04394800   -2.10825500   -0.89164700  
 H                 -5.96446600   -2.15689700    0.90029500  
 C                  3.56145000    1.30649200    0.83837600  
 H                  3.04213100    1.84111900    1.63882800  
 H                  4.56577600    1.05912200    1.20111300  
 H                  3.66918400    1.98537500   -0.01114500  
 C                  3.33401900    0.01960100   -2.08630100  
 H                  3.50711200    1.09653200   -2.01808300  
 H                  4.29655700   -0.46572600   -2.28938000  
 H                  2.68039400   -0.17326600   -2.94140600  
 C                  1.70663600   -2.67106800   -1.86211200  
 H                  1.54581100   -2.11439900   -2.78930100  
 H                  2.55077300   -3.35111000   -2.02857400  
 H                  0.81885300   -3.27788900   -1.66753600  
 C                  0.87340200   -3.06140000    1.21868600  
 H                  0.39300300   -3.67885900    0.45629200  
 H                  1.56046000   -3.70184700    1.78397200  
 H                  0.10586900   -2.70986300    1.91530400  
 C                  1.96063800   -0.58184500    2.82305100  
 H                  1.04395500   -1.04229200    3.19979900  
 H                  2.80740600   -1.04447800    3.34596100  
 H                  1.95105400    0.48118300    3.07754800   

 

Cat-1 Cat-2 

Ir                -0.38147200    0.00578900   -0.11438500 Ir                 0.52742900   -0.03139400   -0.10783600 

 Cl                 0.27394500    0.02751300   -2.55153900  Cl                -0.13059700   -0.05769400   -2.54353100 
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 C                 -1.68804700   -0.18950100    1.66412900  C                  1.83199400   -0.25198900    1.65806600 

