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Hydrogen-bonded systems are ubiquitous in nature, where they provide 

structure and pathways for energy dissipation. Cyclic, hydrogen-bonded interfaces are 

capable of mediating proton transfer, but these structures have broad and complex 

vibrational spectra. To study these vibrational features, an ultrafast continuum mid-

infrared (CIR) laser pulse has been incorporated as the probe pulse in several vibrational 

spectroscopies used to study the vibrational dynamics and proton transfer of cyclic, 

hydrogen-bonded dimers. Unlike traditional ultrafast vibrational spectroscopy, which is 

limited to a few hundred cm-1 of bandwidth in a single experiment, ultrafast mid-infrared 

continuum spectroscopy allows vibrational dynamics and coupling to be observed 

across the full vibrational spectrum. The vibrational dynamics of the 7-azaindole—

acetic acid heterodimer were studied with mid-infrared pump—CIR probe and two 

dimensional infrared (2D IR) spectroscopy, which revealed strong coupling across the 

spectrum and very fast energy transfer across the bridging hydrogen bonds. 

Additionally, photoinduced proton transfer was studied in the 7-azaindole homodimer 

with preliminary UV pump—CIR probe experiments, which showed the formation of 

the doubly proton-transferred tautomer and spectral signatures of proton transfer. 

Further development of ultrafast mid-IR spectroscopy was explored with the generation 

of high energy continuum mid-IR pulses in bulk chalcogenide glass.  
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CHAPTER 1 

 

HYDROGEN-BONDED DIMERS 

 
1.1 Overview 

Hydrogen bonding is ubiquitous in biological systems, where it provides structure 

and pathways for the dissipation of vibrational energy. One class of hydrogen-bonded 

structures is dimers formed by multiple hydrogen bonds bridging the interface of the 

two monomers. A classic example of this is the hydrogen bonding between the base 

pairs of deoxyribonucleic acid (DNA), shown in Figure 1.1, which have either two or 

three hydrogen bonds that connect the purine and pyrimidine bases and provide support 

for the double helix structure.1 Hydrogen-bonded interfaces may also provide a pathway 

for energy dissipation from excited states2–5 and are important for proton-coupled 

electron transfer reactions in many chemical and biological systems.6–9 Proton transfer 

is thus integral to biological function and lies at the heart of bioenergetics and 

biomimetic energy conversion.8,9 For example, excited-state proton transfer within 

DNA following ultraviolet (UV) excitation has been proposed as an explanation for the 

photostability of DNA, but whether proton transfer occurs between DNA bases in 

solution remains controversial.2,9 Cyclic hydrogen-bonded structures, such as those 

found in DNA and those formed by carboxylic acid–amidine interfaces, are capable of 

mediating multiproton transfer.10–12  
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 Examining the ground state vibrational dynamics and couplings of such systems 

is important to developing an understanding of both the structures themselves and 

energy transport through the structure. The strength of the coupling between hydrogen-

bonded vibrational modes within these cyclic structures influences the mechanism of 

multiproton transfer reactions. Vibrational spectroscopy is sensitive to molecular 

structure, and ultrafast spectroscopy is a valuable tool for investigating the dynamics 

and couplings of complex molecular systems at relevant time scales of femtoseconds 

(fs) to picoseconds (ps). However, hydrogen-bonded dimers often have very broad 

vibrational spectra, as shown in the linear absorbance spectra of solubilized DNA base 

pairs in carbon tetrachloride in Figure 1.1, while ultrafast vibrational spectroscopy is 

typically limited in bandwidth to a few hundred cm-1. Here, novel ultrafast continuum 

Figure 1.1: The structures of the guanine-cytosine (G-C) and 
adenine-thymine (A-T) base pairs of DNA, along with the 
infrared absorbance spectra of the solubilized base pairs in carbon 
tetrachloride.  
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mid-infrared spectroscopy is used to explore the vibrational dynamics of cyclic, 

hydrogen-bonded dimers such as the 7-azaindole—acetic acid (7AI—Ac) heterodimer 

and the 7-azaindole (7AI) homodimer.   

 

1.2 Photoinduced Proton Transfer 

Since biological systems are complex and often part of larger macromolecules, 

model systems are frequently used to study the chemical structures of interest. In 

addition to mimicking the structure of DNA base pairs, many model systems have been 

shown to undergo inter- and intramolecular proton transfer.10,12–22 One such system, the 

cyclic, doubly hydrogen-bonded 7AI homodimer, has been studied extensively.10,12,11,23–

34  Several decades ago, fluorescence experiments by Ingham et al10 showed that the 

doubly proton-transferred tautomer of 7AI forms following UV excitation of the dimer. 

In solvents with minimal solute-solvent interactions (such as 3-methylpentane), normal 

dimer fluorescence was observed around 330 nm, while tautomer fluorescence was 

observed at longer wavelengths. This confirmed the existence of both the starting dimer 

and proton-transferred tautomer, but not the mechanism of double proton transfer. The 

structures of both the normal dimer and the tautomer are shown in Figure 1.2. This 

photoinduced proton transfer was first studied with time-resolved fluorescence 

spectroscopy in 1979 by Eisenthal and coworkers,23 who assigned an upper time limit 

of 5 ps, the temporal resolution of the experiment, to the proton transfer process. In 

1991, Hochstrasser and coworkers25 revisited the experiment with increased time 

resolution and determined a proton transfer rate of 1.4 ps.  



4 

 A series of UV and visible experiments with better time resolution were carried 

out by Zewail26,28,30,33 and Tahara27,29,32,34, revealing two decay times associated with 

double proton transfer in the 7AI homodimer. In the gas phase, Zewail and coworkers26  

observed two time scales of 650 fs and 3.3 ps. In solution, both Zewail and Tahara 

observed time scales of about 200 fs and 1100 ps. In various time-resolved fluorescence 

experiments, Tahara and coworkers34 observed these time constants and assigned them 

to a concerted mechanism, in which the fast component is described as internal 

conversion between two excited states with significant overlap in UV absorbance, and 

the slower component is due to the concerted double proton transfer from the lower of 

the two excited dimer states. Zewail and coworkers33 carried out a series of fluorescence 

and transient absorption experiments that revealed similar decay times, which they 

assigned to sequential single proton transfers in a stepwise mechanism.         

 

 

Figure 1.2: The 7AI homodimer undergoes photoinduced double proton transfer.
The mechanism of this process remains controversial. 
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Both potential mechanisms for proton transfer in 7AI have theoretical support.33–

38 These earlier experiments used time-resolved electronic spectroscopies to determine 

the mechanism of proton transfer within hydrogen-bonded structures. In addition to 

being sensitive to proton transfer, electronic spectroscopy also probes electronic state 

transitions and solvent reorganization, making it difficult to isolate the proton transfer 

dynamics.26,27,33,34 Vibrational spectroscopy instead utilizes light in the mid-infrared 

(mid-IR) spectral region, which is resonant with the fundamental transitions of 

molecular vibrations. As such, vibrational spectroscopy is very sensitive to molecular 

structure and is accordingly a more specific probe of proton transfer. However, directly 

probing the chemical bonds that are breaking and forming during the proton transfer 

reaction is complicated by the very broad vibrational features associated with medium 

and strongly hydrogen-bonded structures.39 

 
1.3 Vibrational Spectra of Hydrogen-Bonded Dimers 

Ultrafast vibrational spectroscopy has been used to study many biological 

systems,40–53 which can have very complex vibrational spectra, as shown in the FTIRs 

of solubilized DNA base pairs in carbon tetrachloride in Figure 1.1. For that reason, 

model systems have proven useful in understanding the behaviors and features of 

systems containing multiple intermolecular hydrogen bonds. To understand the features 

of cyclically hydrogen-bonded dimers, the homodimers of various carboxylic acids, 

such as acetic acid (AcOH), and amidines, such as the 7AI dimer discussed above, have 

been studied.54–69  
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 The broad features in the vibrational spectrum of the doubly hydrogen-bonded 

7AI and AcOH homodimers can be seen in Figure 1.3. The XH groups involved in the 

hydrogen bonding of these symmetric dimers exhibit broad spectra around 3000 cm-1 

that span more than 500 cm-1. Like the respective homodimers, 7AI and AcOH form a 

cyclic, doubly hydrogen-bonded heterodimer that exhibits an even broader vibrational 

spectrum,61,67,69 also shown in Figure 1.3, and can undergo photoinduced double proton 

transfer.16,70,71 At high frequencies, the heterodimer spectrum exhibits a continuous 

absorption with three broad peaks, which have been previously assigned.61,69 The amino 

group of the 7AI is centered at approximately 3250 cm-1, while the acid hydroxyl is 

centered at 2500 cm-1. Both of these are redshifted and broadened significantly relative 

to the NH and OH peaks of the AcOH and 7AI monomers, which are seen as narrow 

peaks in Figure 1.3 at roughly 3540 and 3480 cm-1, respectively. However, the amino 

group of the heterodimer is slightly blue-shifted relative to the broad absorbance of the 

Figure 1.3: FTIR spectra and structures of AcOH homodimer (red), 7AI—Ac 
heterodimer (blue), and 7AI homodimer (black) 
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7AI homodimer, while the OH is redshifted by ~500 cm-1 from the AcOH homodimer, 

to nearly 1000 cm-1 lower in frequency than the free OH of the monomer. The third peak 

at 1950 cm-1 results from a Fermi resonance between the OH stretch and the overtone 

of the OH bend.69   

 Due to the very anharmonic potential of, and high degree of coupling within, 

hydrogen-bonded dimers, complex calculations are required to replicate the structure of 

these spectra.57,59,60,72 The substructure of the broad high-frequency peaks is due to 

Fermi resonances between the XH modes and overtones and combination bands of 

various fingerprint modes. As such, coupling between the hydrogen-bonded modes and 

low-frequency modes play an important role in the transfer and dissipation of vibrational 

energy. The bridging hydrogen bonds are an important influence on the spectrum and 

dynamics of these systems, but these generally occur at very low frequencies (<200    

cm-1) below the range of most vibrational spectrometers.61,65  

 

1.4 Vibrational Dynamics of Hydrogen-Bonded Dimers 

 Due to the very broad spectra and high degree of coupling in hydrogen-bonded 

systems, understanding the vibrational characteristics of these structures requires 

studying most of the vibrational spectrum. While linear infrared spectroscopy utilizes 

broadband, incoherent light sources that cover the whole vibrational range, most 

ultrafast vibrational spectroscopy relies on infrared pulses generated by optical 

parametric amplifers (OPAs). These pulses are generally referred to as broadband, but 

typically only cover 100-500 cm-1, which can span only a fraction of these broad 

vibrational spectra. Traditional transient IR and two dimensional infrared spectroscopy 

(2D IR) experiments use replicates of a single mid-IR pulse as both pump and probe 
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pulses,52,53 while two-color experiments use different pump and probe frequencies to 

excite and probe different spectral regions. These experiments require knowing where 

to look for new spectral features, and are still limited to probing several hundred cm-1 

in a single experiment.60,73,74 Full spectrum experiments can be performed by scanning 

traditional OPA pulses in the two-color scheme, but this is time consuming and 

introduces additional technical difficulties.75–78  

 Despite the limitations of OPAs, there have been several studies of the 

vibrational dynamics of cyclic intermolecular hydrogen-bonded structures.54,58,60,77,79 

The vibrational dynamics of both the 7AI58,60,62 and AcOH54–56 homodimers have been 

studied extensively. Both the carbonyl54 and hydroxyl56,57,60 stretches of the AcOH 

homodimer have been studied with linear and ultrafast vibrational spectroscopy and 

theoretical analyses. Lim and Hochstrasser54 studied the vibrational dynamics of the 

acetic acid carbonyl at 1700 cm-1 and found that anharmonic coupling to nearby modes 

could not adequately describe the fast relaxation times. Ultrafast experiments55,56,60 and 

modeling of the high frequency spectrum57 have shown that coupling between very low 

frequency (less than 200 cm-1) hydrogen bond modes, fingerprint modes (about 1000 to 

1700 cm-1), and the high frequency spectrum (1700-3500 cm-1) is important in 

understanding the hydrogen-bonded dimer.    

 Similar experimental58,60 and theoretical59 work has been applied to the 7AI 

homodimer. Studying the high frequency 7AI homodimer dynamics, Nibbering and 

coworkers56,58,60,61 observed sub-picosecond dynamics in which the high frequency 

excitation decays rapidly into what they referred to as a “hot ground state.” In this state, 

the NH stretch has decayed to the ground state, but other modes remain excited and 

relax more slowly toward equilibrium. In both homodimers, a modulation of the 

transient response is observed corresponding to vibrations of the intermolecular 

hydrogen bonds. The very short relaxation times observed experimentally for the high 
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frequency modes of these systems are due to the strong coupling to the ring-bending 

and deformation modes and modulation by the low-frequency modes. Theoretical 

modeling of the high frequency spectra of these systems requires the inclusion of Fermi 

resonances caused by these modes to accurately reproduce the experimental 

spectra.57,60,69  
 The 7AI homodimer has also been studied with IR pump/anti-Stokes Raman 

probe spectroscopy.62 Like two color pump-probes, this study allowed for the 

observation of one spectral region following the excitation of another. Unlike two color 

pump-probes, the use of spectrally narrow excitation pulses allowed for preferential 

excitation of the Fermi resonances while observing the fingerprint modes involved in 

the coupling, providing greater support for the calculation and assignment of the high 

frequency modes.59,62 

 While symmetric model systems are useful tools to simplify complicated 

structures, biological systems are rarely symmetric. Heterodimers break the symmetry 

and further complicate both the vibrational spectrum and dynamics. Like the 

homodimers, hydrogen-bonded heterodimers also have very broad and complex 

vibrational spectra, such as the 7AI—Ac spectrum described in the previous section. 

Ultrafast vibrational studies of various heterodimers have observed similar behaviors to 

the homodimers, including fast decay of the excited modes with low frequency 

modulations.61,67,80   

 The dimers of 2-pyridone, which isomerizes to form 2-hydroxypyridine, can 

form three types of cyclic dimers. Two of these are symmetric, but contain a pair of O-

H….N or O…H-N hydrogen bonds, while the third contains one O-H…O and one N…H-

N bond.63,64 Systems such as this one are more difficult to study because of the presence 
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of multiple structures, which can also be a problem in biological systems. For example, 

A-T base pairs are known to form non-Watson-Crick dimers.1,81   

 Various other structures, such as those containing intramolecular hydrogen 

bonds82–84 and other types of complexes,66,68 are also interesting systems to study. For 

example, Nibbering and coworkers66,68 recently published several studies of aniline-d5 

hydrogen-bonded to 0, 1, or 2 dimethyl sulfoxide (DMSO) molecules. Using a 

combination of linear and nonlinear infrared techniques, including 2D IR and two color 

pump-probe experiments, they studied the origin of the spectral features as well as 

dynamics and coupling in the different structures. Like the dimers, the introduction of 

hydrogen bond acceptors to aniline greatly broadens the infrared spectrum by shifting 

the NH stretch frequency to allow greater overlap with the overtones of fingerprint 

modes and increasing the likelihood and strength of Fermi resonances.66 Additionally, 

they used two-color pump-probe experiments to observe similar dynamics of the 

fingerprint modes regardless of the excitation frequency, suggesting strong coupling 

between the modes.68    

 While model systems can be used to understand the dynamics and spectra of 

different structures, ultrafast vibrational spectroscopy has been used to study biological 

systems, such as DNA base pairs and macromolecules, directly.52,53 For example, 

Elsaesser and co-workers recently studied the asymmetric hydrogen-bonded structures 

of DNA base pairs in solution as well as hydrated films of DNA using both IR pump–

probe and 2D IR spectroscopies.42,44,46,47,49 Like the symmetric model systems, these 

cyclic hydrogen-bonded biological systems also display structured bands from 2600 to 

3400 cm–1 due to Fermi resonances and couplings to low-frequency modes. The pump–
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probe experiments again revealed sub-picosecond vibrational population decay times, 

and the 2D IR spectra resolved several individual NH modes and their couplings. In 

separate experiments, they have studied various parts of the DNA vibrational spectrum, 

including both the high frequency bands associated with the hydrogen-bonded 

modes44,46,47 and the low frequency fingerprint modes associated with backbone 

vibrations.49   

 

1.5 Research Overview 

Recent works utilizing a mid-IR continuum probe have expanded these 

experiments so that the entire vibrational spectrum can be probed following excitation 

by a “traditional” pump pulse.48,67,77,79,85–90 Figure 1.4 compares the vibrational 

spectrum of the 7AI—Ac heterodimer to both a conventional OPA pulse and the mid-

IR continuum pulse. In this work, the development of novel ultrafast mid-infrared 

continuum spectroscopies and its application to understanding the structures and 

dynamics of hydrogen-bonded dimers is presented.   

This chapter provides an introduction to biologically-relevant and biomimetic 

hydrogen-bonded dimers. Chapter 2 gives an overview of the ultrafast vibrational 

spectroscopic techniques used to study such systems.  In Chapter 3, the generation and 

characterization of ultrafast mid-infrared continuum (CIR) pulses, and their 

incorporation into ultrafast experiments is described. The first mid-IR pump—CIR 

probe study on the hydrogen-bonded 7AI—Ac heterodimer is presented in Chapter 4.    
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 In Chapters 5 and 6, the results of comprehensive transient IR and 2D IR studies 

of the 7AI—Ac dimer are presented.  Experimental considerations and preliminary 

results from the first UV pump—CIR probe study of the 7AI homodimer are 

summarized in Chapter 7. A novel technique for the generation of high energy mid-

infrared supercontinuum pulses in bulk chalcogenide glasses is described in Chapter 8. 

