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ABSTRACT 
 

The low-frequency collective motions of solvent molecules can act as a reaction 
coordinate by exchanging energy with a reactant. Their study is therefore crucial for 
a better understanding of chemical reactions. In this thesis, such motions were inves-
tigated using ultrafast optical heterodyne-detected Raman-induced optical Kerr-effect 
spectroscopy. The data, converted to the frequency domain, were analyzed entirely 
with a multi-mode Brownian-oscillator model. 

We compared the Raman and infrared spectra of five polar organic liquids: benzo-
nitrile, benzyl alcohol, N,N-dimethylformamide, ethylene glycol, and glycerol triace-
tate. The infrared spectra were obtained with a combination of terahertz spectroscopy 
and Fourier-transform infrared spectroscopy. Our analysis suggests that there is a 
small set of harmonic oscillators describing ultrafast solvent nuclear dynamics that 
can be used to understand solvation, IR absorption, and Raman scattering spectra. 

Room-temperature ionic liquids were investigated by studying the effects of cation 
and anion substitution on the low frequency librational modes of two series of imida-
zolium salts. It is found in all five samples that the signal is due to libration of the 
imidazolium ring at three frequencies around 30, 65, and 100 cm-1 corresponding to 
three local configurations of the anion with respect to the cation. 

Finally, spectra were obtained for di-L-alanine (ALA(2)) and the α-helical peptide 
poly-L-alanine (PLA) in dichloroacetic acid solution. The PLA spectrum shows extra 
amplitude compared to the ALA(2) spectrum, which can be explained by the secon-
dary structure of the former. Four globular proteins were studied in aqueous solution 
to determine the possible influence of secondary or tertiary structure on the low-
frequency spectra. Our analysis shows that the lowest frequency oscillator corre-
sponds to the so-called Boson peak observed in inelastic neutron scattering (INS). 
The remaining two oscillators are not observed in INS, therefore do not involve sig-
nificant motion of hydrogen atoms, and may be associated with delocalised backbone 
torsions. 
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1. 1 Introduction 

The fate of a chemical reaction is strongly correlated to the mutual interactions be-

tween a reacting molecule and the solvent molecules surrounding it. This chapter 

aims at presenting how such dynamics can influence reaction rates. To do so, the 

evolution of chemical rate models is presented and illustrated with the particular case 

of electron-transfer reactions. After a brief summary addressing how solvent modes 

can be theoretically described and experimentally measured, the outline of the thesis 

is presented. 

1. 2  Barrier crossing and chemical reaction rate 

A chemical reaction can be portrayed as the action of overcoming an energy bar-

rier from a reactant state to a product state. Crossing of this potential implies an en-

ergy exchange between the reactant and the bath. Therefore, the rate of the reaction 

will depend on the properties of the barrier as well as the energy available around the 

solute to cross over the transition state.1 

The properties of the barrier depend on both the solvent and the solute. Because 

the solute not only interacts with solvent molecules, it is convenient to talk about 

solute-bath interactions where the bath combines solvent and solute molecules sur-

rounding the reactant. The bath can stabilise reactant and product states by lowering 

their free energy2 and as a result establish the energy profile of the reaction. Another 

important parameter of the potential barrier is due to the strength of the coupling be-

tween the reactant and the product states. 
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1. 2. 1 Adiabaticity and non-adiabaticity 
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Figure 1: (A) non-adiabatic potentials (B) adabatic potentials. Numbers (1), (2) and (3)  indicate 

the reactant state, the transition state and the product state respectively. 

The degree of adiabaticity of a reaction is defined by the strength of the coupling 

between the reactant and the product electronic states. In the case of weak coupling, 

the probability for the reactant to fall into the product state while being in the transi-

tion state is small and the reaction is non-adiabatic (Figure 1 (A)). Conversely, for a 

strong coupling between the states, the electronic wave function evolves from the 

reactant electronic configuration to the product electronic configuration on a time 

scale that is fast compared to the nuclear dynamics through the transition state. In 

that case, the chemical reaction evolves on a single potential energy surface (Figure 1 

(B)) and the reaction is adiabatic.  

As a general rule, a chemical reaction is a function of the motions that occur in the 

surrounding liquid on a time scale similar to the rate of the reaction. A slow reaction 

will depend mostly on the diffusive behaviour of the solvent whereas a very fast re-

action will depend predominantly on inertial motions. Those solvent motions consti-

tute the reaction coordinate. In the next subsections, different reaction rate models 

are described and illustrated using electron transfer reactions. 
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1. 2. 2 Transition state theory 

Nuclear and solvent-reaction co-ordinates

Energy

 
Figure 2: Electron transfer potential energy surfaces. 