 C                 -1.88743500   -1.37570600    0.84297300  C                  2.14052200    1.02919200    1.05242500 

 C                 -2.37035800   -0.96544300   -0.43526000  C                  2.58885600    0.80554400   -0.29052400 

 C                 -2.51214700    0.49246300   -0.41442900  C                  2.63052500   -0.64033100   -0.50089900 

 C                 -2.12965300    0.95388900    0.88685900  C                  2.18728500   -1.28515200    0.69540100 

 C                 -1.32958900   -0.18267800    3.11794900  C                  1.44790100   -0.47972000    3.08722200 

 C                 -1.66759700   -2.78016700    1.30664200  C                  2.04580200    2.34790900    1.75069400 

 C                 -2.77989400   -1.84847300   -1.57102400  C                  3.08175500    1.83764900   -1.25689600 

 C                 -3.10643900    1.31424700   -1.51444100  C                  3.14972100   -1.31776600   -1.72839000 

 C                 -2.22293800    2.36079700    1.38477600  C                  2.17415200   -2.75907800    0.95256300 

 C                  2.60316600   -0.31081900    0.19197500  C                 -2.37110200    0.78720500    0.12242200 

 C                  1.59947100   -2.40307800    0.03011900  C                 -0.97473900    2.65752600    0.00840000 

 C                  2.83866700   -3.03657200    0.10516500  C                 -2.06209300    3.52419300    0.07251000 

 C                  3.99142700   -2.26475000    0.23053200  C                 -3.34152700    2.98857600    0.17817200 

 C                  3.87235200   -0.87571000    0.26842700  C                 -3.49886800    1.60280800    0.19668900 

 H                 -0.66403100   -1.01293600    3.36986800  H                  0.87030200    0.35986300    3.48357500 

 H                 -2.23700000   -0.28533000    3.72810600  H                  2.34770400   -0.59095600    3.70687300 

 H                 -0.83808600    0.75037700    3.40679200  H                  0.85179300   -1.38983700    3.19856400 

 H                 -1.53128600   -3.46841000    0.46885700  H                  2.01195800    3.18291300    1.04708200 

 H                 -2.54768900   -3.11379300    1.87217200  H                  2.93660700    2.47958900    2.37907700 

 H                 -0.80107000   -2.85657500    1.96963700  H                  1.17082700    2.40096700    2.40461900 

 H                 -2.53409400   -1.39302000   -2.53377500  H                  2.88213500    1.54031800   -2.28983900 

 H                 -3.86564200   -2.01037500   -1.54261600  H                  4.16659200    1.97113800   -1.15102200 

 H                 -2.29379800   -2.82624100   -1.51786500  H                  2.60819500    2.80832300   -1.08477900 

 H                 -2.79863100    2.36094400   -1.44519400  H                  2.76984600   -2.33884900   -1.81545100 

 H                 -4.20235500    1.28069100   -1.45305600  H                  4.24568900   -1.36818300   -1.67871500 

 H                 -2.81360800    0.93476200   -2.49654200  H                  2.87897200   -0.76942300   -2.63376200 

 H                 -1.48133800    2.56704200    2.16033300  H                  1.43281900   -3.02911000    1.70880300 

 H                 -3.21725200    2.51875300    1.82320200  H                  3.15828400   -3.07074300    1.32700800 

 H                 -2.09621700    3.08470800    0.57618700  H                  1.96829900   -3.32821900    0.04240500 

 H                  0.68265200   -2.96797700   -0.07631500  H                  0.03732200    3.02819300   -0.08452500 

 H                  2.88452000   -4.11904600    0.06400500  H                 -1.89289400    4.59468400    0.04246000 

 H                  4.96864700   -2.73156200    0.29280000  H                 -4.21184100    3.63334500    0.23922100 

 H                  4.74821100   -0.24236900    0.35462800  H                 -4.48783700    1.17611200    0.27205400 

 N                  1.47832000   -1.06901500    0.08979700  N                 -1.12000500    1.32480000    0.05201700 

 C                  2.31772200    1.12242200    0.20311300  C                 -2.34009700   -0.68364200    0.10769800 

 C                  1.02572100    2.96863400    0.20527800  C                 -1.31112600   -2.69174400   -0.01422200 

 H                  0.35430500    3.38719800   -0.54627800  H                 -1.02525300   -2.94397800   -1.04269800 

 H                  0.65753100    3.25131600    1.19739600  H                 -0.67852600   -3.25275200    0.67380900 

 C                  2.49857900    3.38262500    0.00040600  C                 -2.80904500   -2.90723300    0.23627600 

 H                  2.79987100    4.20679300    0.64788300  H                 -3.01681400   -3.18257100    1.27909100 

 H                  2.70343000    3.65208900   -1.04152400  H                 -3.25910600   -3.65089600   -0.42348800 
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 N                  1.07287300    1.49690900    0.11065100  N                 -1.15217300   -1.24072500    0.17260900 

 N                  3.21514800    2.13549700    0.35471700  N                 -3.36739000   -1.56333900   -0.03593000 

 H                  4.15676000    2.00263300   -0.00019100  C                 -4.77624200   -1.33307400    0.27270400 

  H                 -4.92757500   -0.99757900    1.30580700 

  H                 -5.21528400   -0.61352500   -0.42076800 

   H                 -5.29918500   -2.28111000    0.13528400 

 

Cat-3 Cat-4 

 Ir                -0.55994100    0.00000000   -0.10662100  Ir                 0.50395700   -0.01426300   -0.10371700 

 C                 -1.84933700   -0.00000400    1.69262600  Cl                -0.18571600    0.40498000   -2.48148500 