The final chapter summarizes the overall conclusions and future prospects for ultrafast 

mid-infrared continuum spectroscopy and for understanding hydrogen-bonded systems.   

 

 

 

 

 

 

 

Figure 1.4: FTIR of 7AI—Ac, and the intensity spectrum of the CIR pulse and a
traditional OPA pulse. 



13 

CHAPTER 2 

 

TIME-RESOLVED SPECTROSCOPY 

 

2.1 Time-Resolved Spectroscopy 

 Time-resolved spectroscopy measures the changes in the spectral properties of 

a system following an induced change. In this work, several forms of ultrafast 

vibrational spectroscopy are used to study the dynamics of hydrogen-bonded systems. 

Ultrafast dynamics can only be observed by using laser pulses that are shorter in time 

than the process of interest. Vibrational dynamics of molecular systems occur on 

femtosecond (fs) to picosecond (ps) time scales and at infrared frequencies. As a result, 

these experiments require fs IR pulses to both induce a change in the system and 

measure the induced changes in the vibrational spectrum. In section 2.2, the generation 

of ultrafast pulses and methods for tuning these pulses to various frequencies are 

discussed. The overlap of pulses in space and time is also described. Two time-resolved 

techniques employed in this work are described and demonstrated. In section 2.3, 

transient third order ultrafast vibrational spectroscopy, commonly called “pump-probe” 

spectroscopy is described and demonstrated in (acetylacetonato)dicarbonylrhodium(I) 

(RDC). In section 2.4, the application and interpretation of two-dimensional infrared 

spectroscopy (2D IR) are discussed and demonstrated in both RDC and N749 Black 

Dye.  
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2.2 Ultrafast Laser Pulses 

2.2.1 Generation of Pulses 

 All of the laser pulses used in this work are generated from 1 kHz, 25 fs, 800 nm 

pulses produced by an Ti:Sapphire regenerative amplifier (Coherent Legend Elite Duo).  

The amplifier is pumped by a Nd:YLF diode laser (Coherent Evolution HE) and 

amplifies seed pulses generated by a Ti:sapphire oscillator (Micra-5). The overall output 

of the amplifier is 5 W, which is divided into three separate beams, each of which goes 

through an independent grating compressor. The three beams have powers of 

approximately 3.0, 1.25 and 0.75 W (or mJ) at the amplifier output, and have a 

horizontal polarization (parallel to the laser table).       

 The strongest of the three beams (3 mJ) is used to drive a commercial optical 

parametric amplifier (OPA; Coherent OPerA Solo). The OPA converts 800 nm pulses 

into near-infrared signal and idler pulses at frequencies that sum to the 800 nm. Mid-

infrared pulses are then generated by difference frequency mixing in a nonlinear crystal 

(AgGaS2, 0.4 mm thick). In the experiments discussed here, the signal, idler, or DFG 

are used as excitation pulses. The signal can range from 1170 to 1600 nm and is 

horizontally polarized like the pump pulse, while the idler can range from 1573 nm to 

2463 nm and is vertically polarized. Mid-IR pulses can be generated from 2.5 through 

15 μm with polarization parallel to that of the 800 nm pump and the signal. Additional 

nonlinear mixing of the signal or idler pulses can be used to generate pump pulses down 

to less than 300 nm.   

 For the experiments discussed in this work, a mid-infrared continuum pulse is 

used to probe the vibrational spectrum of the system of interest. The generation of those 

ultrafast mid-infrared continuum pulses is driven by the 1.25 mJ portion of the 25 fs, 

800 nm output, and will be described in detail in Chapter 3.    
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2.3.2 Overlap of Pulses 

 For time-resolved experiments, multiple laser pulses need to be overlapped in 

space and time. The timing of pulses is controlled by varying the path length of the 

beams. The duration of the pulses, 25 fs, corresponds to a thickness of only 7.5 µm. In 

comparison, sequential laser pulses at a repetition rate of 1 kHz are separated by 1 ms 

in time, or 300 km in space. As a result, the total path length (on the order of 10 m) of 

each overlapping beam must be the same to within 7.5 µm. This is controlled by 

directing the beams through retroreflectors mounted on motorized linear translation 

stages (Newport XMS100 and IMS600, controlled by an XPS-6 controller). The 

retroreflector consists of three mirrors arranged as a corner of a cube and reflects the 

beam back out parallel to the incoming beam. Changing the position of the retroreflector 

by moving the translation stage tunes the path length by twice the distance the stage 

travels, resulting in a timing change equal to twice the stage distance divided by the 

speed of light. The shorter stages (XMS100) can travel 100 mm in steps of 50 nm, 

resulting in a timing range of 667 ps in steps of less than 0.3 fs. The longer stage 

(IMS600) can travel 600 mm for a timing difference of 4 ns, but is less accurate and 

slower than the shorter stages. All stages can be controlled with provided software or 

programmed to interface with other instruments, such as monochromators and detectors.   

 Since the path length inside the OPA is several meters, the other beams need to 

be carefully routed to the sample in order to travel an equivalent distance. Although the 

stages can tune the path length by 200 to 1200 mm, the stationary optics must be set up 

and aligned with the optical path lengths of the beams within a few centimeters of each 

other in order for the pulses to overlap temporally.  
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2.3 Pump-Probe Spectroscopy 

2.3.1 Introduction to Pump-Probe Spectroscopy 

 One short, intense laser pulse (“pump”) is used to induce a population change in 

the system of interest, while a second laser pulse (“probe”) measures the absorbance of 

the system.  The timing between the two pulses is controlled very accurately by varying 

the path length of one (or both) beams with linear translation stages. In the case of 

infrared (IR) pump-probe spectroscopy, the probe pulse measures a spectrum that is 

equivalent to a linear absorbance spectrum—some portion of incident light excites the 

molecule from the vibrational ground state to the first excited state (the 01 or 

fundamental transition, as shown in Figure 2.1a), resulting in a peak in the IR spectrum, 

such as that shown in Figure 2.1b, that is characteristic of that specific vibration.     

Figure 2.1: The level diagram (a,d), absorbance (b,e), and transient (c,f)
spectra of a single anharmonic vibrational mode without (a-c) and with (d-
f) the influence of an IR pump pulse.   
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The pump pulse excites some portion of the sample from the ground state into 

the first excited state, resulting in a reduced population in the ground state and an 

increased population in the first excited state. When the probe pulse is transmitted 

through the sample after the pump pulse, light can be absorbed by either the 01 or 

12 transition, as shown in Figure 2.1d. In a completely harmonic potential the 01 

and 12 transitions would occur at the same frequency, but due to anharmonicity the 

12 transition usually occurs at a lower frequency than the fundamental transition, as 

shown in Figure 2.1e.   

 

2.3.2 Measuring Transient Signals 

 In the absorbance spectrum, the population change shows up as a decreased 

absorbance for the fundamental (01) transition, and a new absorbance peak at the hot 

band (12) frequency. This change is greatly exaggerated in Figure 2.1e, and is 

generally a very small effect observed as a 1% or less change in optical density (OD).  

For this reason, transient measurements are often measured as a difference between the 

absorbance with and without the pump excitation, which is shown as change in 

absorbance (ΔAbsorbance) in Figures 2.1c (which shows zero change without the pump 

pulse) and 2.1f. In a difference (ΔAbsorbance) spectrum, the transient signal shows up 

as a negative feature for the reduced absorbance or bleach, and the hot band results in a 

positive feature for the induced absorbance.  

Since these signals are very small, fluctuations in the laser intensity can greatly 

reduce the signal-to-noise ratio of transient experiments. Long time drifts in the pulse 

intensity make it difficult to calculate a difference spectrum by measuring separate 

pumped and unpumped intensities. Instead, a chopper wheel is used to block every other 

laser pulse in the pump beam, and the difference between adjacent pulses is measured 

directly, as shown in Figure 2.2.  
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While this does not eliminate noise from shot-to-shot fluctuations, it greatly 

improves signal quality by eliminating the effects of long term drifts. Again, looking at 

this information as a difference in signal enhances the clarity of the signal. This also 

requires a detection and signal processing method capable of measuring signals at 1 

kHz. Lock-in detection is commonly used to do this directly, but software methods of 

calculating the differential signal are also used.   

 

 

 

 

 

 

 
Figure 2.2: Chopping the pump pulse to half of the probe frequency
(top) creates adjacent pulses with and without the effect of the pump 
(middle). The small changes induced by the pump are clearer when
viewed as a difference signal (bottom).    
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2.3.3 Pump-Probe Experimental Design 

 To measure a transient signal, the pump and probe pulses must be overlapped in 

space and time, and the time delay between the two pulses carefully controlled. Timing 

control was discussed in Section 2.3.2. The generation of the probe pulse will be 

discussed in detail in Chapter 3. A general pump-probe set-up is shown in Figure 2.3, 

while pulse generation, detection, and other experimental design details specific to our 

set-up are given in later chapters. The pump pulse is routed through a retroreflector and 

chopped to obtain a difference signal. Both pulses are focused (which may be done with 

curved mirrors or lenses, depending on the pulse characteristics) together at or near the 

sample. In order to guarantee that the probe is measuring an excited portion of the 

sample, the pump pulse is usually made to be slightly larger than the probe at the 

overlap. This is often done by focusing the pump pulse behind the sample, but is also 

dependent on the beam characteristics and parameters of the focusing optic. The probe 

pulse is then routed to a detector and the signal changes are recorded. The translation 

stage can be scanned to obtain the signal as a function of time delay to obtain dynamical 

information, or the signal can be measured at a set delay time to obtain a difference 

spectrum.   

Figure 2.3: A general pump-probe experimental set-up.   



20 

2.3.4 Pump-Probe Example: Rhodium Dicarbonyl 

 Metal carbonyls are strong absorbers in the infrared. Rhodium dicarbonyl 

(RDC), the structure of which is shown in Figure 2.4, has been studied extensively and 

is commonly used as a test system for ultrafast vibrational spectroscopy.91–95 RDC has 

a pair of C≡O stretches around 2000-2100 cm-1, shown in the FTIR spectrum in Figure 

2.4. The exact frequencies of the peaks vary with solvent,92 but in deuterated 

chloroform, the asymmetric (νa) and symmetric (νs) C≡O stretches are at 2014 and 2085 

cm-1, respectively.  A transient IR study of the C≡O stretch dynamics was performed by 

exciting a 5 mM sample in deuterated chloroform with a pump pulse centered at 2035 

cm-1 with a bandwidth of about 300 cm-1.  

Figure 2.4: RDC structure with C≡O stretches highlighted and the FTIR
spectrum of these vibrations. 
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 Transient spectra are measured as the difference between a pumped and 

unpumped sample at a fixed time delay. The transient spectra in Figure 2.5 were 

measured at time delays of 1 and 10 ps. Each consists of two reduced absorbances 

(“bleaches”) at the fundamental transition frequencies of each C≡O stretch, as well as 

the induced absorbance of the hot band (12) transition of each at 1994 and 2075          

cm-1, respectively. By comparing the fundamental and hot band frequencies, the 

anharmonicity of each vibration can be calculated, suggesting that the asymmetric 

stretch is more anharmonic than the higher frequency symmetric stretch. Additionally, 

the higher frequency induced absorbance has a shoulder that is not well-resolved. This 

is due to a combination mode of the symmetric and asymmetric stretches, which will be 

discussed later.94  

 

   

Figure 2.5: Transient spectra of the C≡O stretches of RDC at 1 and 10 ps 
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Sometimes, spectral diffusion dynamics can cause a frequency shift in the peak 

as a function of time. In pump-probe spectroscopy, this is observed when the pump 

intensity varies over the bandwidth of a mode. This can be seen by comparing the 

transient spectra at multiple time points. If a frequency shift were to occur, the peaks in 

spectra measured at different time points would be offset. In the case of RDC, the peaks 

are narrow relative to the pump bandwidth, so spectral diffusion is not observed in the 

pump-probe.   

Figure 2.6: Vibrational dynamics of the RDC C≡O fundamental and 
hot band transitions measured at (a) single frequencies and 
measured as (b) a time-resolved transient spectrum (bottom) 
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Pump-probe spectroscopy can also be used to study the dynamics of a mode as 

a function of time delay between the pulses. This is done by scanning the translation 

stage to vary the pathlength of the pump pulse. In Figure 2.6 above, the dynamics of the 

two C≡O stretch fundamental and hot band transitions are shown from –5 ps to 45 ps in 

steps of 1 ps (equivalent to moving the stage 7.5 mm in steps of 150 μm). Depending 

on the detection method, which will be discussed in detail in Chapter 3, the dynamics 

of a single frequency (any one of the four traces in 2.6a) or a section of the spectrum 

(Figure 2.6b), can be obtained.   

 

2.4 Two Dimensional Infrared Spectroscopy (2D IR) 

2.4.1 Introduction to 2D IR Spectroscopy 

 2D IR reveals vibrational coupling and frequency-resolved ultrafast vibrational 

dynamics. This method uses time-ordered laser pulses to study the couplings and 

dynamics of vibrational transitions, as shown in Figure 2.7.52,53,96,97 The first pulse (E1) 

induces a coherence in the sample, while the second pulse (E2) arrives at an evolution 

time τ1 later and converts the coherence into a population. The third pulse (E3) probes 

the resulting vibrational frequency as a function of the waiting time τ2. 2D IR 

spectroscopy can be viewed as transient IR spectroscopy that is frequency-resolved 

along the excitation axis. As such, it can be used to observe couplings between 

vibrational modes, as well as heterogeneity, spectral diffusion, chemical exchange, and 

energy transfer. 

Figure 2.7: Pulse sequence used to measure 2D IR spectra 
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For simplicity, features of a 2D IR spectrum can be identified by their 

coordinates in the excitation and detection axes, (ω1,ω3). Each peak of a linear infrared 

spectrum shows up as a bleach along the diagonal, with equal frequencies in both the 

excitation and detection axes (ω1=ω3). Figure 2.8 shows a model 2D IR spectrum of a 

single mode. As in the pump-probe spectrum, each fundamental bleach is accompanied 

by an induced absorbance that occurs at the same excitation frequency but a lower 

detection frequency due to the anharmonic frequency shift. The lineshape of a diagonal 

peak provides information about the peak broadening. Round, symmetric peaks result 

from homogenous broadening, while peaks that are elongated along the diagonal are the 

result of inhomogeneous broadening due to uncoupled subpopulations within a broader 

feature. Spectral diffusion can be observed by measuring a series of 2D spectra at 

multiple values of τ2. At early times, the excitation is isolated to individual 

subpopulations, resulting in an inhomogeneous feature, which evolves into a 

homogeneous lineshape due to spectral diffusion over a correlation time τc.  

Figure 2.8: An inhomogeneous lineshape at early waiting times
(left) becomes homogeneously broadened at later waiting times. 
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 Figure 2.9 shows a simplified model of 2D IR for a system with two vibrational 

modes. Cross peaks show up at ω1 ≠ ω3 when excitation of one vibrational mode causes 

a response in a different mode. These can be due to vibrational coupling or energy 

transfer between the two modes. When the pump pulse has created a population in the 

first excited state, the probe pulse can then be absorbed into the overtone of that mode, 

or a combination band of that mode and another mode to which it is coupled. Like the 

12 transition, the combination mode occurs as a lower energy than the sum of the two 

independent modes, which causes a frequency shift in the coupled mode. Alternatively, 

the absorbed energy can decay by transferring to lower energy states. The difference 

between these two processes can be observed experimentally from the waiting time (τ2) 

dependence of the 2D spectrum. Coupling appears instantaneously (when τ2 = 0), while 

energy transfer occurs over some time scale (τ2 > 0). Spectral diffusion, vibrational 

coupling, and energy transfer can all occur in real systems, which can complicate the 

interpretation of 2D IR results.       

 
 

 

 

 

 

 

 

 

 

 

 



26 

 

 

 

 

 

 

 

 

Figure 2.9: Crosspeaks in 2D spectra can be caused by vibrational
coupling (top) or energy transfer (bottom). The time evolution of the 
peaks can be necessary to decipher the two processes. 
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2.4.2 Examples of 2D IR Spectra  

 The features described above can be observed clearly in the 2D IR spectra of 

many dyes. The 2D IR spectra of the thiocyanate (CN) stretch of N749 Black Dye in 

acetonitrile at waiting times of 0.2 and 5 ps are shown in Figure 2.10, along with the 

structure and linear absorption spectrum of the CN stretch. Like the schematic spectra 

shown in Figures 2.8, the diagonal slope of the bleach and induced absorbance are 

observed becoming more horizontal as a result of spectral diffusion as the waiting time 

increases.  