When the rate of a reaction is much lower than solvent relaxation 1
sk τ − , fluctua-

tions of the bath are considered in thermal equilibrium before the reaction. In this 

case transition state theory3, 4 (TST) can be applied to the system to model the reac-

tion rate. In the case of electron transfer, the solvent is treated as a dielectric medium 

with reactant and transition state considered in quasi equilibrium during the reaction. 

The rate constant is expressed as a function of the free energy of activation  and 

the electronic-transition probability p as: 

†G∆
4 

 
†

0 e
2

B

G
k T

TST
pk ω
π

−∆

=  (1.1) 

where 0ω is the oscillation frequency of motion in the reactant potential well and 

 the thermal energy. When a large fluctuation of the solvent nuclear motion 

brings the reactant to the transition state, a reaction takes place according to the elec-

tronic-transition probability  at the transition region. 

Bk T

1p

 Marcus applied TST to the case of electron transfer.4, 5 Figure 2 represents the po-

tential energy surfaces of a photoexcited electron-transfer reac-

tion: . The free energy curves relate the free energy of the system D A D A++ → + +
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(solvent + solute) as a function of the dielectric solvation coordinate. The activation 

free energy barrier  that must be overcome by the reactant to fall into the product 

state is determined by the difference in energy from the bottom of the reactant’s 

curve to the intersection of the curves. For parabolic potentials,  is related to the 

reorganisation energy λ and to the stabilisation free energy ∆  as 

†G∆

2) / 4

†G∆

G
† (G G λ λ∆ = ∆ + . For a stabilisation energy G∆  equal to minus the reorganisa-

tion energy λ, the rate is maximised. As mentioned above, such treatment of the reac-

tion presumes that the solvent relaxes appreciably faster than the reaction timescales. 

However, with especially fast reactions, dynamic effects of the solvent must be taken 

into account. 

el

/ sκ λ=

)κ

sτ 1κ

( 1κ )

1. 2. 3 Adiabatic correction 

Rips and Jortner introduced6 an adiabaticity parameter as a correction factor. The 

latter is expressed as a function of the coupling between two electronic states V , the 

solvent reorganization energy sλ and the relaxation time sτ as 24 el sVπ τ . The 

electron transfer rate is then recast as: 

 /(1ET NAk k= +  (1.2) 

In the case of electron transfer, the reorganisation energy depends little on the sys-

tem. Therefore, Eq.(1.2) varies mostly withV andel from non-adiabatic  to 

adiabatic  limits. For weak coupling and fast relaxation of the solvent, the 

reaction is non-adiabatic and well described by transition state theory. However, in 

the case of strong coupling and slow solvent relaxation, the limit is adiabatic and the 

rate is inversely proportional to the solvent relaxation. 

( )

1. 2. 4 Kramers 

Solvent dynamics influence the reaction rate by either increasing the probability of 

crossing the activation barrier in the forward direction or by reducing probability of 

the products to re-cross the barrier to form reactants. Kramers quantified the influ-

ence of the solvent dynamics on the reaction rate.3 He describes barrier crossing as a 

Brownian motion in the presence of an energy barrier (Figure 3). In the low-friction 
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limit, the reaction path is not affected by collisions resulting in an expression for the 

rate identical to the transition state theory. In the high friction limit, the reaction en-

counters a large resistance to barrier crossing giving a rate that varies inversely with 

the solvent viscosity as: 

 
TST

b
Kramersk k ω

γ
=  (1.3) 

where γ is a friction coefficient and bω  is defined as 2 / bTπ  with T  the typical time 

required for falling from the barrier top (transition state) to a region “far from the 

top.” Between these extreme cases Kramers predicts an optimum friction for a 

maximum rate. 

b

Reaction coordinate

Energy

 
Figure 3: Energy diagram and motion along the reaction coordinate in the Kramers description 
of chemical reaction. In the case of strong coupling between reactant and product states as well 
as for reactions occurring in fast relaxing solvent compare to the barrier crossing time, Kramers 
theory is an appropriate description of chemical reaction rate. The theory breaks down for non-
adiabatic reaction. 