 C                 -2.20282600    1.16786100    0.90948100  C                  2.08672200   -1.43055900    0.43394600 

 C                 -2.62944900    0.73307000   -0.38511900  C                  2.03461600    0.75318300    1.23798900 

 C                 -2.62945000   -0.73306700   -0.38512200  C                  2.51626100    0.79196300   -0.11237300 

 C                 -2.20282800   -1.16786600    0.90947600  C                  1.72886400   -0.61136400    1.57348300 

 C                 -1.47605500   -0.00000800    3.14297100  C                  1.88523400    1.91961200    2.13845400 

 H                 -2.38123200   -0.00000800    3.76547100  H                  1.71066500    2.84155700    1.57811900 

 H                 -0.89194700   -0.88659400    3.40556900  H                  1.06444500    1.78189900    2.84719700 

 H                 -0.89194700    0.88657700    3.40557200  H                  2.80653400    2.05191300    2.71848200 

 C                 -2.21371600   -2.56499500    1.43883700  C                  2.56616000   -0.57489800   -0.59653300 

 H                 -3.09794100   -2.67965000    2.08040200  C                  3.00528600    1.99357100   -0.83269400 

 H                 -2.27960600   -3.30730500    0.64289400  H                  2.47023400    2.89391000   -0.51530500 

 H                 -1.33508800   -2.77802400    2.05326000  H                  4.07212600    2.15256700   -0.63415500 

 C                 -3.14765800   -1.58963400   -1.49723600  H                  2.88106400    1.89183700   -1.91384300 

 H                 -4.24492800   -1.61924400   -1.46510100  C                  1.99669900   -2.90990500    0.38121600 

 H                 -2.85112600   -1.19078200   -2.47089900  H                  2.92016200   -3.35465200    0.77106400 

 H                 -2.78022200   -2.61643500   -1.42058100  H                  1.16856600   -3.28129300    0.99147000 

 C                 -3.14765600    1.58964100   -1.49723000  H                  1.85919900   -3.27088700   -0.64180300 

 H                 -4.24492700    1.61924100   -1.46510500  C                  3.06007300   -0.99842600   -1.92748600 

 H                 -2.78022900    2.61644500   -1.42056300  H                  2.57026600   -1.91705400   -2.26148200 

 H                 -2.85111200    1.19080100   -2.47089400  H                  2.88848000   -0.22831300   -2.68296800 

 C                 -2.21371000    2.56498700    1.43884800  H                  4.13900400   -1.18893000   -1.87994700 

 H                 -3.09793100    2.67964200    2.08041800  C                  1.29552500   -1.11799100    2.89820500 

 H                 -1.33507800    2.77801300    2.05326800  H                  0.74940700   -0.35568900    3.45991600 

 H                 -2.27960400    3.30730100    0.64290900  H                  0.65012100   -1.99565100    2.80078700 

 Cl                 0.06923600   -0.00000100   -2.54913100  H                  2.16734100   -1.41318700    3.49471500 

 C                  2.78562800   -2.86289100    0.13138400  N                 -1.28217600   -1.20928000   -0.01316700 

 C                  1.42463900   -2.68583700   -0.03938800  N                 -3.47578800   -1.37033100    0.10057800 

 N                  1.13913100   -1.33699600    0.10491000  N                 -1.08655500    1.34305400    0.28975700 

 N                  1.13912800    1.33699800    0.10491000  N                 -3.26850200    1.84278200    0.32617800 

 N                  3.31170100    1.60657200    0.36394100  C                 -2.30378600    0.89674900    0.24516300 

 H                  4.29372900    1.39059900    0.49878100  C                 -2.42081700   -0.53279800    0.11964900 
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 C                  2.30121100   -0.71345300    0.32660900  C                 -2.97666000   -2.63383600   -0.05939900 