 

Figure 2.10: Structure (a) and FTIR spectrum (b) of the cyanide stretch of 
N749 Black Dye, along with the 2D spectra at 0.2 (c) and 5 ps (d), showing 
spectral diffusion over several ps.  
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The two coupled modes of RDC described in Section 2.3.4 provide a clear 

example of vibrational coupling in 2D IR, as seen in Figure 2.11. The dynamics of the 

C≡O stretch modes are clear from the pump-probes, but coupling between the modes 

was not observed. These features are illustrated in the 2D IR spectra. Each diagonal 

bleach is accompanied by an induced absorbance.  However, the off diagonal bleaches 

have induced absorbances that are offset from the expected 12 transitions in the ω3 

axis.  These result from the transition from the first excited state of either stretch into a 

combination mode, indicated by orange arrows in the level diagram in Figure 2.11. 

Conversely, measuring dynamics from 2D IR data requires collecting 2D surfaces at 

various values of τ2, which is significantly more complex and time-consuming than 

measuring pump-probes. (The negative signal along the diagonal in Figure 2.11 is an 

artifact due to scattered pump reaching the detector.)  

 

 

 

Figure 2.11: The 2D spectrum (left) of the C≡O stretches of RDC, with a noticeable
offset in the induced off-diagonal feature, caused by excitation into the |11> mode
as showed in the level diagram (right). 
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2.4.3 2D IR Experimental Design 

 2D IR spectra were measured in a pump-probe geometry97,98, as shown in Figure 

2.12. The generation of the mid-IR continuum probe pulse shown in the diagram is 

discussed in detail in the next chapter. The mid-IR pump pulse, generated by DFG 

mixing of the outputs of an OPA as described in Section 2.2.1, is split into two pulse 

pairs with a Mach-Zehnder interferometer. One pulse of each pair is chopped at 500 Hz, 

and the relative time delay between the two pulses is controlled with a translation stage, 

which is scanned to obtain coherence time, τ1. One pulse pair is directed to the surface-

specific 2D-SFG experimental set-up, and the other is used for 2D IR measurements. 

This pulse pair is sent through a retroreflector on a second linear translation stage to 

control the waiting time τ2 and then focused with an off-axis parabola (f=152 mm, 

protected gold, Thorlabs) and crossed with the probe pulse at the sample. 

 

Figure 2.12: The experimental set-up for 2D IR experiments.  The pump (purple) beam
is generated by an OPA and split into two pulse pairs in a Mach-Zehnder interferometer. 
The continuum probe (red) is crossed with the pump at the sample and then recollimated
and dispersed onto an MCT array detector.   
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In this experimental geometry, transient IR measurements can be performed by blocking 

one pulse of the pair and using only the chopped pulse. Since this pulse is not on a 

translation stage in the interferometer itself, the delay time between pump and probe is 

controlled by the stage that sets the waiting time. In our experiments, the detection axis 

ω3 is measured directly by dispersing the probe pulse onto an array detector. This 

experimental design was used for the RDC spectra discussed above and the 7AI—Ac 

pump-probes and 2D IR experiments presented in Chapters 5 and 6.  
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CHAPTER 3 

 

ULTRAFAST MID-INFRARED CONTINUUM PULSES 

 

3.1 Overview 
 
 While ultrafast visible spectroscopy typically utilizes continuum visible pulses 

to probe photoinduced spectral changes across the whole visible spectrum in a single 

laser pulse, ultrafast IR spectroscopy is traditionally carried out using femtosecond 

pulses generated in optical parametric amplifiers (OPAs). These pulses are typically 

limited in bandwidth to about 100–500 cm–1 in a single laser shot, making observation 

of the full vibrational spectrum difficult.99–103 Scanning the probe pulse across the 

vibrational spectrum is possible, but this is time-consuming process and introduces 

additional technical difficulties such as drifts in the beam pointing and timing.75–77 

 Recent developments in the generation of broadband continuum mid-infrared 

(CIR) pulses have enabled probing the entire vibrational region (<1000 to >4000 cm–1) 

with a single laser pulse for transient and 2D IR spectroscopies. In a 2012 Optics Letters 

publication, we demonstrated the first implementation of the continuum pulse in 

transient spectroscopy in pump–CIR probe experiments,79 and numerous ultrafast 

spectroscopic studies have since been undertaken with this technique.67,85–90,104 Further 

optimization of the CIR generation continues to facilitate its implementation in a wide 

range of applications. 
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3.2 Background 

 Broadband terahertz pulses have been generated by filamentation of 800 and 400 

nm femtosecond laser pulses in air for several decades.105–107 In 2007, Fuji and 

Suzuki108 extended the continuum pulses into the mid-IR by using 25 fs laser pulses and 

reflective optics to limit dispersion. Petersen and Tokmakoff109 extended the two-color 

generation scheme to a three-color scheme by simultaneously focusing 800, 400, and 

267 nm pulses collinearly in air. This is the method we have adopted, which is described 

in detail in section 3.3. The inclusion of the 267 nm pulse results in about a 10-fold 

increase in the power of the continuum pulse relative to the two-color scheme and the 

compact collinear geometry minimizes the pulse-to-pulse power fluctuations, making it 

possible to use the continuum source as a probe pulse in transient IR spectroscopy. This 

prospect stimulated several groups to pursue mid-IR continuum generation in various 

geometries and conditions. Khalil and co-workers110 studied the effect of the gas 

medium in continuum generation using the two-color scheme and Fuji et al111 recently 

reported very short and energetic continuum pulses using the two-color scheme. The 

Tokmakoff48,85–89 and Zheng77,90 groups have also incorporated the mid-IR continuum 

into 2D IR experiments, while Shirai et al104 have demonstrated its use in transient 

reflectivity studies. 

 

3.3 Generation of Ultrafast Mid-Infrared Continuum Pulses 

3.3.1 Experimental Design 

 Mid-infrared continuum pulses are generated by collinear mixing of first, 

second, and third harmonics of 1 mJ, 25 fs, 800 nm pulses generated by a Ti:Sapphire 
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amplifier (Coherent Legend Elite Duo). The fundamental pulse is propagated through a 

series of nonlinear crystals and other optics in four stages to generate the second and 

third harmonics and to control the polarization and timing of each component. These 

four stages are shown schematically in Figure 3.1 and described in detail below:79 

 

(I) The starting pulse is linearly polarized horizontally and doubled in a 

Type I BBO (10x10x0.1 mm, θ=29.2°). The generated second harmonic 

is 400 nm and perpendicularly polarized.   

(II) The first and second harmonics are transmitted through a delay plate to 

control the temporal walk-off between the two wavelengths. This results 

in a temporal delay of approximately 300 fs that pre-compensates for 

dispersion in the third and fourth optics. Earlier experiments used a BBO 

delay plate (Type I, 10x10x3 mm, θ=66°), while a calcite crystal has 

been used more recently.   

(III)  The temporally separated pulses are transmitted through a dual 

wavelength waveplate (quartz, 0.584 mm thick, 6.5λ at 800 nm, 14λ at 

400 nm), which controls the relative polarization of the two harmonics.  

After transmission through these optics, the polarization of the second 

harmonic pulse is 45 degrees relative to the fundamental.  

(IV) The fourth crystal is a BBO crystal (Type I, 10x10x0.05 mm, θ=44.3°) 

supported on a silica substrate. After passing through the substrate, the 

first and second harmonics are temporally overlapped in the BBO and 

summed to generate the third harmonic at 267 nm. The third harmonic is 

perpendicular to the fundamental and 45 degrees relative to the second 

harmonic. This allows components of all three pulses to interact.   
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Figure 3.1: Schematic of the generation of the ultrafast, mid-IR continuum 
pulse by nonlinear mixing of the first, second, and third harmonics of a 25
fs, 800 nm pulse.  
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The three harmonics are focused together in air to generate a plasma.  Four-wave 

mixing of the three harmonics in the plasma results in the generation of the mid-IR 

continuum. The initial experimental design used a 1 m focal length spherical mirror to 

focus the harmonics and a 0.5 m spherical mirror to recollimate the beam.79 More 

recently, 90 degree off-axis parabolas have been used to focus the harmonics (f=152 

mm, UV-enhanced aluminum, Thorlabs) and recollimate the CIR pulse (f=152 mm, 

protected gold, Thorlabs). The generated CIR pulse is vertically displaced from the three 

harmonics. With the long focal lengths, this displacement could be used to separate the 

CIR spatially. When using the shorter focal length parabolas, however, a filter is 

necessary to separate the CIR from the harmonics. Generally, a 500 µm, uncoated 

silicon wafer is used to reflect the harmonics and transmit the CIR. This results in a 

significant reflection loss of the CIR. The uncoated silicon was recently replaced with 

a 500 µm thick silicon wafer with a broadband anti-reflection coating, which increases 

the transmitted IR energy to a measureable value of about 700 nJ.  

 

3.3.2 Alignment 

 The collimated CIR pulse is not intense enough to see on thermal paper or a 

pyroelectric infrared camera (Pyrocam III, Ophir). The infrared camera is capable of 

detecting the focused CIR spot. The beam path from the amplifier through the CIR 

generation and to the array detector is shown in Figure 3.2. To align the CIR beam path, 

the fundamental 800 nm pulse is used as a tracer beam. Although the generated 

continuum is displaced from the 800 nm beam, this provides a good starting point and 

ensures the CIR optics are aligned correctly. The beam must make several long jogs in 

order to match the path length to that of the OPA that generates the pump pulse.   
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 To avoid damage to the optics from the intense 800 nm pulse, a variable neutral 

density (ND) filter (Newport, 2 mm thick UV-fused silica, OD 0-4) is placed at the 

beginning of the beam path and the OD is increased until the 800 nm spot is barely 

visible. The CIR generation optics are removed, and the 800 nm beam is centered on all 

optics up to the entrance slit of the array detector. The entrance slit must be closed to 

prevent damage to the sensitive detector elements and electronics. Once the 800 nm 

beam has been aligned, the four generation optics are put in at the optimal positions. 

The silicon filter is placed back in the beam after the focus, blocking the 800 nm pulse 

and harmonics from reaching the array detector. The intensity of the 800 nm beam is 

increased gradually by decreasing the OD of the variable ND filter. As the intensity 

increases, the filament can be seen and heard. Although the CIR is slightly displaced, it 

generally does reach the detector. This pointing of the displaced CIR beam can be 

Figure 3.2: Beam path of CIR generation from the amplifier to the detector 
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optimized by maximizing the signal on the array detector with the pointing of the 

focusing parabola. The signal intensity can be further optimized by tuning the crystal 

angles, pulse compression, and pointing.  

 

3.4 Detection 

3.4.1 Single Element Detection 

 Detecting a broadband mid-infrared continuum presents numerous technical 

difficulties. While visible detectors such as CCD cameras are readily available, state of 

the art infrared detectors are costly and generally limited to arrays of 128 detector 

elements. Work utilizing infrared focal plane arrays of 128 x 128 pixels is in its 

infancy.112,113 Baiz and Kubarych114 demonstrated the use of upconversion detection to 

probe a part of the continuum IR pulse (1800–2600 cm–1) using a visible CCD, but the 

upconverted bandwidth is generally limited by the phase-matching conditions of 

nonlinear crystals. Fuji and coworkers115,104 demonstrated broadband upconversion in 

gases that removed this limitation. Our earliest experiments were detected by scanning 

a monochromator and using a single element mercury-cadmium-telluride (MCT) 

detector. Figure 3.3 shows the CIR spectrum measured by scanning each of three 

gratings and detected with a single element MCT detector, as well as the spectrum 

measured interferometrically with a commercial FTIR spectrometer. Scanning the 

monochromator to each individual frequency point is time-consuming, especially for 

time-resolved experiments, and limits both the temporal and spectral resolution 

obtainable in a reasonable amount of time. 
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3.4.2 Array Detector 

 We have since acquired an infrared array detector (Infrared Systems/Infrared 

Associates), which contains 128 MCT elements divided into two rows of 64 pixels each. 

The elements are doped for highest response at 10 µm, giving an overall spectral 

response range of approximately 2 to 13 µm. An infrared monochromator (Horiba) is 

used to disperse the CIR pulse onto the array. The monochromator is equipped with 

three gratings, the specifications of which are given in Table 3.1. 

Table 3.1: Horiba Monochromator Grating Specifications 
Grating 
number 

Grooves 
per mm 

Blaze 
wavelength 
(um) 

Resolution  
(nm) 

Resolution  
(cm-1 at  
10 um) 

Resolution  
(cm-1 at  
5 um) 

Resolution  
(cm-1 at  
2.5 um) 

0 150 4.0 5.13 0.5 2.1 8.2 
1 58 3.6 13.27 1.3 5.3 21 
2 30 8.0 25.63 2.7 10 41 

Figure 3.3: The CIR spectrum measured on a single element MCT detector
by scanning each of three gratings, and measured interferometrically with a
commercial FTIR spectrometer.   
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 The transient spectra of RDC (discussed in Chapter 2) measured on each of the 

three gratings at time delays of 1 and 10 ps are shown in Figure 3.4. While the four main 

features of the RDC C≡O stretches are not well-resolved on grating 2, the high 

resolution of grating 0 resolves not only these four features but also the smaller (νa+νs) 

combination mode at ~2060 cm-1. Each transient spectrum is measured at a single 

grating position, so these plots also represent the frequency range obtainable on each 

grating. While grating 0 offers the best resolution, it would also require the most grating 

positions to measure the full continuum spectrum, resulting in the longest acquisition 

time. This can be determined from the “grooves/mm” in the grating specifications. The 

highest resolution grating (grating 0) is five times more dispersive, resulting in a 

bandwidth that is about 20% of the least dispersive grating (grating 2). The resolution 

of each grating is constant in wavelength due to the diffractive optics, causing it to 

decrease with increasing frequency. 

 

 

 

 

 
Figure 3.4: Transient spectra of RDC measured on each of the three spectrometer 
gratings.  From left to right, the bandwidth increases while the resolution decreases.
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The use of diffraction gratings for broadband pulses introduces an additional 

experimental consideration due to the presence of multiple diffraction orders. For 

example, the first order diffraction of 8000 nm occurs in the same direction as the second 

order 4000 nm or fourth order 2000 nm. Since the CIR pulses cover several octaves 

(from <2500 nm to >10000 nm), we have equipped the monochromator with four filters 

that allow us to isolate a single order of the spectrum from 2440 to 13000 nm. The filters 

are contained in a motorized 6-slot filter wheel. One of the remaining slots contains a 1 

mm thick uncoated silicon wafer, and the last slot remains empty. The spectrum 

measured on the two regularly used gratings is shown in Figure 3.5. The measured 

spectrum is highly dependent on the individual grating efficiency. The sharp high 

frequency cut-off at about 4000 cm-1 is from the highest frequency filter, a longpass 

filter that only transmits wavelengths longer than 2440 nm.  

 

Figure 3.5: CIR spectrum measured on the MCT array detector after being
dispersed by grating 1 and grating 2.   
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The spectral resolution of the commercial FTIR in Figure 3.3 and the array 

detector in Figure 3.5 allows for well resolved atmospheric absorbances of CO2 and 

water vapor at 2350 cm-1 and ~1600 cm-1, respectively, while these absorbances are 

blurred significantly when measured on the single element detector in Figure 2. While 

the gratings could be scanned in smaller steps to achieve higher resolution in these 

spectra, doing so would greatly increase the acquisition time.  

 

3.5 Characterization of Mid-IR Continuum Pulses 

3.5.1 Pulse Characterization Methods 

 The temporal characterization of the CIR pulses is complicated by the bandwidth 

of the pulse itself. Typically, ultrafast pulses can be characterized by mixing the 

unknown pulse with a well-characterized pulse. We previously determined the temporal 

duration of the pulses with two methods. A portion of the CIR pulse was characterized 

by cross-correlation, frequency-resolved optical gating in a MgO:LiNbO3 crystal 

(15×15×0.2 mm, θ=48°, ϕ=30°). This method uses a second, well-characterized laser 

pulse, in this case approximately 35 fs, 700 nm pulses generated by doubling the signal 

output of the OPA, to upconvert the infrared pulse. Only a portion of the CIR spectrum 

can be characterized with this method, however, since phase matching limitations of the 

crystal prevent the upconversion of the full bandwidth of the continuum pulses. An 

alternative method of characterizing the CIR is cross-correlation in germanium with 

approximately	35 fs, 1830 nm idler pulses. The results of those cross-correlations from 

1000 to 4000 cm-1 indicate a pulse duration ranging from 110 to 160 fs, with a small 

chirp of about 50 fs, across the spectrum, shown in Figure 3.6.79 Cross-correlations in 

germanium provide an upper limit for the temporal resolution of CIR probe experiments 

and will be discussed further below.   
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3.5.2 Temporal Resolution and Dispersion 

 Due to the large bandwidth of the CIR pulse, it is highly susceptible to dispersion 

in materials. Limiting transmission through material is necessary to maintain the short 

duration of the CIR pulses. The silicon filter used to remove the three harmonics and 

the sample windows all introduce temporal walk-off due to the group velocity 

dispersion. Carefully selecting the optics in the beam path minimizes these effects.   

 The temporal resolution of our experiments can be determined by cross-

correlations in a semiconductor, which is a featureless pump-probe experiment in which 

a pump pulse excites a free carrier from the valence band to the conduction band of the 

semiconductor, as shown in Figure 3.7a. The high density of states in the conduction 

band results in a broadband IR absorbance following the pump excitation. In the cross-

correlation shown above, a pump pulse of 1830 nm, corresponding to the bandgap of 

germanium, was used. Scanning the time delay between the pump and probe results in 

an error-function-shaped induced absorbance of the CIR pulse, as seen in Figure 3.7b.  