In the case of electron transfer, the non-instantaneous reorientation of the solvent 

has been taken into account by considering a single exponential decay of the solvent 

relaxation. When the rate of electron transfer is much slower than the solvent relaxa-

tion, the electronic interaction is usually weak and the reaction is regarded as a 

non-adiabatic process. When there is an increasing electronic interaction between the 

reactant and the product, the adiabaticity increases.  
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The limit of Kramers' description of chemical reactions stems from the assumption 

that the friction coefficient is frequency-independent. In other words, the random 

force exerted by the bath on the reactant is considered to have components of the 

same amplitude at any frequency. As will be shown in this thesis, particularly in 

chapters three and four, liquids display solvent motions at finite frequency. In the 

case of a fast reaction compared to the medium-relaxation time, these solvent modes 

significantly influence the barrier crossing process and cannot be ignored. 

1. 2. 5 Multidimensional reaction coordinates  

Sumi and Marcus introduced7 a multidimensional model for electron-transfer reac-

tions including a fast vibrational coordinate (q) and a slow solvent coordinate (X). As 

the reactant moves along X (see Figure 4) due to thermal fluctuations, it gets closer 

or further apart to the transition state resulting in higher or lower probability of jump-

ing into the product state. Such a multi-dimensional model along with more elaborate 

ones based on the similar idea that the reaction occurs following many reaction coor-

dinates, have proven successful in describing ultrafast electron-transfer reactions. 

From a general point of view, a reaction rate calculated with multidimensional mod-

els is higher than using a one-dimensional model and shows the importance of in-

cluding multiple reaction coordinates.8 This brings forth the issue of how it is possi-

ble to describe and measure very fast solvent motions. 
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Figure 4: A two-dimensional expression of the reactant and product free energy surfaces 
spanned by solvent coordinate X and nuclear coordinate q. A curve C indicates the transition 
state. 

1. 3 Description of the solvent dynamics. 

In very general terms, the role of the solvent in promoting a chemical reaction is to 

alter the energies of the reactant and product states in order to optimise the probabil-

ity of jumping from one electronic state to another.9 In a purely static view, this im-

plies a rearrangement of charges in the solvent, described by the dielectric constant, 

in response to an altered charge distribution on the solute. From a dynamic point of 

view, states with different charge distributions are solvated on a femtosecond to pi-

cosecond timescale by solvent modes. Solvent modes range from diffusive reorienta-

tional motion (on a 1 to 200-ps timescale), through intermolecular librational mo-

tions (on a 100-fs to 1-ps timescale), to intramolecular vibrational motions (on a sub 

100-fs timescale). However, a typical chemical reaction takes place on a timescale of 

about a picosecond and therefore only solvent motions occurring on a similar time-

scale (corresponding to the frequency range 0-200 cm-1) will influence the reaction. 

On a longer timescale, the relaxation of the product state to equilibrium causes en-

ergy exchange with the medium that may also involve higher frequency modes.
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 Liquid motions occurring on a very short time scale can be successfully described 

using the instantaneous normal mode (INM) picture.10 In the INM picture, the dy-

namics of the liquid is governed by 3N harmonic modes that correspond to a three-

dimentional motion of the N atoms present in the sample. The model is based on the 

second-order expansion of the interaction potential energy of the liquid and assumes 

that the atomic displacement is small enough so that the potential curvatures stays 

approximately constant. This condition is met on short timescales (<0.5ps) but 

breaks down when atomic diffusive motions set in. 

Another approach, often referred to as the (multiple) Brownian oscillator model, 

considers only a limited number of “important” motions that occur in the sample. 

The modes initially all presents in the INM analysis are now categorised into differ-

ent classes (translational, interaction induced, librational…) that correspond to some 

kind of damped oscillation. These liquid modes are described by a generalised 

Langevin equation11 where friction and random forces from the solvent are consid-

ered to arise from a set of harmonic oscillators. In this case, there is no direct proof 

that such Brownian oscillators are real but for strongly interacting solvents (see chap-

ter 4) it is possible to make some reasonable assumptions on the possible nature of 

those modes. Such an approach proves very helpful for establishing a mental picture 

of the motions happening in the sample. Furthermore, it establishes a list of motions 

that can possibly act as reaction coordinates crucial for the description of chemical 

reactions, as shown in the previous section.  