 C                  2.30120900    0.71345600    0.32660900  C                 -1.61411400   -2.52308200   -0.13188200 

 C                  3.63616200   -4.08600900    0.11457300  H                 -4.17278100    1.66248400   -0.09463000 

 H                  3.07312300   -4.93518000   -0.28040900  H                 -0.87462100   -3.29888600   -0.26312800 

 H                  4.52403700   -3.94160500   -0.51161200  H                 -3.62941500   -3.49244700   -0.10079300 

 H                  3.97974900   -4.35006700    1.12284900  C                 -1.14083600    2.80097900    0.38569400 

 C                  0.40623500   -3.72750700   -0.36391900  H                 -0.88065200    3.11039700    1.40518600 

 H                 -0.39734100   -3.30779300   -0.97519300  H                 -0.42328200    3.25478000   -0.30359600 

 H                  0.86980300   -4.54438300   -0.92556900  C                 -2.59603000    3.12574100    0.04668200 

 H                 -0.04333400   -4.16209500    0.53527400  H                 -2.71618100    3.38341600   -1.01150300 

 C                  2.78562200    2.86289500    0.13138400  H                 -3.00783700    3.92923800    0.65669800 

 C                  1.42463400    2.68584000   -0.03938800  C                 -4.88310500   -1.01302200    0.21549000 

 C                  3.63615200    4.08601600    0.11457400  H                 -5.04511900   -0.41932400    1.11637300 

 H                  4.52403100    3.94161200   -0.51160500  H                 -5.20090200   -0.45153900   -0.66566200 

 H                  3.07311300    4.93518300   -0.28041500  H                 -5.46372600   -1.93163700    0.28322000 

 H                  3.97973200    4.35007800    1.12285100  
 C                  0.40622800    3.72750700   -0.36392000  
 H                  0.86979300    4.54438100   -0.92557400  
 H                 -0.39734900    3.30779000   -0.97519200  
 H                 -0.04334000    4.16209800    0.53527200  
 N                  3.31170500   -1.60656600    0.36394000  

 H                  4.29373300   -1.39059000    0.49878000   

 

Cat-5 Cat-7 

Ir                -0.61545600   -0.01615700   -0.12743300 Ir                 0.50367100    0.08626700   -0.12737700 

 Cl                -0.02924800   -0.48810700   -2.53175800  C                  1.75849100    0.07202700    1.62156800 

 C                 -2.32278600    1.32667000    0.44153500  C                  1.41912800   -1.29110000    1.31952200 

 C                 -2.12653700   -0.85152100    1.28444900  C                  1.90205500   -1.60455500    0.00482500 

 C                 -2.63250400   -0.93961600   -0.05683700  C                  2.58891700   -0.43550000   -0.48778200 

 C                 -1.88086600    0.54332000    1.59035800  C                  2.50820700    0.59531900    0.49818300 

 C                 -1.92569900   -1.99637400    2.22423000  C                  1.51367000    0.76040700    2.91205300 

 H                 -1.71672800   -2.92476900    1.68919800  H                  2.32842200    0.55245800    3.61626000 

 H                 -1.11252900   -1.80334600    2.92699900  H                  1.45484300    1.84485000    2.78156900 

 H                 -2.84289800   -2.14560700    2.80756600  H                  0.58086300    0.41936000    3.36992300 

 C                 -2.76832100    0.42369000   -0.56828300  C                  3.15122500    1.92955900    0.42506800 

 C                 -3.10652600   -2.17750100   -0.75208900  H                  4.17063600    1.87256900    0.82523500 

 H                 -2.59067700   -3.06671500   -0.38175400  H                  3.21869300    2.28969000   -0.60523700 

 H                 -4.18115700   -2.31782900   -0.58039700  H                  2.60502500    2.67216300    1.01307000 

 H                 -2.94679000   -2.11304400   -1.83083500  C                  3.30451800   -0.36251200   -1.78167200 

 C                 -2.36706000    2.82043900    0.37723500  H                  4.32763400   -0.73624100   -1.64998200 

 H                 -3.32629700    3.17223200    0.77697500  H                  2.81900600   -0.98061400   -2.54065000 



 
165 

 

 H                 -1.57409000    3.27387800    0.97575500  H                  3.36645600    0.66149000   -2.15836700 

 H                 -2.28031700    3.18292100   -0.64935400  C                  1.88657600   -2.92402500   -0.68051800 

 C                 -3.36017000    0.78538000   -1.89220000  H                  2.91234700   -3.29026600   -0.80699900 

 H                 -3.04340800    1.77837300   -2.21798800  H                  1.33859000   -3.67318400   -0.10463500 

 H                 -3.07907700    0.06403700   -2.66182900  H                  1.43544800   -2.86404000   -1.67623600 

 H                 -4.45466000    0.78810900   -1.81425100  C                  0.72165800   -2.20145800    2.25989600 

 C                 -1.47398700    1.09791700    2.92018000  H                  1.39644600   -2.43800000    3.09151300 

 H                 -0.82949600    0.40294200    3.46354300  H                 -0.16981600   -1.73466400    2.69051000 

 H                 -0.94291200    2.04673600    2.81223100  H                  0.42580900   -3.13836200    1.78463500 

 H                 -2.36297100    1.28237100    3.53638800  Cl                -0.13110900    0.16130900   -2.55280300 