 

Figure 3.6: Pulse duration and spectral chirp of the CIR pulse obtained from 
the cross-correlation in germanium. 
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 This function is the convolution of the pump and probe durations with the 

instantaneous free carrier generation. The convolution of the pump and probe pulses is 

the temporal resolution of pump-probe experiments, and if one of the pulse durations is 

well-characterized as above, the temporal duration of the other pulse can be determined. 

The temporal duration of the probe pulse could be decreased to less than 50 fs by 

compressing the probe pulse using a pulse shaper.116,117      

 However, germanium is also susceptible to multi-photon absorption, so that two 

or more photons of a longer wavelength can also be used to excite free carriers. We have 

observed this process to occur with pump pulses as long as 8000 nm, which requires 

five photons to jump the bandgap. In the other extreme, excitation with shorter 

wavelengths can excite multiple free carriers. The decay of the multiple excitons can be 

observed as a deviation from the expected step function cross-correlation. As a result, 

the cross-correlation can be used at any pump frequency to find the zero timing (when 

the pump and probe are overlapped) and upper limit of the temporal resolution. Since 

the pulse is stretched in the germanium itself, the true pulse duration is likely less than 

our measured values. With the incorporation of the array detector, this has provided a 

useful tool for characterizing the experiment.   

Figure 3.7: Schematic (left) and results (right) of a cross correlation 
between an 1830 nm idler pulse and the CIR in germanium. 



44 

At low frequencies, the CaF2 sample windows add significant temporal 

dispersion. At the high frequency end, the germanium itself stretches the pulse. 

Similarly, the silicon filter adds a small amount of dispersion to cross-correlations. Since 

the germanium is not used during experiments, the temporal duration and chirp 

determined by these cross correlations are upper limits for the actual pulse. While the 

silicon filter is necessary, its thickness can be reduced to minimize its contribution to 

the dispersion. For most applications, it is necessary to use windows to contain the 

sample, but the window material and thickness can be selected to minimize dispersion 

in the spectral region(s) of interest.   

 

3.6 Applications in Ultrafast Spectroscopy 

3.6.1 Pump-CIR Probe Spectroscopy 

 The CIR pulse described in this chapter has numerous applications in ultrafast 

spectroscopic methods described in Chapter 2. The huge bandwidth of the pulse allows 

pump-probe and 2D IR experiments to be performed across nearly the entire vibrational 

spectrum with a single laser pulse. The inclusion of this pulse in ultrafast experiments 

was first demonstrated in an IR pump-CIR probe study of the carbonyl stretches in RDC. 

This shows the application of the CIR pulse in a well-understood system, but does not 

highlight the benefit of the broad bandwidth. As shown in Figure 3.8, the CIR pulse is 

ideal for studying the very broad vibrational spectra of hydrogen-bonded dimers, which 

was first demonstrated in the 7AI—Ac heterodimer using the single element detection 

method described in section 3.4.1.79 The results of that study are discussed in detail in 

Chapter 4. Using an array detector, that first ultrafast CIR experiment was expanded 

into a comprehensive pump-probe and 2D IR study of the heterodimer, which is 

presented in Chapters 5 and 6, respectively.       
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3.6.2 Probing the Full Vibrational Spectrum with 2D IR 

The advantages of using continuum pulses for 2D IR experiments are illustrated 

in Figure 3.9. In a typical 2D IR spectrum, the pump and probe pulses are both generated 

with OPAs, resulting in ω1 and ω3 axes of several hundred cm-1. Usually, a single OPA 

is used to generate the pump and probe pulses. This often limits the spectrum to a single 

mode or a few modes at the most, as seen in the RDC and N749 Black Dye spectra in 

Chapter 2. A second OPA can be used to study cross peaks by using different pump and 

probe frequencies, but this is still limited to a region of several hundred cm-1 in each 

axis. For hydrogen-bonded dimers, these pulses often cover much less than the 

Figure 3.8: Photograph of the CIR generation (top) and the CIR spectrum 
with the 7AI-Ac heterodimer spectrum (bottom).  
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bandwidth of the very broad spectrum, preventing the observation of potentially 

important features. Additionally, induced features can be difficult to predict (as seen in 

the pump-probes), which makes choosing a probe wavelength less clear. Full spectrum 

experiments can be done by scanning both OPAs to build up a complete picture, but this 

is technically complex and time-consuming.76,77 In the schematic in Figure 3.9, the 

observable 2D spectrum using OPA pulses is represented by a single square. Covering 

the spectrum from 1000 to 4000 cm-1 in this manner would require 6 pump frequencies 

and 6 probe frequencies (assuming pulse bandwidths of 500 cm-1), a total of 36 separate 

2D surfaces.   

Figure 3.9: Schematic of 2D IR, showing the portion of the spectrum that can be
measured with OPA pulses in a one-color (green) or two-color (orange) geometry, and
the 2D spectrum measurable with an excitation pulse generated by an OPA and the CIR
probe pulse (purple). 
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Using the CIR probe results in a detection axis that can span from less than 1000 

to more than 4000 cm-1 in a single experiment, revealing couplings between the directly 

excited vibration and the rest of the vibrational spectrum. A more complete picture of 

vibrational coupling can be obtained with 2D IR experiments using a continuum probe 

and multiple pump frequencies, which would require six experiments to cover the range 

in the schematic above. Currently, CIR pulses do not have high enough pulse energies 

to be used as excitation pulses. The development of such pulses, which have the 

potential to facilitate full spectrum 2D IR in a single experiment, will be discussed in 

Chapter 8.   
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CHAPTER 4 

 
MID-IR CONTINUUM SPECTROSCOPY OF THE 7-AZAINDOLE—ACETIC 

ACID HETERODIMER 

 

4.1 Overview 

 As discussed the Chapter 1, cyclic hydrogen-bonded structures are common and 

important in biological systems, where they provide structural stability and mediate 

proton transfer. Prior to studying the mechanism of proton transfer across hydrogen-

bonded interfaces, novel ultrafast continuum mid-IR spectroscopy was used to study the 

vibrational dynamics of the ground state 7AI—Ac heterodimer, a model system for 

asymmetric cyclic hydrogen-bonded structures. The structure and vibrational spectrum 

of this dimer was described in detail in Chapter 1 (Figure 1.3). In this initial study, the 

OH stretch centered at 2500 cm-1 was excited with a 300 cm-1 broad, 50 fs mid-IR pump 

pulse. The spectral and temporal resolution and signal-to-noise of this experiment were 

limited by the detection method, which has since been improved. As such, only the high-

frequency portion (1650 cm-1 to 3400 cm-1) of the spectrum was probed with the CIR 

probe pulse. The results of this study were published in the Journal of Physical 

Chemistry B.67   

 Within the time resolution of the experiment, excitation of the acetic acid OH 

stretch results in a transient response in both OH modes of the acetic acid monomer and 

the NH stretching mode of the 7AI monomer. The response of the NH stretch, which is 

750 cm-1 higher in energy, indicates that the two monomers are strongly coupled across 
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the hydrogen-bonded interface. The strong coupling of these modes is further supported 

by their common decay times of approximately 2.5 ps. The strong intermolecular 

coupling and rapid energy dissipation throughout the asymmetric dimer is likely a 

general property of cyclic hydrogen-bonded structures. Understanding the ground state 

dynamics and couplings of the high-frequency OH and NH modes will be important for 

understanding proton transfer across such molecular interfaces in future experiments. 

This first experiment was later expanded into a comprehensive study of the asymmetric 

7AI—Ac heterodimer, in which the three major hydrogen-bonded modes are excited 

and the vibrational dynamics and couplings of the system are probed with pump-probe 

(Chapter 5) and 2D IR (Chapter 6) experiments.     

 

4.2 Experimental Considerations 

 In this work, we applied ultrafast continuum mid-IR spectroscopy to probe the 

intermolecular coupling between the OH and NH stretching vibrations within the 7AI—

Ac heterodimer. The heterodimer spectrum, which is discussed in detail in Chapter 1, is 

shown in Figure 4.1. The high-frequency portion of the spectrum consists of four main 

regions. The NH stretch is centered around 3250 cm–1, while a double-peaked feature 

due to the acid OH is peaked around 2500 cm-1 and 1950 cm-1. Following this initial 

study, theoretical work in our group has shown this structure is due to a Fermi resonance 

between the OH stretch and the overtone of the OH bend.69 The complex substructure 

from 2600 to 3100 cm–1 is due to Fermi resonances between the high frequency modes 

and overtones of various fingerprint modes.59,61 The OH stretch is excited with a pump 

pulse centered at 2500 cm-1. The CIR pulse was used to probe the vibrational dynamics 

across the high-frequency portion of the spectrum (1650-3400 cm-1) following that 

excitation. The pump pulse, the CIR probe pulse, and the probed region of the 7AI—Ac 

spectrum are plotted in Figure 4.1.  
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This experiment was carried out using our initial pump-CIR probe set-up using 

a single element MCT detector, making it necessary to scan the monochromator for each 

wavelength. As discussed in Chapter 3, this detection method limits the signal-to-noise 

and spectral and temporal resolution of the experiment. Consequently, the data 

presented here has a temporal resolution of 50 fs and spectral resolution of 25 cm-1.   

All reagents were obtained from Sigma-Aldrich and used without further 

purification. The 0.25 M 7AI—Ac heterodimer sample was prepared in carbon 

tetrachloride with an acetic acid/7AI molar ratio of approximately 0.95:1 and contained 

in a 100 μm thick Teflon sandwich cell between two 1 mm thick calcium fluoride 

windows. 

 

 

Figure 4.1: Spectrum of the pump and probe pulses (top) and FTIR of 
the 7AI—Ac dimer (bottom) over the studied region. 
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4.3 Results 

 In this initial experiment, the OH stretch is excited with a 300 cm–1 full width 

half maximum (fwhm) bandwidth, 50 fs pump pulse centered at 2500 cm-1, and the 

resulting transient response is measured from 1650 to 3400 cm–1 with the CIR probe 

pulse as a function of time delay between the pump and probe pulse. Transient spectra 

show the difference between a pumped and unpumped sample at a fixed time delay. The 

transient spectra of 7AI—Ac at 0.35, 1.0, and 2.5 ps are shown in Figure 4.2 

Figure 4.2: Transient spectra and fits of 7AI—Ac at time 
delays of 0.35, 1.0, and 2.5 ps. 
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The transient spectrum is composed of six main features. There are three reduced 

absorbances at 1938, 2500, and 3254 cm–1. These correspond to the 01 transitions of 

the two OH bands and the NH stretch seen in the FTIR spectrum. Three weaker induced 

absorbances at 1803, 2999, and 3320 cm–1 are also observed. The induced features are 

more difficult to definitively assign, as will be discussed below. 

 Third-order transient, or “pump-probe”, vibrational spectroscopy is described in 

Chapter 2. Generally, reduced absorbances, or “bleaches”, occur at the excited 01 

vibrational frequencies, and induced absorbances corresponding to the associated 12 

vibrational transitions may be observed.94,118,119 The induced absorbances are generally 

at lower frequencies than the 01 transition because of the anharmonicity of the 

potential. However, the vibrational spectrum of the strongly hydrogen-bonded OH and 

NH modes of the 7AI—Ac dimer is complicated by very anharmonic potentials, strong 

coupling to low-frequency modes, and Fermi resonances.61,69 Additional spectral 

changes can be due anharmonic coupling between the modes. When the pump pulse is 

narrower than the probe, as is case with the CIR probe, vibrational coupling can be 

observed as reduced absorptions at frequencies that are not directly excited. This is 

observed in the transient spectra in Figure 4.2, which show strong reduced absorbances 

for both the 1940 cm-1 OH mode and the 3250 cm-1 NH stretch.  

 The anharmonicity of the 7AI—Ac vibrational spectrum makes it difficult to 

predict the frequencies of the 12 transitions that may contribute to the observed 

induced absorbances. These transitions sample a higher part of the anharmonic potential 

and can vary greatly from the fundamental transition in energy. While usually rare, 

additional transitions, such as the 13 or 02 transitions, may also be observed in 

hydrogen-bonded systems. For example, the 02 overtone of the shared proton 

(O···H···O) in hydroxide solutions was observed by 2D IR.120 
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 As seen in Figure 4.1, the two OH modes, the Fermi resonances, and the NH 

stretch result in a very congested high frequency spectrum. This continuous absorption 

of the strongly coupled modes further complicates the transient spectrum, which results 

from broad, negative reduced absorbances for the fundamental transitions and even 

broader, positive induced absorbances due to the 12 and potentially 13 transitions.  

 When this initial study was completed, the two OH modes had not yet been 

independently identified. As such, the pair of reduced absorbances at 1940 and 2500 

cm-1 were assigned to the 01 transition of the two parts of the OH mode, and the 

induced absorbances at 1803 and 2999 cm-1 were assigned to a very broad and very 

anharmonic 12 transition. The 13 transition of the OH stretch was also proposed as 

a potential origin of the 2999 cm–1 feature. 

 The high frequency reduced absorbance (3254 cm-1) and induced absorbance 

(3320 cm-1) were originally attributed to a frequency shift in the NH vibration upon 

excitation of the OH stretch. This coupling could result from the weakening of the 

bridging hydrogen bond between the 7AI NH and the acid carbonyl, caused by the 

perturbation of the OH bond (and therefore the other bridging hydrogen bond and 

intermolecular distance). As a result, the NH bond would become stronger and the mode 

would increase in frequency. The extreme case would be completely breaking that 

intermolecular bond, which would show up an induced absorbance of the monomer free 

NH at 3450 cm-1. The induced absorbance at an intermediate frequency instead suggests 

that this bond is weakened but not broken. However, the frequency range probed in this 

initial study did not include the free NH stretch of the monomer, which could confirm 

that the dimer is not breaking. 

 Alternatively, the reduced absorbance at the NH frequency could be due to 

energy transfer from the OH mode to the NH mode resulting from the strong coupling. 

However, such a 750 cm–1 uphill energy transfer would have to be accompanied by the 
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loss of several quanta of low-frequency vibrations, which is unlikely. Also, in this 

picture the induced absorbance at 3254 cm–1 is difficult to assign and could be due to 

either a blue-shifted 12 transition or a 13 transition of the NH stretching mode. 

Independent of the spectral assignment, the main conclusions remain clear: the NH and 

OH vibrational modes are very strongly intermolecularly coupled, and this strong 

coupling is due to the cyclic structure of the hydrogen-bonded interface. 

 While Figure 4.2 shows three representative time delays, the full data set is 

shown in Figure 4.3. This contour plot is composed of a transient spectrum measured at 

each time delay from -1000 to 2750 fs, in steps of 50 fs. Before time zero, the probe 

pulse reaches the sample before the pump, and no transient response is observed. At 

time zero, the six transient features appear within the time resolution of the experiment, 

and then decay back toward zero as the time delay is increased. The continuum probe 

allows us to observe a large portion of the spectrum change as a function of time delay 

with a single experiment. A global fit of this full dataset was carried out to model the 

dynamics of the transient vibrational spectrum, and is described in the next section.    
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4.4 Fitting 

 At each time delay, the transient spectrum was modeled as sum of six Gaussian 

peaks corresponding to the six major features observed. The fits of the transient spectra 

at 0.35, 1.0, and 2.5 ps are overlaid on the actual data in Figure 4.2. While the spectra 

are more complex than this simplified model, Gaussian peaks are sufficient to reproduce 

the observed transient response within the current level of analysis and the data quality 

of this initial study. The 350 fs transient spectrum, the six component peaks, and the 

overall sum are shown in Figure 4.4.   

Figure 4.3: Full IR pump–CIR probe data set (absorbance
change) spanning a frequency range of 1750 cm–1 in 25 
cm–1 steps and a time delay of −1.0 to 2.75 ps in 50 fs steps. 
The plot contains 17 evenly spaced contours from −1.35 
(darkest blue) to 1.35 (darkest yellow) mOD. 
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 The 01 transition of the OH stretch at 2500 cm–1 was directly excited in this 

experiment, while all of the other features are due to energy transfer, vibrational 

coupling, or excited state absorption. Spectral diffusion following excitation leads to a 

frequency shift and narrowing of the 2500 cm-1 reduced absorbance. The remaining five 

peaks change only in amplitude, not frequency or width, as a function of delay time. A 

global fit of the full data set from 200 to 2500 fs was performed. The center frequency, 

peak width, and amplitude of the OH stretch mode were all allowed to vary. However, 

the center frequencies and peak widths of the other five Gaussians were fixed at the 

average values determined by independently fitting each time point from 200 to 2500 fs 

with floating parameters. These fixed parameters are given in Table 4.1. The fit of the 

full dataset is shown in Figure 4.5, along with the residuals.  