1. 4 Ultrafast time resolved spectroscopy 

The fast multi-dimensional liquid dynamics now established as critical in the 

chemical reaction process can only be measured using ultrafast spectroscopy tech-

niques. The inertial liquid response is partially intermolecular in nature and lies 

within the low frequency range of the spectrum (0 – 200 cm-1). In this thesis, two 

techniques have been used to access this frequency window: optical heterodyne-

detected Raman-induced Kerr-effect spectroscopy (OHD-RIKES) and THz spectros-

copy. OHD-RIKES accesses the polarisability anisotropy of the sample in the same 
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fashion as Raman spectroscopy. However, the Raman signal is (in principle) not pro-

portional to the dielectric response, crucial in reactions that involve rearrangement of 

charge. The low frequency dielectric property is typically accessed using THz spec-

troscopy techniques. It will be shown that such measurements present technical diffi-

culties and that OHD-RIKES offers a reasonable alternative for accessing the dielec-

tric response of the sample (see chapter 3). Yet such techniques completely ignore 

solute-solvent interactions. It is important to recall that chemical reactions involve a 

wide range of solute-solvent interactions ranging from a fully mechanical response 

(e.g. isomerisation of stilbene) to a fully dielectric response (e.g. charge transfer 

reactions). In fact, most reactions involve both mechanical and dielectric interactions. 

Proton transfer reactions, in which a charged atom is translated through the solvent, 

are the most striking example. Studies of bulk solvents allow one to identify the 

modes that could possibly influence the reaction but ignore the coupling to a particu-

lar reacting molecule. Such coupling can be accessed using other techniques such 

photon echo experiments and fluorescence Stokes shift measurements. The prelimi-

nary results of a two-colour pump-probe experiment used to investigate localised in-

teractions between a photoexcited solute and solvent molecules are presented Chap-

ter 6. 
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1. 5   Outline of the thesis 

This thesis presents our recent investigations in characterising the ultrafast dynam-

ics of small molecules such as organic and ionic liquids, as well as large and com-

plex biological molecules ranging from polypeptides to proteins. 

 The principle of the nonlinear OHD-RIKES spectroscopic technique is reviewed 

in chapter 2 along with the basic operations of the Ti:sapphire laser system used. 

Chapter 3 provides a comparison between the low frequency Raman and infrared 

spectra of five polar organic solvents. This chapter discusses the nature of the two 

spectra, questioning whether it could be reasonable in the case of intermolecular dy-

namics to consider Raman and infrared spectra as signature of similar motions. 

The study of the mechanisms of chemical reactions is of interest for practical ap-

plications. Ionic liquids have been the focus of an intense research for their potential 

use as clean solvents in a large range of industrial applications. Chapter 4 reports the 

study of the ultrafast dynamics of five common ionic liquids. 

The low frequency Raman spectra of polypeptides and proteins are presented in 

chapter 5. Their analysis is conducted along with a comparison of neutron scattering 

measurements. 

Finally, the development of new spectroscopic techniques able to probe localised 

information is presented in chapter 6. 
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2. 1 Introduction 

Ultrafast spectroscopy requires the use of laser systems that can generate pulses as 

short as tens of femtoseconds. The experiments discussed in this thesis were carried 

out using two lasers operating with a wavelength centred at 800 nm: a homebuilt 

Ti:sapphire laser producing a 20 fs pulse at 80 MHz and a commercial Ti:Sapphire 

(Coherent) coupled to a regenerative amplifier producing 150 fs at 250 kHz. In the 

first part of this chapter, the principle of formation and amplification of femtosec-

onds pulses is explained through the description of these laser systems. The second 

part illustrates how such a short pulse can be characterised and used to create and 

detect transient chemical reactions. The low frequency infrared and Raman spectra of 

liquids and biological samples have been taken with sub-picosecond terahertz (THz) 

pulses and the optical heterodyne-detected Raman-induced optical Kerr-effect 

(OHD-RIKES) technique. The close environment of dye molecules was probed using 

the Dipole-Induced Kerr-Effect Spectroscopy (DIKES) technique. The details of 

those experimental set-ups are described in this section. 
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2. 2 Ultrafast Lasers and Amplification 

2. 2. 1The Ti:sapphire oscillator 

Developed in the mid-1980s, Ti:sapphire has become the most common laser ma-

terials for the generation of ultrashort pulses. Its main assets are a gain bandwidth 

that spans over 400 nm peaking around 800 nm (the broadest of the solid-state mate-

rials), a high gain cross-section, and an extremely good thermal conductivity. The 

two oscillators (homebuilt and commercial) have slightly different components but 

very similar configuration. The longer length of the Ti:sapphire crystal and the more 

dispersive prism-compressor material present in the Mira oscillator result in a longer 

pulse with higher average power: 120fs @ 500mW for the Mira compared to 20 fs @ 

360mW for the homebuilt oscillator.  