 N                  1.03201500    1.31564500   -0.14849600  C                 -2.48361100    0.67278000    0.18329300 

 N                  3.17571500    1.78990200    0.11067400  C                 -3.84942700    0.54642000    0.29340000 

 N                  1.07595100   -1.19775500    0.30608300  C                 -4.38384100   -0.73816800    0.29251100 

 N                  3.30969200   -1.53741100    0.33424500  C                 -3.55310900   -1.82687900    0.15492600 

 C                  2.27185100   -0.65983200    0.22473900  C                 -2.17528500   -1.61378600    0.02615700 

 C                  2.25118300    0.78852000    0.06036300  N                 -1.65106000   -0.38892900    0.07476600 

 C                  2.50567000    2.96973600   -0.10615800  H                 -5.45408700   -0.88463900    0.38856600 

 C                  1.17702900    2.66628100   -0.27216400  H                 -4.48357200    1.42072000    0.37821500 

 H                  0.34349600    3.32390300   -0.45988100  H                 -3.95602200   -2.83123000    0.13944300 

 H                  3.02557000    3.91505500   -0.10613200  C                 -1.28785500    4.12912700   -0.16205400 

 C                  1.21927100   -2.64015800    0.54439900  C                 -1.77862700    1.94668900    0.14977100 

 H                  0.94456300   -2.86519400    1.58027800  C                 -0.01329100    3.31305600    0.04961400 

 H                  0.56424900   -3.21149700   -0.11602000  H                 -1.31342100    5.04409600    0.42912600 

 C                  2.71204000   -2.89772600    0.27775000  H                  0.74118400    3.47859500   -0.72356000 

 H                  2.88092500   -3.32030000   -0.71959700  H                  0.44807700    3.50999600    1.02637300 

 H                  3.17217400   -3.55374300    1.01852700  H                 -1.43076800    4.38365500   -1.21810300 

 C                  4.60577800    1.73468100    0.43443900  N                 -0.49304400    1.93056400    0.01977000 

 H                  4.77153200    1.05165000    1.26612900  N                 -2.32712600    3.17907900    0.27000000 

 H                  5.18964000    1.42514700   -0.43243200  H                 -3.28206800    3.32281600   -0.03769100 

 H                  4.91287000    2.73585000    0.73391800  O                 -1.28942300   -2.58245100   -0.15856500 

 C                  4.61432500   -1.35619500   -0.31644000  C                 -1.72564100   -3.93757700   -0.06923000 

 H                  4.54415000   -0.67679900   -1.16952600  H                 -2.45233800   -4.16688400   -0.85338900 

 H                  5.36998000   -0.99305000    0.38228800  H                 -0.83310200   -4.54625300   -0.21100400 

 H                  4.94238800   -2.32833900   -0.68814400  H                 -2.15663700   -4.13724900    0.91668400 

 

Cat-8 

C                 -1.76510000    0.09937700    1.56612300 

 C                 -2.00648000    1.21228600    0.67749200 

 C                 -2.34537400    0.69782900   -0.60712400 

 C                 -2.34707000   -0.75522700   -0.51923800 

 C                 -2.01923700   -1.11145000    0.82118200 
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 C                 -1.48144600    0.18950400    3.01912500 