Figure 4.4: Fitting of the transient spectrum at 350 fs with 
the sum of six Gaussians, each corresponding to one of the 
observed features. 
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  Table 4.1: Fixed parameters for fitting 7AI—Ac transient response 

 1 2 4 5 6 
Center Frequency (cm-1) 1795 1939 3000 3260 3333 
Peak width (cm-1) 61 63 140 43 42 

 

Figure 4.5: The spectral fit (bottom) and residual (top) are 
shown from -1.00 to 2.75 ps. The plot contains 17 evenly
spaced contours from −1.35 (darkest blue) to 1.35 (darkest 
yellow) mOD. 
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The fitted amplitudes of each peak is plotted as a function of time delay in Figure 

4.5. At short time delays, a coherent artifact due to nonresonant signal is generated by 

the pump and probe pulses overlapping in the sample windows. Since the fwhm of the 

pulse overlap is less than 160 fs, the data is fit from 300 fs, well after the coherent 

artifact. The amplitudes of all five fixed Gaussians can be fitted with single-exponential 

decays with a common time constant of approximately 2.5 ps. The directly excited 2500 

cm-1 peak is fit with a double-exponential decay and exhibits both the same 2.5 ps time 

constant and a second ultrafast time component that is faster than our temporal 

resolution of 150 fs. The common time scale supports the assignment of the NH 

vibrational dynamics to a frequency shift upon excitation of the OH vibration.  

 

  

Figure 4.6: Fitted amplitudes of the six Gaussian peaks. The 
legend gives the five fixed center frequencies (1795, 1939,
3000, 3260, and 3320 cm–1) and the average center
frequency value of the floating peak (2450 cm–1).   
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Previously, shorter decays times of less than a ps have been observed in 

homodimers of 7AI and acetic acid,54–60 as well as in DNA base pairs.43,66,121,122 In those 

systems, the OH or NH bands are on top of the Fermi resonances, which results in very 

strong coupling to the bend overtones. In this study, a faster time component may be 

obscured due to the data quality. Alternatively, the NH and OH bands of the heterodimer 

may be less strongly coupled since they are shifted to either side of the Fermi 

resonances. This would result slower energy transfer into the low frequency modes and 

a correspondingly longer decay time.     

  While the amplitude of the directly excited 2500 cm-1 peak has similar 

vibrational relaxation dynamics to the other five modes, the OH stretch also exhibits 

spectral diffusion dynamics that were reproduced by allowing the center frequency and 

bandwidth of this peak to vary with the time delay. The floating center parameters for 

this peak are shown in Figure 4.6.   

 

  

Figure 4.7: Center frequency and peak width (fwhm) of the sixth Gaussian peak, which 
were allowed to vary as a function of the pump–probe time delay. The dashed vertical
line at 0.3 ps indicates the start of the single-exponential fits with time constants of 0.6
and 1.3 ps, respectively, as described in the text. 
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These spectral diffusion dynamics are observed because the pump intensity is 

not constant across the very broad OH spectrum. Additionally, the transition dipole 

moment may vary across the bandwidth of broad features. Both of these can contribute 

to the nonequilibrium excitation observed here, which relaxes to the equilibrium center 

frequency and peak width in 0.6 and 1.3 ps, respectively. No noticeable spectral 

diffusion dynamics were observed in the low-frequency part of the OH mode or the NH 

mode, which were fit with fixed center frequencies and widths, as discussed above.  

 

4.5 Conclusions  

 This chapter summarizes the first ultrafast continuum mid-IR spectroscopy 

measurements of the 7AI—Ac heterodimer vibrational dynamics. Excitation of the OH 

stretching band leads to spectral changes across 1750 cm–1. The broad transient 

spectrum is attributed to excitation of both OH bands within the time resolution of the 

experiment and an induced frequency shift of the NH stretch. This indicates very strong 

intermolecular coupling between the OH vibration of the acetic acid and the NH 

vibration of the 7AI mediated through the cyclic hydrogen-bonded structure. The strong 

coupling is further supported by the common lifetime of the OH and NH vibrations of 

about	 2.5 ps, which is significantly longer than those previously observed for the 

corresponding homodimers. The complex transient spectrum is not fully understood and 

will benefit from further experimental and theoretical work.  

 Since the strong coupling is caused by the cyclic hydrogen-bonded structure, it 

is likely a general property of such systems. Given the abundance of similar structures 

in biological systems, we believe that the strong coupling observed here could be 

important for understanding the mechanism of biochemical energy dissipation and 

transfer as well as proton transfer reactions. The insight gained in this initial study and 

the implementation of an infrared array detector provided the motivation and technical 
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ability to expand these preliminary results into a comprehensive study of the vibrational 

dynamics of the 7AI—Ac heterodimer following the excitation of not only the OH 

stretch, but also the lower frequency OH band and the higher frequency NH stretch.  

The results of that study are presented in the following chapter. 
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CHAPTER 5 

 

A COMPREHENSIVE STUDY OF THE VIBRATIONAL DYNAMICS OF THE 7-

AZAINDOLE—ACETIC ACID HETERODIMER  

 

5.1 Overview   
 
 A comprehensive pump-probe and 2D IR study of the 7AI—Ac heterodimer was 

performed by probing the vibrational spectrum from 1000 to 3500 cm-1 following three 

different excitations. In the previous chapter, the results of our initial transient mid-IR 

spectroscopic study of this dimer were presented. In that work, the OH stretch at 2500 

cm-1 was excited and the high frequency portion (1650 to 3400 cm-1) of the vibrational 

spectrum was probed with the CIR pulse. That study revealed an instantaneous response 

of the entire high frequency end of the spectrum, including the NH stretch 750 cm-1 

higher in energy, indicating that the hydrogen-bonded interface plays a pivotal role in 

the dissipation of vibration energy across asymmetric hydrogen bonded interfaces.67 

Since that work, the incorporation of an array detector as described in Chapter 3 has 

greatly improved the data acquisition time and obtainable data quality. In this chapter, 

the pump-probe results at three excitation frequencies are presented. This expanded 

study includes time resolved pump-probe measurements mapping out the energy 

transfer throughout the dimer following three different excitations. The three pump 

frequencies were selected to correspond to the broad hydrogen-bonded NH and the two 

features of the OH vibration of the heterodimer, which have been assigned 

previously.61,69 The NH stretch of the 7AI is centered at approximately 3250  cm-1, while 
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the acid OH stretch is centered at 2500 cm-1. The third pump frequency of 1900 cm-1 

corresponds to a Fermi resonance between the OH stretch and the overtone of the COH 

bend, which is centered at 1950 cm-1.69 The CIR probe pulse spans from less than 1000 

to more than 3500 cm-1, revealing the dynamics of nearly the entire vibrational spectrum 

following each excitation. The incorporation of an MCT array detector also enabled 

measuring 2D IR spectra, which are presented in Chapter 6 and reveal the strong 

couplings across the vibrational spectrum caused by the bridging hydrogen bonds.  

 

5.2 Experimental Design and Considerations 

 
 Pump-probe and 2D IR experiments were measured in the updated experimental 

design described in Chapter 2 and shown in Figure 2.12. The generation of mid-infrared 

continuum (CIR) probe pulses is described in detail in Chapter 3.79,109 Pump pulses 

centered at 2500, 3250, or 1900 cm-1 with a bandwidth of about 250 cm-1 (fwhm) and 

total pulse energies of 31, 30, and 15 µJ, respectively, were generated as described in 

Chapter 2 by non-collinear difference frequency mixing of the signal and idler outputs 

of a commercial OPA (Coherent OPerA Solo). Individual pump pulse energies at the 

sample ranged from 1.6 to 5.5 µJ. The probe pulse was detected with the MCT array 

detector described in section 3.4.2, resulting in a frequency resolution ranging from 2 to 

16 cm-1. The 0.25 M 7AI—Ac sample was prepared in the same manner as that used in 

the initial study described in Chapter 4.   
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5.3 Mid-IR Pump—CIR Probe Results and Discussion 

5.3.1 High Frequency Transient Response of the 7AI—Ac Heterodimer 
 
 In Chapter 2, transient IR spectroscopy was described and demonstrated in the 

relatively straightforward example of RDC. Generally, a transient signal is observed as 

a reduced absorbance, or bleach, of the 01 transition accompanied by an induced 

absorbance of the 12, which typically occurs at a slightly lower frequency than the 

fundamental mode due to anharmonicity of the potential. While this transient behavior 

was clear in RDC, the transient spectrum of the 7AI—Ac dimer is complicated by the 

large anharmonicity of the system, the congestion of the vibrational spectrum, and the 

number and strength of couplings across the entire spectrum. The earlier work presented 

in Chapter 4 studied the dynamics of the 7AI—Ac heterodimer following excitation of 

the OH stretch at 2500 cm-1. In that study, an instantaneous response was observed 

across the high-frequency region (1650 to 3400 cm-1) with limited spectral resolution. 

In addition to the bleach of the two main OH features, the NH stretch, which occurs 750 

cm-1 higher in energy than the excitation pulse, is also bleached and surrounded by two 

induced absorbance features. While the assignment of the bleach features was clear, the 

assignment of the induced features was not definitive due to the limited spectral 

coverage and absence of a 2D IR spectrum.67 In the present study, the probed region is 

expanded to include fingerprint modes down to 1000 cm-1 and the high frequency side 

is extended to 3500 cm-1 with greater spectral resolution and improved data quality. 
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 The transient spectrum at 200 fs following each of the three excitations is seen 

in Figure 5.1, along with the FTIR of the heterodimer and the three pump pulses. The 

high frequency region of the transient response following excitation of the hydroxyl 

stretch at 2500 cm-1 is in agreement with the results presented in the previous chapter. 

The transient spectrum contains three bleaches at 1940, 2500, and 3250 cm-1, 

corresponding to the 01 transitions of the three hydrogen-bonded modes, and three 

induced absorbances at approximately 1800, 3000, and 3320 cm-1. In the previous study, 

the induced absorbances at 1800 and 3000 cm-1 were tentatively assigned to the 12 

transition of the OH modes, while the 3320 cm-1 induced absorbance was assigned to a 

frequency shift of the NH stretch caused by the intermolecular coupling of the OH and 

NH across the hydrogen bonded interface.67  

 

Figure 5.1: Transient spectra of the 7AI—Ac heterodimer at 200 fs (bottom) 
after each of three excitation pulses shown with the FTIR at top 
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While the excitation of either OH mode couples strongly with the higher energy 

NH mode, direct excitation of the 3250 cm-1 mode results in only a weak response from 

the OH modes at the same 200 fs time delay. Following that excitation, a strong induced 

absorbance is also observed in the Fermi resonances from about 2600 to 3100 cm-1, 

while the higher frequency induced absorbance (3320 cm-1) is not observed.  

 Figure 5.2 shows the dynamics of the vibrational spectrum following excitation 

at 2500 cm-1. As observed previously, all modes appear in the transient spectrum within 

the time resolution of the experiment. In addition to this instantaneous response across 

the probed region, the improved signal-to-noise of this experiment reveals an oscillatory 

modulation of the transient signal. This can been observed more clearly by taking cuts 

of the contour plot to observe the dynamics of specific peaks. Figure 5.3a shows the 

dynamics at the three high frequency regions of interest: 1900, 2500, and 3250 cm-1. 

Each of these modes has an ultrafast decay and an oscillation with a period of about 200 

fs, corresponding to the intermolecular hydrogen-bond mode at 140 cm-1. This beating 

pattern was observed previously for the heterodimer following excitation of the NH 

stretch,61 and similar modulations caused by low frequency hydrogen bond modes have 

been observed in various symmetric and asymmetric hydrogen-bonded systems, 

including the 7AI homodimer, acetic acid dimer, and DNA base pairs.46,56,58,60,61,68  
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Figure 5.2: Transient response of the 7AI—Ac dimer following excitation of the OH 
stretch centered at 2500 cm-1 

 

 

 

 

Figure 5.3: Dynamics of the three high frequency modes following excitation of the 
OH stretch (a) and NH stretch (b) 
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 The full transient response following excitation at 1900 cm-1, shown in Figure 

5.4, is weaker but qualitatively similar to the excitation at 2500 cm-1. An instantaneous 

response is observed at each of the three high frequency modes, along with the induced 

absorbances at 1800, 3000, and 3320 cm-1. However, excitation of the amino NH at 

3250 cm-1, shown in Figure 5.3b and 5.5, results in markedly different vibrational 

dynamics.  

 

 

 

 

 

 

Figure 5.4: Transient response of the 7AI—Ac dimer following excitation of the
coupled OH mode centered at 1940 cm-1 

Figure 5.5: Transient response of the 7AI—Ac dimer following excitation of the
NH stretch centered at 3250 cm-1 
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Direct excitation of the NH stretch results in an instantaneous bleach and 

subsequent decay of that mode, but the OH modes at 1940 and 2500 cm-1 grow in with 

a rise time of about 300 fs. The broad induced absorbance at 3000 cm-1, which clearly 

displays the same Fermi resonance substructure seen in the linear absorbance spectrum, 

decays at a similar rate. These induced absorbances are excited instantaneously, but 

decay rapidly on time scales similar to the rise of the OH signal. An induced absorbance 

at approximately 3000 cm-1 appears regardless of excitation frequency, but the feature 

observed following either OH excitation is narrower and weaker compared to that 

following the NH excitation, and also lacks the clear Fermi resonance substructure. This 

suggests that two different induced features may occur around 3000 cm-1. The other two 

induced absorbances observed previously following the 2500 cm-1 excitation at 1800 

and 3450 cm-1 appear only weakly following 3250 cm-1 excitation. This supports the 

possibility that these features are due to very anharmonic overtone or combination 

modes of the OH.   

 

5.3.2 Fingerprint modes 

In the full contour plots, it is clear that the fingerprint modes are much narrower 

than the broad hydrogen-bonded modes at high frequencies, making them difficult to 

interpret when displayed on the frequency axis. Figure 5.6 expands the transient 

spectrum from 1200 to 1650   cm-1 following the 2500 and 3250 cm-1 excitations. This 

spectral region is dominated by a series of ring-bending and deformation modes and 

was not included in our previous study.  
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Generally, the fingerprint modes show up as the normally expected bleach and 

induced absorbance pair, indicating these modes are excited following both high 

frequency excitations. However, a pair of artifacts affects the transient response at low 

frequencies. The signal observed before zero time at the low frequencies is the perturbed 

free induction decay of the probe pulse. This is not directly frequency-dependent, but 

has a greater effect on narrower peaks and is seen in the fingerprint modes as a result.123 

Figure 5.6: Transient response of the fingerprint modes following excitation at 2500 
cm-1 (top) and 3250 cm-1 (bottom) 
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A chirp of about 300 fs from 1500 to 1000 cm-1 is observed as a result of dispersion of 

the CIR probe pulse in the 0.5 mm Si filter and the 1 mm CaF2 window in front of the 

sample, as discussed in Chapter 3.     

 Figure 5.7 shows the low frequency dynamics following excitation of both the 

OH and NH stretches. The short (2.5 ps) and long (13 ps) dynamics of each of three 

modes centered at approximately 1290, 1360, and 1430 cm-1 are shown. (These three 

modes will be discussed in more detail in Chapter 6.)  

 

 

 
Figure 5.7: Dynamics of three fingerprint modes following excitation of the 
OH (a,c) and NH stretches (b,d) on short (a,b) and long (c,d) time scales.  
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The short time dynamics shown in Figures 5.7a and 5.7b allow us to resolve the 

time a mode takes to become excited, while the long time dynamics in Figures 5.7c and 

5.7d reveal the lifetime of the excitations. In the short time dynamics following the 2500 

cm-1 excitation in Figure 5.7a, the fingerprint modes, like the high frequency modes, are 

immediately excited and oscillate due to the modulation of the low frequency hydrogen-

bond mode. The long time dynamics of these modes, shown in Figure 5.7c, exhibit 

differing dynamics at short times but eventually decay to the same slow (>5 ps) decay. 

This is clear in the decay of the peaks at 1360 and 1430 cm-1 and the corresponding 

induced absorbances.  

However, the same modes show differing kinetic behaviors following the 3250 

cm-1 excitation. While some vibrations, including the very strong 1290 cm-1 mode, are 

excited immediately, others, such as those at 1360 and 1430 cm-1, show the same rise 

time of about 250-300 fs seen in the high frequency OH modes. The decays of both the 

high frequency NH stretch bleach and Fermi resonance induced absorbance also share 

this time scale. Understanding the structural differences in the fingerprint modes with 

different kinetic behaviors is vital to understanding how vibrational energy is dissipated 

throughout the hydrogen-bonded system. 

 

5.3.3 Energy Transfer and Vibrational Coupling 

 The 7AI and acetic acid homodimers were previously studied with transient IR 

absorption spectroscopy by Nibbering and coworkers.56,58,60 Those studies focused on 

the high-frequency NH and OH stretch spectral regions and attributed the rapid spectral 

changes to an ultrafast decay into what they referred to as the hot ground state. In this 
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state, the observed XH stretch has returned to the ground state, but other modes remain 

vibrationally excited. This energy transfer to other vibrational modes through the dimers 

is facilitated by the strong coupling and anharmonicity of the hydrogen-bonded 

structures. However, the bandwidth of the traditional OPA pulses used in those 

experiments prevented direct observation of the other modes. Using the broadband CIR 

probe, we directly observe that ultrafast energy transfer from the NH stretching mode 

into the OH modes and various fingerprint modes. The instantaneous response across 

the spectrum, combined with the modulation of the hydrogen bond, suggests that the 

vibrational energy deposited in the OH mode is quickly dissipated across the hydrogen-

bonded interface, resulting in delocalized excitation of the entire dimer unit in less than 

200 fs. Following the 2500 cm-1 excitation, all of the fingerprint modes and their 

corresponding induced absorbances were excited within the time resolution of the 

experiment, suggesting strong coupling. The 200-300 fs relaxation of the NH stretch 

and the corresponding rise times of various high-frequency and fingerprint modes 

suggest a slower transfer of vibrational energy from the 7AI to the acetic acid. 