 

Figure 1:Ti:sapphire layout 

The oscillator-cavity configuration1 of the homebuilt oscillator is shown in Figure 

1. The laser is pumped by a 5W (CW) intracavity-doubled diode-pumped neodym-

ium Nd:YVO4 laser (Coherent Verdi). This light is focused into the Ti:sapphire rod, 

collinearly with the laser axis, through the back of the mirror M1. The cavity consists 

of a Brewster-angle cut Ti:sapphire rod, 4.75 mm in length, doped to absorb about 

90% of the incident pump radiation, two concave focusing mirrors placed around it, a 
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high reflector and an output coupler. A pair of Brewster-cut fused-silica prisms are 

inserted to control the spectral dispersion (chirp) introduced in the laser rod. 

The formation of ultrashort pulses is a complex process that involves the nonlinear 

Kerr effect in both the spatial and the temporal domain. The Kerr effect occurs when 

at high intensity, the refractive index of a medium becomes a function of the incident 

intensity. This can be described by ( ) 0 2 ...n I n n I= + +

2

 where  is the normal re-

fractive index of the medium and  the nonlinear refractive index. In the temporal 

domain, the Kerr effect modifies the phase of the pulse, which in turn broadens its 

own spectrum. This phenomenon known as self phase modulation (SPM) is impor-

tant in ultrafast lasers. Since a bandwidth-limited pulse has a time domain profile 

given by the Fourier transform of its spectrum, a larger bandwidth will support 

shorter pulses. In the spatial domain, the increase of refractive index in the high in-

tensity central part of the beam leads to self-focussing (Figure 2). This Kerr lens 

couples the spatial and temporal modes that propagate in the cavity and maintains 

phase locking. 

0n

n

Kerr Medium

Phase fronts  

Figure 2: The self-focussing of an intense laser beam propagating through a Kerr medium. 

A particularity of femtosecond lasers compared to “normal” lasers is their broad 

frequency spectrum. This implies that the laser medium is undergoing stimulated 

emission in a large number of modes. If the radiation of any resonant modes of the 

cavity (for which / 2L nλ= ) is coherent, the relationship between the phases of ra-

diation in different cavity modes is completely random. Different mode-locking tech-

niques are used to generate correlated phases between the resonant modes (i.e. in the 

time domain to generate a single pulse travelling back and force in the cavity). Kerr 

lens Modelocking (KLM) is a special case of passive modelocking. In passive 

modelocking, a substance is placed in the cavity to absorb all radiation below a cer-

tain intensity threshold (saturable absorber). This is a nonlinear process in which the 
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absorption coefficient is a decreasing function of the input intensity. Consequently, 

each time the radiation passes through the saturable absorber, the more intense peaks 

are attenuated less than smaller ones. After a few round-trips, only one peak is oscil-

lating back and forth in the cavity. With KLM, there is no need for a saturable ab-

sorber. In CW mode operation, the distance between mirrors M1 and M2 is set for a 

convergence of the beam that corresponds to the most stable configuration. By reduc-

ing by ca. 0.5 mm the distance between the curved mirrors of the resonator, the laser 

beam becomes slightly divergent and the CW power drops. The pulse is generated by 

perturbing the cavity in order to introduce a noise spike. In practice, it can be done 

by tapping a mirror mount. The “intense” laser pulse that travels through the 

Ti:sapphire crystal generates a change of refractive index in the gain medium that 

acts as a lens as described earlier Figure 2. As a result, the re-collimated pulse-beam 

extracts more energy from the crystal, than the diverging CW component that soon 

almost disappears. Furthermore, with each pass, the intensity in the wings of the 

pulse reduces, so the pulse gets sharper and sharper as it bounces back and forth, act-

ing in concert with the spectral broadening due to SPM. Placing a photodiode at the 

back of the end mirror on the trajectory of a weak beam of transmitted light, it is pos-

sible to measure the time-dependent intensity of the beam travelling in the cavity. 

Figure 3 compares the time-dependent intensity for the laser operating in CW mode 

(red) and pulsed mode (blue). The pulses are separated by 12 ns corresponding to a 

repetition rate of 83 MHz. 