 H                 -2.41539100    0.25316600    3.59056000 

 H                 -0.93436100   -0.68915700    3.37176400 

 H                 -0.88537300    1.07578600    3.25400800 

 C                 -1.94483800   -2.49111500    1.35906600 

 H                 -2.93142200   -2.79708100    1.72740800 

 H                 -1.64213100   -3.20650400    0.58957100 

 H                 -1.24323000   -2.56233000    2.19442100 

 C                 -2.70176500   -1.69533600   -1.61031000 

 H                 -3.76797600   -1.94708100   -1.56486800 

 H                 -2.50233900   -1.26013400   -2.59232400 

 H                 -2.13309000   -2.62696300   -1.53202600 

 C                 -2.69665300    1.50373000   -1.80170800 

 H                 -3.76085900    1.76711900   -1.78210000 

 H                 -2.12146600    2.43407800   -1.83529400 

 H                 -2.50464700    0.95526900   -2.72680600 

 C                 -1.92865000    2.64239000    1.05846700 

 H                 -2.88875500    2.96318200    1.48038000 

 H                 -1.16136100    2.81453400    1.81872700 

 H                 -1.71225500    3.27977200    0.19720800 

 Cl                 0.57504800   -0.13808800   -2.39961600 

 Ir                -0.34953500   -0.00251400   -0.06170400 

 N                  1.30803400    1.28566300    0.23758100 

 N                  3.52843100    1.56209400    0.11303400 

 C                  1.50964200    2.70604200   -0.05758100 

 H                  1.27863700    2.86623700   -1.12004700 

 H                  0.84876000    3.33719100    0.53848300 

 C                  2.99012900    2.92690100    0.25128100 

 H                  3.14053500    3.28293200    1.27611000 

 H                  3.47364200    3.61728100   -0.43890300 

 C                  2.48048600    0.73271500    0.27412300 

 H                  4.42981300    1.32160400    0.51099000 

 N                  1.29975600   -1.26345300    0.34430400 

 N                  3.51696100   -1.57485200    0.37762000 

 C                  1.47710600   -2.71657300    0.31978000 

 H                  1.20166900   -3.13425400    1.29500600 

 H                  0.82672800   -3.16299100   -0.43785400 

 C                  2.96825400   -2.89459400    0.01331800 

 H                  3.14400100   -3.08375100   -1.05139200 

 H                  3.43023700   -3.69119600    0.59538100 

 C                  2.47486600   -0.72204100    0.34779100 

 H                  4.41347500   -1.27846800    0.00773300 
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Cat-1-bidentate ligand Cat-2-bidentate-ligand 

C                  0.54361000   -0.04981400   -0.03121600 C                 -0.67996400   -0.17379000   -0.07438700 

 C                  1.22011400    1.16416000   -0.20679900  C                 -1.43641700   -1.15772500    0.57447800 

 C                  2.61392400    1.17328700   -0.16916000  C                 -2.82355200   -1.03550000    0.59390800 

 C                  3.28617400   -0.02728000    0.04206600  C                 -3.40967000    0.06048400   -0.03768900 

 C                  2.52599100   -1.18742900    0.20202300  C                 -2.57468300    0.98850400   -0.65837000 

 N                  1.18926900   -1.21681500    0.16853100  N                 -1.23778900    0.89018400   -0.68427600 

 H                  3.15944400    2.10222500   -0.30581900  H                 -3.43314100   -1.78148900    1.09528200 

 H                  0.67058400    2.08166800   -0.38545300  H                 -0.94097100   -1.99380200    1.05389700 

 H                  4.36972000   -0.07282100    0.08212800  H                 -4.48580800    0.20045600   -0.04806800 

 H                  3.01924700   -2.14292600    0.36771500  H                 -2.99773500    1.85495200   -1.16185500 

 C                 -3.05343900    0.67882900    0.34138300  C                  2.99820200    0.20656800    0.11553500 

 C                 -0.94106100   -0.09486700   -0.05745100  C                  0.80002500   -0.31371900   -0.13904600 

 C                 -3.04666700   -0.74410100   -0.24520700  C                  2.80236300   -1.22309900   -0.40025000 

 H                 -3.76951700    1.34503600   -0.14548100  H                  3.24391400    0.21996300    1.18855600 

 H                 -3.65956900   -1.44455500    0.32833200  H                  3.11245100   -1.31724000   -1.44920400 

 H                 -3.42618000   -0.75017600   -1.27530000  H                  3.36348000   -1.96735000    0.17100400 

 H                 -3.26039100    0.67328600    1.41930300  H                  3.76568100    0.77120200   -0.42019300 

 N                 -1.63069800   -1.16812600   -0.25658600  N                  1.34993600   -1.47169900   -0.31037000 

 N                 -1.66196800    1.09316800    0.07909100  N                  1.65600300    0.78902900   -0.09313900 

 H                 -1.27143900    1.77396800    0.72348800  C                  1.34962800    1.94677500    0.74569800 

  H                  1.38082000    1.69975800    1.81781600 

  H                  2.09196500    2.72612300    0.55226800 

   H                  0.36671300    2.34383900    0.49573200 

 