The instantaneously excited vibrations are located predominantly on the 7AI 

monomer, while the modes with a clear rise time involve more acetic acid motion. The 

energy absorbed by the 7AI amino group is delocalized throughout that monomer in less 

than 200 fs, but takes longer to spread across the hydrogen-bonded interface into modes 

with high acetic acid character. The conjugated heterocycle has many ring bending and 

deformation modes that likely provide more pathways for energy dissipation than the 

smaller acetic acid monomer.     
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5.4 Conclusions  

 This comprehensive pump-probe study revealed the dynamics of the vibrational 

spectrum of the 7AI—Ac heterodimer. The excitation frequency dependence can be 

observed in the dynamics across the entire vibrational spectrum. Regardless of 

excitation frequency, the directly excited mode is instantaneously excited and decays 

rapidly in 300 fs. Following excitation of the OH stretch, all three high frequency modes 

are bleached instantaneously and continue to decay with a slower time scale of several 

ps. When the NH is directly excited, bleaches of the two OH modes grow in with a rise 

time of 300 fs (roughly the same as the rapid decay of the directly excited mode) before 

decaying. Additionally, the modulation caused by the intermolecular hydrogen-bonded 

intradimer mode at 140 cm-1 is much stronger following excitation of the OH stretch, 

suggesting that the coupling across the hydrogen-bonded interface is more significant 

when the acetic acid modes are directly excited. In comparison, excitation of the amino 

group of the 7AI results in both strong coupling to some fingerprint modes and energy 

transfer across the interface. To further understand the structure, couplings, and 

dynamics of this system, 2D IR spectra were measured at each of the three excitation 

frequencies and probed with the CIR. Those results are discussed in the next chapter.   
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CHAPTER 6 

 

TWO DIMENSIONAL INFRARED SPECTROSCOPY OF THE 7-AZAINDOLE—

ACETIC ACID HETERODIMER 

 
6.1 Overview 

 The IR pump—CIR probe experiments presented in the previous chapter 

revealed interesting dynamics across the vibrational spectrum of the 7AI—Ac 

heterodimer that are dependent on the excitation frequency. To gain further insight into 

the strong couplings of the dimer, 2D IR spectra were measured at each of the three 

pump frequencies, 1900, 2500, and 3250 cm-1, and probed with the mid-IR continuum. 

Like the pump-probe experiments, the implementation of the CIR probe uncovers 

information across nearly the entire vibrational spectrum of 7AI—Ac. This reveals 

strong interactions between nearly all of the modes, with some fingerprint modes 

coupling to the OH and NH features differently. The coupled modes provide further 

evidence for the localization of energy on the 7AI monomer prior to delocalization 

across the dimer. In this chapter, the results of the 7AI—Ac 2D IR experiments are 

presented and discussed. The heterodimer acid carbonyl is also discussed briefly.     
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6.2 2D IR of the 7AI—Ac Heterodimer 

6.2.1 Experimental  

The vibrational spectrum was probed from 1000 to 3500 cm-1 with the CIR pulse 

following excitation by each of the three excitation frequencies previously discussed 

(1900, 2500, and 3250 cm-1). These spectra were measured in the pump-probe geometry 

described in Chapter 3. The coherence time τ1 was scanned from -200 to +1000 fs in 2 

fs steps, and the sample was probed at a waiting time τ2 of 200 fs. For the full spectra, 

the pump polarizations were parallel to the probe, and measured on the MCT array 

detector as described in Chapter 3. The 0.25 M heterodimer sample was prepared in the 

same manner as the pump-probe samples in Chapters 4 and 5.    

 

6.2.2 Results  

 The 2D IR spectra measured at each of the three pump frequencies and probed 

with the mid-IR continuum are shown in Figure 6.1. Bleaching of the high frequency 

spectrum is observed along the diagonal of all three spectra, spanning from the carbonyl 

at 1700 cm-1 to above the NH stretch at 3250 cm-1. Additionally, the three main 

hydrogen-bonded modes are bleached regardless of the excitation frequency. While the 

intensity of all three bleaches are similar following either OH excitation, the OH 

bleaches couple only weakly with the NH stretch excitation. This indicates that 

coupling, rather than energy transfer, causes the response of the higher energy NH 

stretch following the 2500 cm-1 excitation. While coupling can cause a response in 

higher energy modes following excitation, energy transfer is more favorable from high 

to low energy modes. These 2D IR results are in agreement with the pump-probe results 

presented in the previous chapter.      
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Figure 6.1: 2D IR spectrum of 7AI—Ac measured with three excitation pulses (shown 
on the FTIR at top) and probed with the CIR pulse.   
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The three high-frequency induced absorbances are less consistent across the 

pump axis. The highest frequency induced absorbance, observed at 3320 cm-1 in the 

pump-probes, is generally not present here. A bleach and induced absorbance pair 

occurs near the monomer peak around 3450 cm-1. In the 7AI homodimer study by 

Nibbering et al58, the monomer peak is shown to have a normal transient spectrum, with 

a bleach indicative of a 01 and a lower frequency induced absorbance assigned to the 

12 transitions. In this 2D spectrum, however, the features observed here are broader 

and the induced absorbance occurs at higher energy than the bleach, suggesting these 

peaks come from a different source. The induced absorbance around 1800 cm-1 appears 

strongly coupled with both OH excitations, but this cross peak is completely absent with 

the high-frequency NH excitation. This is consistent with the previous assignment as 

the 12 hot band of the OH stretch.  

 The final induced absorbance observed in the pump-probes occurs around 3000 

cm-1. In the pump-probes, the induced signal around 3000 cm-1 was observed regardless 

of the pump frequency, but the bandwidth and substructure of that feature varied.  In the 

2D spectra, this induced absorbance occurs across most, but not all, of the pump axis, 

and the cross peaks vary with excitation frequencies. A very strong induced absorbance 

cross peak occurs there between the NH stretch excitation and the Fermi resonances. 

While that cross peak clearly has the Fermi resonance substructure seen in the linear 

absorbance spectrum, a weaker induced absorbance at similar frequencies is coupled 

with both OH modes but is much narrower (in ω3) and lacks that clear substructure. The 

different induced absorbances were clear in the pump-probe spectra, but there is an 

additional feature that is only clear from the 2D experiments: when the high frequency 
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Fermi resonances (3000 through 3200 cm-1) are directly excited, they form a bleached 

cross peak through the lower frequency Fermi resonances and into the OH stretch, 

separating the induced features at (2500,3000) and (3250,3000). In the pump-probe, the 

induced feature dominates and the bleach is not observed. In contrast, when the low 

frequency edge of the Fermi resonances is pumped directly (~2700 cm-1), the Fermi 

resonances are bleached through about 3000 cm-1, and then an induced feature is 

observed between the Fermi resonances and the NH stretch bleach. The different 

substructure and coupling of these peaks suggests there may be multiple overlapping 

features in this range. In our earlier work, the 12 or very anharmonic 13 overtone 

of the OH stretch were suggested as a possible assignments for this feature. Assuming 

that the OH and NH cross peaks at 3000 cm-1 do in fact have different origins, as the 2D 

experiment suggests, both the 1800 and 3000 cm-1 induced absorbances couple with the 

OH bands but not the NH. This indicates they may have a common source, so one or 

both of the 12 or 13 transitions remain possible assignments.   

 As seen in the pump-probes, the much narrower fingerprint modes are difficult 

to see in the full 2D surfaces. The fingerprint region from 1200 to 1625 cm-1 is expanded 

in Figure 6.2. Many of the low frequency fingerprint modes, particularly those with 

energies in the range of 1250 to 1600 cm-1, couple differently with the NH and Fermi 

resonances as compared to the OH modes. These are of particular interest, as the 

overtones and combination modes of these fingerprint vibrations correspond to energies 

that could feasibly form Fermi resonances with the OH and NH modes (02 

frequencies in the range of 2500-3200 cm-1). These Fermi resonances provide a pathway 
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for rapid energy dissipation from the high-frequency modes into the fingerprint modes, 

which was observed in the pump-probe dynamics in the previous chapter.      

 

Figure 6.2: The fingerprint region of the 2D IR spectrum of 7AI—Ac measured with 
three excitation pulses (shown on the FTIR at top) and probed with the CIR pulse. 
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 The vibration at about 1290 cm-1, which has strong CN and CO (from COH and 

CNH) character, displays an immediate and very strong bleach regardless of excitation 

frequency in the pump-probes. The cross peak of this vibration is the only fingerprint 

bleach that couples strongly with the entire high frequency spectrum. Since this 

vibration greatly influences the intramolecular cyclic hydrogen-bonded structure and 

has strong COH and CNH bend character for each monomer, it follows that any 

perturbation of the hydrogen-bonded modes also induces a strong response from this 

mode. Additionally, the overtone (02) of this mode may be strongly coupled to both 

the OH stretch and the NH through the Fermi resonances. This mode is clearly important 

for the dissipation of vibrational energy, and will likely be important for proton transfer 

across this interface.     

 There are a series of fingerprint modes from about 1300 to 1450 cm-1 that couple 

differently to the different high-frequency modes. These modes include the 1360 and 

1430 cm-1 modes that were looked at in the previous chapter. Both of these modes are 

predominately localized on the acetic acid monomer, with little contribution from 7AI 

vibrations. Each of these modes couples with both OH modes through the Fermi 

resonances, but neither couples with the NH stretch. The different coupling with the 

Fermi resonances and the NH stretch could also explain the different dynamics of these 

modes. Considering the pump-probe as the 2D spectrum integrated along the pump axis 

and collapsed onto the detection axis, these peaks in the transient response represent an 

average of the positive and negative features.  
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 Nearly all of the fingerprint modes form induced absorbances with the NH 

excitation. This is clear in the shape of the cross peaks, many of which share the peak 

width of the NH stretch in the excitation axis, unlike many other modes that appear as 

continuous bands across much of the spectrum. In contrast, the cross peaks across the 

OH region consists of an induced absorbance at 1355 cm-1 with broad bleaches on either 

side from below 1300 to almost 1400 cm-1.   

Specifically, the modes from 1300 to 1400 cm-1 couple differently with the NH 

pump, where there are bleached cross peaks with the Fermi resonances excitation (3000-

3200 cm-1) at 1325, 1350, and 1375 cm-1, but induced features with the NH stretch 

excitation (3250 cm-1) at 1315, 1340 and 1355 cm-1. The positive peak at (3250, 1315) 

does not appear at any other excitation frequencies. While broadband induced 

absorbances can be indicative of proton transfer (which will be discussed in Chapter 7), 

ground state proton transfer is unlikely.   

The presence of the narrower (in ω3) crosspeaks with the NH pump could be due 

to interferences between the Fermi resonance peaks and the NH. Adding a fourth 2D 

surface with an excitation pulse spanning the Fermi resonances from about 2700 to 3200 

cm-1 could provide more information by revealing the frequencies at which the 

continuous bands split into multiple features. The interference of two modes with 

ultrafast decays and opposite signs could also result in pump-probe dynamics with a rise 

time followed by a slower decay, as is observed in these modes following the NH 

excitation. However, such overlapping features are not observed at the OH modes 

(1900-2500 cm-1), where the same rise time is clearly observed. 
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6.3 The Elusive Carbonyl   

 In the pump-probes and 2D IR spectra, there is very little response from the acid 

carbonyl at 1700 cm-1, which also falls within the bandwidth of the 1900 cm-1 pump 

pulse. Considering the strong linear absorbance of that peak and its involvement in the 

doubly hydrogen bonded intramolecular ring, this is surprising. In all of the transient 

spectra, the carbonyl peak at ~1700 cm-1 is only weakly bleached, suggesting it is only 

weakly involved in the transfer of energy through the dimer despite being directly 

hydrogen-bonded to the NH. The localization of this mode may contribute to the weaker 

intradimer coupling observed following excitation of the NH. It is also overlapping with 

the strong induced absorbance at 1800 cm-1, which has the effect of making a weak 

signal appear even weaker.  

As mentioned in the experimental section, the pump-probe and 2D spectra were 

all collected with the probe polarization parallel to the pump. The polarized pump beam 

only excites dipoles that are aligned with the polarization of the beam. From the 

heterodimer structure, it is clear that the C=O is not parallel with either the OH or NH 

modes, although it is also not completely perpendicular. The weak signal in the parallel 

polarization may be due in part to the transition dipole angle, however even when 

directly excited by the 1900 cm-1 pump, the carbonyl bleach is relatively weak. This 

indicates the carbonyl stretch is much more localized than the other vibrations involved 

in the hydrogen-bonded structure. In Figure 6.1 above, the signs of the carbonyl cross 

peaks match those of the coupled OH mode and the OH stretch modes. However, these 

cross peaks do not appear with every fingerprint mode like the OH modes. Since the 

pump intensity is quite low at 1700 cm-1, these cross peaks may be too weak to see.  
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Centering a pump pulse over the carbonyl may provide more information. Figure 6.3 

shows 2D IR spectra of the carbonyl diagonal and cross peaks in both parallel and 

perpendicular polarizations. The parallel spectra are the same data shown in Figure 6.1, 

expanded and with more contours to show the features of the carbonyl peak. In these, 

the carbonyl shows up as a diagonal peak following the 1900 cm-1 excitation, and a pair 

of slightly displaced cross peaks following the NH excitation. The NH and Fermi 

resonances couple separately with the two peaks of the carbonyl that appear in the linear 

infrared spectrum. The carbonyl is completely absent following the OH stretch 

excitation.  

When probed in the perpendicular polarization, however, the carbonyl cross 

peaks all show up more strongly, while the diagonal peak is significantly weaker. The 

induced absorbances on either side of the carbonyl are quite weak in the perpendicular, 

even though the broad induced absorbance is very strong when measured in the parallel 

polarization. In the acetic acid dimer, Lim and Hochstrasser54 observed that the 

anharmonicity shifted the 12 transition only 8 cm-1 from the fundamental C=O 

stretch, while the carbonyl anharmonicity  observed here in the heterodimer is nearly 30 

cm-1. While a larger anharmonicity is observed in the heterodimer than in the 

homodimer, the frequency of the fundamental vibration is nearly identical (see Figure 

1.3). Combined with the weak pump-probe signal, the carbonyl stretch seems largely 

decoupled from the rest of the delocalized cyclic hydrogen bonded structure. This 

provides experimental evidence that ground state proton transfer is not occurring, since 

the proton would be transferring from the NH to this carbonyl, and would a large 

response from the carbonyl would be expected. 
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Figure 6.3: The carbonyl diagonal and cross peaks at each excitation pulse
in parallel (left) and perpendicular (right) polarizations 
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6.4 Conclusions from 2D IR 

 2D IR spectra measured with a CIR probe pulse reveal strong and complicated 

coupling across the vibrational spectrum of the 7AI-Ac heterodimer. While virtually all 

of the fingerprint modes couple with the high frequency modes, these cross peaks vary 

across the excitation axis. The addition of 2D spectra to the transient IR measurements 

presented in the previous chapter confirms the strong coupling across the hydrogen-

bonded intradimer interface.  
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CHAPTER 7 

 

PHOTOINDUCED PROTON TRANSFER IN THE 7-AZAINDOLE HOMODIMER 

 

7.1 Overview 

 As discussed in Chapter 1, proton transfer across hydrogen-bonded interfaces is 

vital to many biological processes. Photoinduced double proton transfer has been 

demonstrated in several model systems, including the 7AI homodimer,10,12,70 as shown 

in Figure 7.1. Various time-resolved electronic spectroscopies have been employed to 

understand the proton transfer, but the mechanism of this process remains 

controversial.23,25–27,33,34 While UV and visible spectroscopies are sensitive to electronic 

state transitions and solvent reorganization, vibrational spectroscopy directly probes the 

involved XH bonds. To explore this, we have studied the vibrational dynamics of the 

7AI homodimer following UV excitation with UV pump-CIR probe spectroscopy.  

 

 

 

 

 

Figure 7.1: Photoinduced tautomerization of the 7-azaindole homodimer
occurs following UV excitation. 
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Incorporating the UV pump into this experiment requires several experimental 

changes and technical developments. In this chapter, these experimental considerations, 

and the preliminary results of the UV pump—CIR probe experiment are discussed. 

While solvent effects complicate the spectrum, the transient vibrational spectrum 

confirms that the dimer is undergoing photoinduced tautomerization, and the results 

provide some insight into the dynamics of this process. Reproducing these results under 

different experimental conditions is necessary to confirm these preliminary results in 

order to draw definitive conclusions about the mechanism of proton transfer.    

 

7.2 Experimental Considerations and Design 

7.2.1 Generation of UV Pump 

 The 7AI homodimer undergoes double-proton transfer following excitation by 

a UV pulse.10,12 The UV absorbance spectrum of 7AI is shown in Figure 7.2, along with 

the spectrum of the pump pulse. The 300 nm pulse used to induce tautomerization is 

generated by quadrupling the signal output of a commercial OPA at 1200 nm, as shown 

in Figure 7.2. The 1200 nm pulse is first doubled to 600 nm in a BBO crystal (Castech, 

21.4º, 0.4 mm thick), and then reflected through a pair of dichroic mirrors (Layertec, 

104080) that transmit the 1200 nm pulse and reflect only the second harmonic. The 600 

nm pulse is then transmitted through a second nonlinear crystal (BBO, Castech, 38.4º, 

0.1 mm thick) and the harmonics are separated by another pair of dichroic mirrors 

(Layertec, 106163). The beam is focused with a lens (Thorlabs, 4158-UV, f=250 mm). 