Cat-3-bidentate-ligand Cat-4-bidendate-ligand 

C                  0.04288500    2.81724300    0.65973700  C                 -2.80991400    0.07858700    0.04448500 

 C                 -0.04288500    2.80007100   -0.71876300  C                 -2.61007900   -1.26796700    0.22370300 

 N                 -0.06971100    1.49848800   -1.18276600  H                 -3.70357100    0.68283300   -0.00811000 

 N                  0.06971100   -1.49848800   -1.18276600  H                 -3.35635200   -2.03698900    0.37075000 

 N                 -0.07043900   -1.48679000    1.03167700  N                 -1.27166900   -1.56073600    0.19812400 

 H                 -0.14351400   -1.15508100    1.98643000  N                  1.57990500   -1.19223700   -0.48667800 

 C                 -0.00066400    0.72580500   -0.10396000  N                 -1.56110700    0.63762400   -0.08829700 

 C                  0.00066400   -0.72580500   -0.10396000  N                  1.42213300    0.93765700    0.33392000 

 C                  0.10003900    3.91843100    1.66435500  H                  0.98519100    1.42694200    1.10925100 

 H                  0.04265700    4.89025800    1.16728500  C                 -1.32702800    2.05478600   -0.37458800 

 H                 -0.72971500    3.85812300    2.38014100  H                 -2.27325700    2.49605200   -0.68942300 

 H                  1.03220600    3.89236800    2.24344800  H                 -0.96826500    2.58342500    0.51218100 
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 C                 -0.10840700    3.95917200   -1.66241500  H                 -0.60060800    2.16033100   -1.18092700 

 H                 -1.03333600    3.94233800   -2.25313000  C                  2.95408400   -0.65706900   -0.38080700 

 H                 -0.07219400    4.91175200   -1.12572300  H                  3.63626800   -1.40856200    0.02544200 

 H                  0.72645900    3.94280400   -2.37455000  H                  3.31397800   -0.40244600   -1.38626700 

 C                 -0.04288500   -2.81724300    0.65973700  C                  2.84786400    0.59652700    0.50494200 

 C                  0.04288500   -2.80007100   -0.71876300  H                  3.49648700    1.41394800    0.18114700 

 C                 -0.10003900   -3.91843100    1.66435500  H                  3.06666100    0.37093600    1.55672800 

 H                 -1.03220600   -3.89236800    2.24344800  C                 -0.65623800   -0.39429600    0.00878000 

 H                 -0.04265700   -4.89025800    1.16728500  C                  0.80441700   -0.25100600   -0.05822500 

 H                  0.72971500   -3.85812300    2.38014100  
 C                  0.10840700   -3.95917200   -1.66241500  
 H                  0.07219400   -4.91175200   -1.12572300  
 H                 -0.72645900   -3.94280400   -2.37455000  
 H                  1.03333600   -3.94233800   -2.25313000  
 N                  0.07043900    1.48679000    1.03167700  
 H                  0.14351400    1.15508100    1.98643000   

 