Starting with 350 µJ of 1200 nm, this method produces about 1 µJ of 300 nm light.  
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7.2.2 Flowjet  

 UV excitation of the sample introduces additional experimental difficulties.  

First, the sample may degrade over time, which leads to two potential issues. In UV and 

visible experiments, the sample must be flowed continuously to prevent photodamage.  

This can be done in various ways. In some cases, a commercially available flow cell 

(DLC2, Harrick Scientific) can be used. However, a second issue caused by breakdown 

of the sample is the build-up of photoproducts on the sample windows, which can absorb 

and scatter both the pump and probe beams differently than the sample of interest. In 

addition, UV pulses produce large coherent artifacts in sample windows. To prevent 

Figure 7.2: The generation of the 300 nm pump pulse by
quadrupling of the 1200 nm signal beam (top), and the resulting 
pulse spectrum (bottom right) and the UV absorbance spectrum of
the 7AI homodimer (bottom left). 
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these issues, a windowless wire-guided flowjet, modified from a design by Bradforth 

and coworkers,124 is used. The jet is shown in Figure 7.3 and consists of a cylindrical 

volumetric separatory funnel modified with a nozzle consisting of Viton tubing, a 

stainless steel reducing coupling, a stainless steel tube, and 0.005 to 0.007” diameter 

stainless steel wire.   

 A short (~1” long) loop of the wire is held between the compressed edges of the 

metal tube and connected to the fitting with a piece of Viton tubing. A second piece of 

Viton tubing is used on the other side of the fitting to connect the nozzle to the stem of 

the separatory funnel. The sample contained in the funnel is drained through the nozzle, 

creating a thin, windowless sample film. The flowing sample is drained into a reservoir 

and pumped back into the separatory funnel with a peristaltic pump.        

  

 

 

Figure 7.3: The flow jet used for flowing samples for the UV pump—CIR
probe experiments (left) and a close-up of the nozzle with a thin film of
solvent flowing through the wire loop (right). 
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7.2.3 Sample Considerations 

 While the IR excitation experiments in previous chapters were performed in 

carbon tetrachloride (CCl4), the UV pump experiment requires a different solvent. Due 

to the windowless flowjet, solvent evaporation is increased, so a less volatile solvent is 

needed. Additionally, halogenated solvents are susceptible to photodissociation under 

UV excitation. For preliminary experiments, anhydrous cyclohexane was used. The 

vibrational spectrum of 7AI in cyclohexane and CCl4 are compared in Figure 7.4. Since 

the CH stretch modes of the cyclohexane occur at frequencies within the broad dimer 

absorbance, deuterated cyclohexane will be used in future experiments. Since this may 

obscure some of the lower frequency peaks, experiments in both protonated and 

deuterated cyclohexane will likely be required to obtain a complete picture.  

  

Figure 7.4: FTIR spectrum of the 7AI homodimer in both carbon
tetrachloride and cyclohexane. 
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The sample concentration in this experiment was approximately 0.10 M 7AI 

(equivalent to a 0.05 M dimer concentration). The thickness of the film produced in the 

wire-guided jet is about 150 μm. Another consideration is the differing 7AI absorbance 

levels in the UV and IR. While the IR experiments have been carried out at dimer 

concentrations of 0.25 M, resulting in vibrational absorbances around 0.1 to 0.5 in a 100 

μm sample, the UV absorbance is much stronger. If the pump pulse is absorbed entirely 

in only a small fraction of the sample, the remainder of the sample contributes only 

noise, not signal.  

 The sample concentration and thickness are then a compromise between having 

a strong enough signal to be measurable without adding unnecessary noise to the 

experiment. This can be controlled by the wire thickness of the flow jet and the actual 

sample concentration. The sample concentration in this case is limited by the solubility 

of 7AI in cyclohexane. Ideally, a saturated solution would be used to maximize dimer 

formation (relative to monomer concentration), but the free-flowing sample is subject 

to evaporation. As the solvent evaporates, the solute precipitates out of the solution, 

disturbing the flow of the sample, potentially clogging the jet, and reducing the 

smoothness of the sample film. As such, pure solvent is added to the sample regularly 

to maintain a relatively constant volume.  
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7.3 Preliminary Results 

 The preliminary UV pump—CIR probe spectrum is shown in Figure 7.5 along 

with transient spectra at time delays of 100 fs and 15 ps. The infrared spectrum is 

saturated by solvent peaks at two regions, 1450 and 2900 cm-1, with additional strong 

absorbances (relative to the dimer) at 1255 and 2660 cm-1. A reduced absorbance around 

3120 cm-1 is seen to grow in over several ps, while the remainder of the high frequency 

spectrum is dominated by induced absorbances. Sharp negative and positive features 

can be seen at low frequencies, indicative of changing fingerprint modes.  At short times 

(100 fs), much of the spectrum is dominated by a broadband induced absorbance, which 

is consistent with transferring protons. It is well-documented that the hydrogen bond 

strength significantly impacts the frequency of the covalent XH vibration.39,125  

Figure 7.5: Transient spectra of 7AI homodimer at time delays of 0.1 and 15 ps 
(top), and as a function of time (bottom). 
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The moving proton during tautomerization will cause the NH peak to shift 

rapidly across much of the observable spectrum as the hydrogen bond strength 

modulates the NH frequency on an ultrafast time scale. The broadband induced 

absorbance occurs almost exclusively at lower frequencies than the dimer NH stretch, 

which is expected for a feature associated with weakening of the NH bond.   

At late times (15 ps), the transient spectrum is the difference spectrum between 

the normal dimer and the proton transferred tautomer. No change is seen in the monomer 

peak following UV excitation, showing that while the dimer structure is altered, it is not 

simply broken into monomers. The bleach at 3120 cm-1 indicates the loss of the normal 

dimer. The corresponding induced absorbance of the tautomer is likely obscured by the 

cyclohexane absorbance, although some weak induced absorbances are still visible. The 

complicated Fermi resonance substructure will likely also change with the proton 

transfer, as both the N-H stretch and contributing overtones will shift. Simultaneously 

observing these shifts in both the high frequency and fingerprint regions may provide 

information on both proton transfer and the complicated vibrational spectrum of these 

dimers. As in the vibrational experiments, the fingerprint modes are narrower and more 

defined than the complex high frequency bands. This can be observed in the transient 

response probed from 1000 to 1800 cm-1, shown in Figure 7.6. 
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Fingerprint modes are somewhat difficult to observe at short times due to the 

broadband induced absorbances, especially in the contour plot. In individual cuts of the 

spectrum, the peaks can be seen as sharp deviations from the smooth, broad positive 

feature. However, at late times, bleaches at 1275 and 1340 cm-1 become apparent. In the 

vibrational dynamics of the heterodimer, it was clear that the analogous modes are 

strongly influenced by the intradimer structure. In those results, a third strong peak was 

observed at 1430 cm-1. While this region is obscured by the strong cyclohexane 

absorption, bleaches are observed on either side, at 1410 and 1490 cm-1.  

 

Figure 7.6: The transient response of the fingerprint modes measured from -2.5 to 
15 ps in 250 fs steps shows the broad induced absorbance decay away while a few
narrower fingerprint modes remain at long times. The cyclohexane saturates the
spectrum at ~1425 cm-1.   
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Since visible experiments have resulted in time scales of 200 and 1100 fs, the 

short time response was measured with greater temporal resolution. A pump-probe 

spectrum was scanned from -1 to 4 ps in 50 fs steps and is shown in Figure 7.7, along 

with transient spectra at -1, 0.1, 0.5, 1 and 4 ps.   

   The pure solvent also shows a transient response. In the dimer transient spectra, 

small peaks with rapid dynamics, such as those at 1255 and 2377 cm-1, correspond to 

linear absorbance peaks in the cyclohexane and are likely due to photolysis of the 

solvent.126,127 Reducing the power of the UV pulse should eliminate this effect, but will 

Figure 7.7: Pump-probe spectrum measured from -1 to 4 ps in 50 fs steps (bottom) 
and transient spectra at time delays of -1, 0.1, 0.5, 1 and 4 ps (top).  The cyclohexane 
saturation is blocked at ~1425 and 2900 cm-1.   
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also reduce the signal strength of the dimer response. Creating a thicker film by using a 

larger diameter wire in the nozzle could increase the signal while decreasing the 

solvated electron effect. This possibility was explored, but the thicker jet was more 

prone to surface disruption that introduced noise and artifacts to the signal. Another 

possibility is to increase the spot sizes of the laser beams at the sample rather than 

decreasing the overall power. This will reduce the energy density (and the solvent 

photolysis) but measure the weaker response over a greater sample area, increasing the 

total signal.         

One feature of experimental interest is the much smaller chirp across the 

spectrum, shown in Figure 7.8. The temporal walkoff in the IR experiments presented 

in Chapter 5 was about 300 fs, but is reduced to less than 100 fs here since the pulses in 

this study were not transmitted through a 1 mm CaF2 sample window. The only material 

the CIR pulse is transmitted through after generation is the 500 µm silicon that filters 

the fundamental 800 nm and its harmonics. The dispersion from these substrates was 

discussed in Chapter 3. Unlike the heterodimer experiments, this UV pump study was 

not purged with dry, CO2 free air, so the effect of atmospheric absorbances on the 

spectrum and pulses can also be seen at short times.  
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7.4 Conclusions and Future Directions 

 We have demonstrated how ultrafast mid-IR continuum spectroscopy can be 

applied to interpret the mechanism of proton transfer in cyclically hydrogen-bonded 

model systems using UV pump-CIR probe experiments. While the data is consistent 

with the tautomerization of the 7AI homodimer, several more issues need to be resolved 

to draw definitive conclusions on the mechanism of proton transfer. Since acquiring this 

data, several improvements have been made in the continuum generation, data 

acquisition, and experimental design that will increase the signal-to-noise and provide 

a clearer picture of proton transfer. With other experimental issues resolved, this study 

can be repeated in another solvent and at lower pump powers, which should reduce or 

remove the experimental artifacts. After the homodimer has been characterized, the 

same method can be applied to other model systems, such as the heterodimer studied 

extensively in Chapters 4, 5, and 6, and eventually on biologically important systems, 

such as DNA base pairs. 
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CHAPTER 8 

 
GENERATION OF MICROJOULE MID-INFRARED SUPERCONTINUUM 

PULSES IN CHALCOGENIDE GLASSES 

 

8.1 Overview 

 Nonlinear optical spectroscopies focused on molecular vibrations and intraband 

transitions require high-energy [several microjoule (µJ)] laser pulses in the mid-IR. 

Current methods of generating such pulses provide either high-energy laser pulses with 

a limited spectral bandwidth or low-energy laser pulses with broad spectral coverage, 

such as that described in Chapter 3 and used in the work presented in Chapters 4 through 

7. While that pulse has been successfully used as a probe pulse in nonlinear 

spectroscopy, it is not strong enough to act as a pump pulse. This chapter presents the 

generation of high-energy mid-IR supercontinuum laser pulses by focusing 70 fs, 30 µJ 

mid-IR pulses in commercially–available bulk chalcogenide glasses. The resulting 

supercontinuum pulses exhibit pulse energies of several µJ, remain temporally short, 

and span more than two octaves from less than 2.5 µm to more than 10 µm at the 20 dB 

level. This facilitates capturing most of the fundamental mid-infrared vibrational 

transitions from 1000 to 4000 cm-1 in a wide range of applications including nonlinear 

optical spectroscopy. This is demonstrated by incorporating the pulse into our sum 

frequency generation experiment, producing the broadest SFG spectrum generated with 

a single experiment.   
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8.2 Background 

8.2.1 Pulses for Nonlinear Infrared Spectroscopy 

Nonlinear optical spectroscopy requires short, high-energy (several µJ) laser 

pulses, but generating mid-IR pulses with wide spectral coverage and high energies 

simultaneously is challenging. High-energy mid-IR pulses for nonlinear mid-IR 

spectroscopy are typically generated through nonlinear mixing of the outputs of optical 

parametric amplifiers (OPAs) and span only a few hundred nm. Nonlinear spectroscopic 

experiments can be performed by scanning the spectral envelope of such pulses over a 

wide spectral region, but this is a time consuming process and introduces additional 

technical difficulties, such as correcting for changes in the beam pointing and temporal 

overlap.76,90,128 Recently, fs mid-IR supercontinuum laser pulses spanning the entire 

vibrational range (<2.5 to >16.5 µm) were generated by focusing multiple fs pulses of 

different wavelengths in the near-IR through ultraviolet range in gases.79,109,110,108  

While this offers a great advantage for probing the vibrational spectrum, these sub-µJ 

continuum mid-IR light pulses are only intense enough to act as probe pulses,67,79,85 and 

not strong enough to use as excitation pulses in time-resolved and nonlinear 

spectroscopies. 

 
8.2.2 Mid-Infrared Supercontinuum Generation in Materials 

Supercontinuum generation in solids has been extended into the mid-IR by the 

use of various mid-IR transparent materials. This includes the generation of spectrally 

broadened pulses in fibers and waveguides129–148 and by propagation through bulk 

materials.149–156 However, none of these studies have resulted in µJ pulses covering 
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more than two octaves in the fundamental and fingerprint vibrational frequency range, 

and to our knowledge have not been incorporated in nonlinear optical applications.

 Several materials have been used to generate supercontinua spanning from the 

visible and into the mid-IR range. Supercontinuum generation has been demonstrated 

in both tellurite and ZBLAN using readily available NIR incident pulses. However, 

these materials are limited by transmission at the long wavelength edge and the majority 

of the supercontinuum power is contained within the NIR range.130 In fibers, spectral 

broadening in these materials extends to about 4.5 µm.129–131 (For direct comparison 

throughout this chapter, all bandwidths will be given at a 20 dB level unless otherwise 

noted.) These sources have the potential to probe vibrational overtones in the NIR and 

high-frequency fundamental transitions, but cannot probe lower frequency fundamental 

modes or fingerprint modes.  Liao et al149,150 extended this range as far as 6.1 and 7.4 

µm using bulk fluoride and tellurite glasses, respectively, but with optical damage to 

the material, and  Silva et al152 generated a supercontinuum in a YAG plate that spans 

from 2500-4000 nm at 20 dB (reported as 450 to 4500 nm at 35 dB).  

 Chalcogenide glasses have been studied extensively due to their transmission 

across the full mid-IR range, including the fingerprint region (6-20 µm). Supercontinua 

generated in chalcogenide fibers can cover the full vibrational spectrum and have 

recently approached µJ pulse intensities.132–148,156 Recently, Bang and coworkers132 

reported a spectrum spanning 1.4-13.3 µm in a chalcogenide fiber, but the energy of 

these pulses was limited to 150 nJ, an average power of 150 µW at 1 kHz.   Although 

high average power can be obtained at high laser repetition rates,138,144 nonlinear optical 

applications require high peak power. The highest energy supercontinuum pulses 
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generated in fibers were demonstrated by Theberge et al,133 and extend from the NIR to 

approximately 7 µm with pulse energies up to about 0.5 µJ in As2S3 fibers.  

In bulk chalcogenides, supercontinua have been generated with a variety of 

pump durations and wavelengths. This was first demonstrated by Corkum et al153 in 

1985 by propagating high energy, 9.3 µm ps pulses through 6 cm thick GaAs. Pigeon et 

al154 used 10 µm, ps pulses to generate broadening from 2 to 20 µm at the 50 dB level.  

While supercontinuua generated by ps pulses can be quite broad, the broadened spectral 

components are several orders of magnitude less intense than the transmitted pump 

pulse. In 2009, Ashihara and Kawahara155 generated a spectrum spanning 3.5 to 7 µm 

by propagating 5 µm, fs pulses with several µJ energies through a 5 mm sample of bulk 

GaAs. While an anti-reflection coating on the substrate increased linear transmission, 

nonlinear absorption causes losses of up to 80%, resulting in sub-µJ continuum pulses.  

Recently, Lanin et al157 demonstrated broadening of 5 to 10 µm at 20 dB (reported as 3-

18 µm at 60 dB) of a 2 µJ incident pulse in 5 mm GaAs. This technique was extended 

to other chalcogenide materials by Yu et al,156 who demonstrated broadening of several 

μJ, 150 fs, 5.3 µm pulses in Ge11.5 As24 S64.5 that spanned at least 2.5 to 7.5 μm.  

 
8.3 Method 

 Here we present the first demonstration of the generation of supercontinuum 

pulses spanning more than two octaves in the mid-IR with energies of several µJ and 

higher and demonstrate the use of these pulses in nonlinear spectroscopy. This is 

achieved by focusing high-energy fs mid-IR laser pulses through 2 mm thick windows 

of several commercially-available chalcogenide glasses, which are transparent in the 
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mid-IR wavelength range. This provides a method for generating continuum mid-IR 

laser pulses spanning almost the entire fundamental mid-IR vibrational spectrum that 

can be readily implemented with the technologies already available in many ultrafast 

laboratories.    

 A schematic of the experimental set-up used to generate high energy mid-IR 

supercontinuum pulses is shown in Figure 8.1. A commercial OPA (Coherent OPerA 

Solo) is pumped by 1 kHz, 3.3 W, 25 fs, 800 nm pulses from a regenerative Ti:sapphire 

amplifier (Coherent Legend Elite Duo). Mid-IR pulses with a spectral bandwidth around 

300 cm-1, pulse energy of 30 µJ, and pulse duration of approximately 70 fs are generated 

by non-collinear DFG mixing of the OPA output. These mid-IR pulses with a beam 

diameter of 4 mm are focused through a chalcogenide window and re-collimated using 

off-axis parabolas (f=101 mm, protected gold), with the chalcogenide placed in the 

optical path near the focus of the incident pulses.  

To prevent optical damage, the material is continuously moved in the two lateral 

dimensions using motorized actuators (Newport NewStep). The generated spectra were 

measured with the MCT array detector (IR Associates/IR Systems) described in Chapter 

3. Two gratings were used to measure the spectra: 58 grooves/mm blazed at 3.6 μm and 

30 grooves/mm blazed at 8 μm. The monochromator is equipped with order-sorting 

filters from 2.44 µm to 13 µm.    
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  We have tested five different chalcogenide glasses (IG2, IG3, IG4, IG5, and 

IG6) acquired from Naked Optics. Each glass window was 2 mm thick and 1 inch in 

diameter. The composition of the chalcogenide glasses, as given by the manufacturer, 

are Ge33As12Se55, Ge30As13Se32Te25, Ge10As40Se50, Ge28Sb12Se60, and As40Se60, 

respectively. In this study we examine the supercontinuum generation dependence on 

glass composition, incident wavelength, and incident pulse power density, which is 

controlled by translating the window relative to the focus. 

 

8.4 Results 

 Figure 8.2 shows the pulse spectra generated in each of the glasses, measured 

on the two different gratings, with the glasses 3.5 mm in front of the focus of the 3750 

nm incident pulse. For all experiments, the incident pulse energy was held at 30 µJ, 

Figure 8.1: Experimental set-up for generation of mid-IR supercontinuum pulses in 
bulk chalcogenide glasses 
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corresponding to a peak power of 430 MW. At a distance of 3.5 mm from the focus, the 

beam spot is approximately 425µm, corresponding to an energy density of 300 

 GW/cm2.   

Figure 8.2: Spectra of mid-infrared supercontinuum generated in the chalcogenide 
glasses, measured on both spectrometer gratings with glasses located 3.5 mm in front 
of the focus of the 30 µJ, 3750 nm incident pulse 
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As the figure illustrates, the generated laser pulses cover the spectral range from 

<2.5 to 11 µm at about the 20 dB. At the 10% level, which is more relevant to 

spectroscopic applications, the bandwidth spans 2.5 to 10 µm. This corresponds to 1000 

to 4000 cm-1, covering most of the fundamental vibrational frequency range including 

the fingerprint region. The supercontinuua generated in the different glasses are 

qualitatively very similar. It is difficult to capture the full spectral shape of continuum 

infrared pulses due to the limited spectral bandwidth of the detecting optics. The grating 

efficiency, in particular, limits the measured spectrum. The sharp cutoff at short 

wavelengths is caused by the 2440 nm order sorting filter in the monochromator.  

The overall pulse energy is significantly reduced after propagation through the 

chalcogenide glass due to multiphoton absorption, which also causes problems with 

photodamage. IG2 and IG6 were chosen for further study. The energy of the 

supercontinuum generated in IG2 is highest of the five glasses, while IG6 produces the 

broadest spectrum without burning. IG3 has the broadest spectrum but a lower damage 

threshold and produces lower energy supercontinuum pulses.  

 The generated pulse spectra depend on the energy density of the incident light, 

which we vary by changing the position of the material with respect to the focus of the 

incident laser pulses. As the IR-transparent material is moved closer to the focus of the 

incident beam, greater spectral broadening and decreased pulse energy is observed. This 

provides some flexibility in the spectral coverage versus pulse energy that can be 

tailored to a given application. The pulse energies as the glass is varied from 6 mm in 

front of to 6 mm behind the focus are listed in Table 8.1 and the associated spectra for 

IG2 and IG6 are shown in Figure 8.3.  
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Table 8.1. Pulse Energies (μJ) of Supercontinuum Pulses Generated in Chalcogenide 
Glasses at Positions Relative to the Focus of the Incident 3750 nm Beam and Estimated 
Spot Size at Each Position) 

Distance Spot Size IG2 IG3 IG4 IG5 IG6 
-6.0 mm 520 um 9.6 -- -- -- 6.2 
-3.5 mm 425 um 5.7 3.0 4.9 5.3 3.8 

   0.0 mm  300 um 3.9 1.9 3.0 -- 2.2 
+1.0 mm 335 um  4.1 -- -- -- 2.7 
+3.5 mm 425 um 6.3 3.1 5.1 5.5 4.2 
+6.0 mm 520 um 7.0 -- -- -- 4.6 

 

 

 

 

 

 
 
 
 

 
Figure 8.3.  Mid-infrared supercontinuum generated in IG2 (top) and IG6 (bottom) as a 
function of glass position with an incident 30 µJ, 3750 nm pulse 
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When the material is near the focus of the incident beam, the transmitted 

supercontinuum pulse energies are around 10% of the incident energy. As the material 

is moved farther away from the focus, resulting in a narrower spectrum, the pulse energy 

increases to about half. The loss far from the focus is mostly due to reflection loss at 

normal incidence. Putting the material at Brewster’s angle should minimize the 

reflection loss and increase the pulse energy but has the additional complexity of having 

to move the material in two dimensions without translating the material along the beam 

propagation direction. Anti-reflection coatings have been demonstrated to decrease the 

reflection loss and increase the energy of the generated supercontinuum pulse, but 

nonlinear absorption loss remains significant, reducing the transmitted energy to as little 

as 20% of the incident pulse.155 When the focus exists in the material, damage to the 

optical surface occurs despite lateral translation of the sample. For IG2 and IG6, 

positioning the glass 3.5 mm in front of the focus of the incident pulses produced the 

widest pulse spectrum without damaging the windows. The pulse energies obtained here 

were 5.7 and 3.8 µJ, respectively, which are strong enough for nonlinear optical 

applications.   

The generated pulse spectrum depends greatly on the wavelength of the incident 

laser pulses. Figure 8.4 shows the generated pulse spectra in IG2 and IG6 with incident 

wavelengths of 3750 nm, 4000 nm, and 5000 nm. Using incident pulses of shorter 

wavelengths leads to rapid photodamage that cannot be prevented by translating the 

material in the lateral dimensions. Increasing the input wavelength results in less 

broadening to shorter wavelengths, but higher output energy of the supercontinuum 

pulse.   
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 Compared to methods based on non-linear mixing in gases, this approach 

provides about an order of magnitude higher overall pulse energy. However, since most 

of the energy in the previous method was at long wavelengths beyond our detection 

range, the new method produces about 3 orders of magnitude higher spectral intensity 

(intensity per wavelength unit) in the mid-IR range. This is demonstrated by the mid-IR 

array detector registering the same number of counts at 4 µm using the new method with 

a neutral density filter with an optical density of 3, as the previous method without a 

neutral density filter.  

 

 

 

 

 
 

Figure 8.4.  Broadening of mid-infrared supercontinuum generated in IG2 (top) and IG6 
(bottom) as a function of the input wavelength, with the window located 3.5 mm in front 
of the focus of the incident pulse.  Incident pulse energies were held constant at 30 µJ.  
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 The broadening of high intensity, short mid-IR laser pulses propagated through 

bulk material is due primarily to self-phase modulation with other nonlinear processes, 

such as stimulated Raman scattering, generation of harmonic frequencies, and four-

wave mixing also contributing to the increased spectral bandwidth of the pulse.152–155,157  

As a result of these processes and nonlinear dispersion, the pulse duration is lengthened 

Figure 8.5:  Second order autocorrelation of the supercontinuum pulses 
generated in IG6 in a 0.3 mm thick GaSe crystal with no compression 
(top) and with 13 mm CaF2 in the beam. 
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by propagation through the chalcogenide material. Figure 8.5 shows the second order 

autocorrelation in a 0.3 mm thick GaSe crystal of the supercontinuum pulse generated 

in IG6, illustrating that the pulses, although chirped, remain relatively temporally short. 

The pulses can be compressed by propagating the pulses though other materials, using 

optical prisms, or a pulse shaper.116,117,158 This is demonstrated in Figure 8.5 by putting 

13 mm of CaF2 into the beam after supercontinuum generation. The tails on the edge of 

the autocorrelation are suppressed due to a more compressed pulse, but have steps due 

to surface reflections in the series of CaF2 windows required to achieve a total of 13 

mm.   

 

8.5 Supercontinuum Sum Frequency Generation 

The supercontinuum pulse generated in IG6 was incorporated into our sum 

frequency generation experiment159–161 and used to measure the non-resonant SFG 

spectrum of gold and the resonant surface vibrational spectrum of a collagen film, 

shown in Figure 8.6.  

Figure 8.6: SFG spectrum of gold (black) and collagen (blue)
measured with supercontinuum pulse generated in IG6.   
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The up-converted spectrum, while not as broad as the IR spectrum measured 

directly, represents the broadest SFG spectrum to date, spanning from the amide I band 

to the CH stretch vibrational region.    

 

8.6 Conclusions and Future Prospects 

In summary, we have generated mid-IR supercontinuum pulses of several µJ 

pulse energy spanning more than 2.5-10 µm using commercially available chalcogenide 

glasses and technologies already available in many ultrafast laboratories, and 

demonstrated the use of this pulse in sum frequency generation. The generated 

supercontinuum pulses are chirped due to self-phase modulation and dispersion in the 

chalcogenide glass but remain temporally short. The high-energy and short duration of 

these mid-IR supercontinuum pulses facilitates nonlinear optical applications for 

advanced spectroscopic characterization. Further nonlinear spectroscopic experiments, 

including optimization of sum-frequency generation spectroscopy and 2D IR, utilizing 

the high energy mid-IR supercontinuum pulses are currently underway. 

While our current CIR probe method expands traditional 2D IR to cover the full 

spectrum in the probe axis, high energy continuum pulses open up the possibility of also 

exciting the full spectrum.  Since 2D IR is frequency-resolved in the excitation axis, this 

method would reveal couplings across the entire spectrum in both dimensions with a 

single experiment. As such, the supercontinuum pulse generation described here has the 

potential to increase the information gained by 2D IR experiments while simultaneously 

reducing data acquisition time.
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CHAPTER 9 

 

CONCLUSIONS AND FUTURE PROSPECTS 

 

9.1 Summary 

 An ultrafast mid-infrared continuum laser pulse has been incorporated as the 

probe pulse in several vibrational spectroscopies and used to study the vibrational 

dynamics and proton transfer of cyclic, hydrogen-bonded dimers. Unlike traditional 

ultrafast vibrational spectroscopy, which is limited to a few hundred cm-1 of bandwidth 

in a single experiment, ultrafast mid-IR continuum spectroscopy allows vibrational 

dynamics and coupling to be observed across the full vibrational spectrum. The 

vibrational dynamics of the 7AI—Ac heterodimer were studied with IR pump—CIR 

probe and 2D IR, while photoinduced proton transfer has been studied in the 7AI 

homodimer with UV pump—CIR probe experiments. Additionally, the development of 

high energy ultrafast continuum mid-IR pulses that could be used as excitation pulses 

has been explored.  

 

9.2 Ultrafast Vibrational Spectroscopy of the 7AI-Ac Heterodimer 

 The dynamics and couplings of the 7AI—Ac heterodimer have been explored in 

detail. Preliminary results and a comprehensive pump-probe and 2D IR study indicate 

strong coupling across the spectrum and very fast energy transfer across the bridging 

hydrogen bonds. While the pump-probe experiments provided interesting dynamic 

information, the 2D IR spectra provided evidence of the largely homogeneous coupling 

across the spectrum.  

A significant advantage of 2D IR spectroscopy is the ability to frequency-resolve 

the excitation axis. This can often be used to identify and understand the coupling of 



 

114 

different vibrational modes in a molecule, as shown in RDC and N749 Black Dye in 

Chapter 2. However, ligands on metal centers are much simpler systems with very few 

vibrational modes relative to the complicated dimers studied here. Ideally, the 2D IR 

spectra of these dimers would reveal clear couplings between specific modes, especially 

between the Fermi resonances and fingerprint modes.  Instead, the very strong coupling 

presents as nearly homogeneous peaks spanning most of ω1. This suggests that 

considering only normal modes or coupling between otherwise isolated modes will be 

insufficient to explain the complex energy pathways and couplings of these systems.  

 

9.3 Proton Transfer in the 7AI Homodimer 

 The potential for UV pump—CIR probe spectroscopy has been demonstrated in 

the 7AI homodimer. Several technical advances and modifications were undertaken to 

make this experiment possible. Despite some experimental limitations, the results 

indicate the ultrafast movement of protons across the hydrogen-bonded interface and 

show the formation of the doubly proton-transferred tautomer. This demonstrated the 

use of UV pump—CIR probe experiments to track moving protons, and progress has 

since been made in overcoming the remaining limitations to make this experiment 

widely applicable.  

 

9.4 Future Prospects for Ultrafast Continuum IR Spectroscopy 

9.4.1 Limitless Applications of Ultrafast CIR Spectroscopy 

 The work presented here demonstrates the development of ultrafast continuum 

mid-IR spectroscopy as a valuable for studying the vibrational dynamics of complex 

systems. With the information gained over the course of these experiments and the use 

of the widely tunable (<300 nm to 15 μm) pump, these techniques can be applied to 

virtually any system to probe the vibrational spectrum.   
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9.4.2 IR Pump—CIR Probe 

Although the continuum probe is well-suited for studying proton transfer and 

the characteristically broad spectra of hydrogen-bonded systems, it also offers 

information across the full vibrational spectrum for any system. This experimental 

technique also provides benefits when probing the entire spectrum is not necessary or 

informative. The IR pump—CIR probe experiment can be used to probe any region or 

regions of the spectrum following the tunable pump. It can be employed as a traditional 

one-color experiment, as demonstrated in Chapter 2, where this method was used to 

probe a small frequency range to study the vibrational dynamics of N749 Black Dye 

and the coupling of RDC. The CIR probe also enables performing a two-color 

experiment (or a series of two-color experiments) without having to independently tune 

the frequencies of both pulses. This is useful for systems with broad features that span 

more than the bandwidth of an OPA pulse, or with multiple features that are separated 

by more than a few hundred cm-1. The ability to scan the CIR probe over the full 

vibrational spectrum to look for unexpected transient features is another advantage over 

traditional transient IR experiments. The IR pump—CIR probe experiment is ideal for 

systems with broad vibrational spectra that are not well-defined, such as bulk water or 

the excess proton in water.85,86,120,162–164 The structure and solvation of the proton is 

expected to convert rapidly between Zundel and Eigen structures shown in Figure 9.1.  

Figure 9.1: The Zundel and Eigen structures for the excess 
proton in bulk water 
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Each of these structures has broad vibrational features spread across the infrared 

spectrum. Using the tunable IR pump, we can pump various features, such as the Zundel 

proton at 1200 cm-1, the Eigen stretch at 2700 cm-1, or the water stretch at 3500 cm-1, 

and observe the dynamics and couplings across the full spectrum with both IR pump—

CIR probe and 2D IR experiments.86 In this manner, we can preferentially excite the 

one of the structures and see interconversion between the excess proton structures and 

bulk water.   

 

9.4.3 UV Pump—CIR Probe 

This includes reproducing and expanding the proton transfer experiment in other 

solvents and with other dimers of interest, including the 7AI—Ac heterodimer and 

actual DNA base pairs. This technique also has the potential to probe the moving 

protons in numerous other systems, such as photoacids and hydrogen-bonded bulk 

systems. Photoacids release a proton following excitation, which has the effect of 

significantly changing the pH with light. Whether the proton travels directly from donor 

to acceptor or is mediated through the solvent remains controversial. Previous studies 

have observed the proton leaving the acid or arriving at the base, but have not been able 

to watch the moving proton.165,166   

Figure 9.2: The photoacid HPTS (hydroxypyrenetrisulfonate) releases a proton
following excitation at 400 nm. 
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 The UV-Vis pump—CIR probe can be used to study the excited state vibrational 

dynamics in any system. With the incorporation of a third beam (which is currently 

limited to wavelengths of 800 nm or its harmonics), transient 2D IR measurements can 

be undertaken across the full vibrational spectrum to determine coupling in the excited 

state.  This technique has been performed with traditional OPA pulses,167 but the CIR 

probe would significantly increase the information gained from transient 2D IR.  

 

9.4.4 Beyond Vibrational Experiments 

 The germanium cross correlation described in Chapter 3 demonstrates that the 

CIR probe can be applied to study any infrared absorbance, which is not limited to 

vibrational spectroscopy.  Various structures such as quantum dots or nanocrystals have 

similar properties. Following an interband transition induced with UV through near-IR 

pump pulses, the intraband dynamics in the conduction band can be probed with mid-

IR light.168 The CIR probe provides a valuable advantage to these studies because  this 

movement of free carriers can have very broad and ill-defined infrared absorbances, like 

the moving protons observed in proton transfer. 
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