Cat-5-bidendate-ligand Cat-6-bidendate ligand 

N                  1.37107200   -1.38331800    0.72159200 C                  0.26267000    0.41706700    0.00072600 

 N                  1.64148400    0.45860000   -0.48806300  C                 -0.69138200   -0.59456400   -0.08511700 

 N                 -1.33028000   -1.25904700   -0.86349700  C                 -2.05224600   -0.25736300   -0.03541100 

 N                 -1.41952800    0.66651200    0.34921900  C                 -2.40049200    1.08917700    0.09496200 

 C                 -0.68820700   -0.37720200   -0.18746100  C                 -1.36299400    2.01993300    0.16661100 

 C                  0.76507500   -0.44467600    0.02159200  N                 -0.06084600    1.72458900    0.12624700 

 C                  2.88972500    0.06794000   -0.07369000  H                 -0.41557500   -1.63592400   -0.20353800 

 C                  2.70386200   -1.06222000    0.66645000  H                 -3.43019500    1.42132000    0.13790800 

 H                  3.45436600   -1.66411600    1.15841900  H                 -1.60927800    3.07487100    0.26798200 

 H                  3.77324000    0.62114400   -0.35609900  C                  3.57024500   -1.19381400    0.31647000 

 C                 -2.73307100   -0.81388600   -0.84142300  C                  1.70999500    0.08189100   -0.04701600 

 H                 -2.96507400   -0.35061200   -1.80873900  C                  3.90731000    0.18391300   -0.27975600 

 H                 -3.41579200   -1.65503900   -0.71251100  H                  4.08917900   -2.01848200   -0.17771500 

 C                 -2.80866900    0.20012200    0.28587800  H                  4.68915700    0.71094300    0.27375300 

 H                 -3.06999700   -0.27630400    1.24502700  H                  4.25112000    0.09463500   -1.31859600 

 H                 -3.50583100    1.02119600    0.10519600  H                  3.79145100   -1.23646800    1.39074800 

 C                  1.33873400    1.62846100   -1.29479800  N                  2.64352100    0.94738100   -0.26078100 

 H                  0.52832100    1.40161700   -1.98969600  N                  2.11478000   -1.24967000    0.08042300 

 H                  1.05227400    2.47535300   -0.66614000  H                  1.58365100   -1.80693700    0.74286500 

 H                  2.22679800    1.89583800   -1.86841200  O                 -2.92972200   -1.28776600   -0.12497700 

 C                 -1.00356100    1.27280100    1.60120800  C                 -4.33198000   -0.98820300   -0.06254900 

 H                  0.03418300    1.60910900    1.54672400  H                 -4.84008900   -1.94987600   -0.14263800 

 H                 -1.62936000    2.14484600    1.80372900  H                 -4.58908800   -0.51276700    0.88970500 
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 H                 -1.10569300    0.56969400    2.44120700  H                 -4.63148800   -0.34351800   -0.89541100 

 

Cat-7-bidentate-ligand Cat-8-bidentate-ligand 

C                 -0.22389500    0.34993900   -0.04865600 N                 -1.44988500   -1.19007500   -0.24775700 

 C                  0.10297100    1.70468300   -0.16004600  N                 -1.41854900    1.07291500    0.09039800 

 C                  1.45301700    2.05700500   -0.18000600  C                 -2.85358300   -0.72206300   -0.26832200 

 C                  2.42713600    1.07155400   -0.08523400  H                 -3.21045100   -0.72706100   -1.30595100 

 C                  1.99020600   -0.25881000    0.03096600  H                 -3.49630500   -1.40051300    0.29830100 

 N                  0.70795900   -0.61699000    0.04799300  C                 -2.83177200    0.70649000    0.30816800 

 H                 -0.66620700    2.46211800   -0.24994300  H                 -3.07333400    0.71867400    1.37841100 

 H                  3.47852800    1.32800300   -0.10119400  H                 -3.50645100    1.39218500   -0.20911100 

 C                 -3.87655800    0.06464200    0.41572900  C                 -0.73993600   -0.13639200   -0.02961900 

 C                 -1.64484900   -0.08561200   -0.05261200  H                 -1.01836200    1.74862800    0.73420900 

 C                 -3.50887500   -1.25138200   -0.29338800  N                  1.44988500   -1.19007500    0.24775500 

 H                 -4.75198400    0.55831600   -0.01294400  N                  1.41854900    1.07291500   -0.09039600 

 H                 -3.89804200   -2.13527200    0.21919400  C                  2.85358300   -0.72206400    0.26832100 

 H                 -3.89873200   -1.27366800   -1.31919500  H                  3.21045000   -0.72706400    1.30595000 

 H                 -4.05389700   -0.08698000    1.48827100  H                  3.49630500   -1.40051200   -0.29830400 

 N                 -2.03239400   -1.28113000   -0.34681800  C                  2.83177200    0.70649100   -0.30816700 

 N                 -2.64911900    0.85202400    0.19429300  H                  3.07333500    0.71867700   -1.37840900 

 H                 -2.43320100    1.55252500    0.89746000  H                  3.50645100    1.39218400    0.20911400 

 H                  1.74489900    3.09856400   -0.27599100  C                  0.73993600   -0.13639200    0.02961800 

 O                  2.83537800   -1.32211400    0.14229200  H                  1.01836200    1.74863000   -0.73420600 

 C                  4.24626600   -1.07074100    0.13185500  
 H                  4.71872400   -2.04867900    0.23405400  
 H                  4.55851800   -0.60905500   -0.81104000  
 H                  4.54073000   -0.43395400    0.97306700   
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