12ns

 

Figure 3: Intensity profile in time of the laser beam travelling through the Ti:sapphire oscilla-
tor. The red trace corresponds to the laser operating in CW mode; the beam intensity is basi-
cally Gaussian noise. Once modelocking has been applied, the intensity vs. time function is rep-
resented by the blue trace; pulses are separated by constant τ = 2L/c=12 ns.  
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The laser repetition rate can be adjusted by the insertion of a cavity dumper in a 

second fold, without affecting the pulse duration.2 Another option is to insert a 

( )ϕ ω magnification-one telescope3 that increases the length of the cavity without 

altering the waist and divergence of the beam. Such a set-up can be used to decrease 

the frequency from 83MHz to 15MHz as shown in Figure 4. Note that such configu-

ration of the cavity requires a proper beam analysis that was just started over the pe-

riod of the project. 
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P1 P2

P3
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Figure 4: Configuration of a long-cavity Ti:sapphire oscillator. 

The large number of frequency component that make the ultrashort pulse are sepa-

rated in time during propagation of the pulse through the different elements of the 

cavity. Dispersion can be described by developing the phase of a pulse as a power 

series about the central frequency ω0, assuming the phase varies only slowly with 

frequency according to equation 

 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 3' ''
0 0 0 0 0 0 0

1 1 ...
2 6

ϕ ω ϕ ω ω ω ϕ ω ω ω ϕ ω ω ω ϕ ω= + − + − + − ''' +

 (2.1) 

where 

 ( ) ( ) ( )
0 0 0

' '' '''
0 0 02 3, , , ...etc

ω ω ω ω ω ω

ϕ ϕ ϕϕ ω ϕ ω ϕ ω
ω ω ω= = =

∂ ∂ ∂
= = =
∂ ∂ ∂

2 3

'

 (2.2) 

 The group delay ϕ  corresponds to a shift of the centre of the pulse envelope with 

respect to a pulse travelling in the air. The group velocity dispersion (GVD)  im-''ϕ
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poses a positive/negative chirp meaning that the long wavelengths travel 

faster/slower than short ones (Figure 5). The majority of pulse broadening in ul-

trashort pulse lasers is caused by the positive GVD of the gain medium. Other intra-

cavity elements such as prisms will also contribute to positive dispersion. To obtain 

the shortest possible pulses from the laser cavity, the overall GVD has to be near 

zero. A practical method for doing this is to introduce a pair of prisms into the cavity 

(Figure 5). This arrangement creates a longer path through the prism material for the 

red wavelengths compared with the blue, introducing a negative dispersion. Provided 

that the prism separation l  is sufficiently large, the positive dispersion of the mate-

rial can be balanced. Details of the calculation can be found in a recent publication.

p

4 

Third order dispersion effects  become significant when generating pulses of tens 

of femtoseconds. It is observed that the more dispersive the prism material (corre-

sponding to a shorter separation between prisms for equal GVD) the more TOD is 

introduced to the pulse. To compensate for TOD, it is necessary to combine pulse 

compression with prisms that generate positive TOD and with a pair of gratings that 

generate –TOD. This is done at the expense of intensity. Here only GVD has been 

taken into account. Compression with Homosil prisms allows one to achieve 20 fs 

pulses with an energy of 4 nJ per pulse. 

'''ϕ

 

In

Out

lp

P1

P2

Figure 5: Principle of prism compression. The positive chirp introduced to the pulse by a dis-
persive medium is compensated by a pair of prisms that slows down the long wavelength with 
respect to short ones. 
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2. 3   The Regenerative amplifier 

  The Mira pulses are amplified through a regenerative amplifier at a 250-kHz repeti-

tion rate. Figure 6 shows the major components of the amplifier along with a sche-

matic diagram of the pulse amplification process. A 22-W argon-ion laser is used as 

a pump source. The beam is split into 8W to pump the oscillator and 14 W to pump 

the amplifier. The main components of the amplifier include a Ti:sapphire crystal (C) 

coupled to a Q-switch (QS) and a cavity dumper (CD) as well as a pair of gratings 

for pulse compression (CP). The Q-switch is an acousto-optic modulator operating at 

RF that acts as a shutter. When the QS is on, the beam is diffracted, preventing lasing 

from happening during a time window set to correspond to the lifetime of the metast-

able state of the Ti: sapphire crystal (circa 3µs). This allows storage of energy in the 

crystal. After this period of time, the QS is switched off and the cavity dumper (an-

other acousto-optic modulator) triggered on the Mira, injects a seed pulse into the 

cavity. The amplification of the seed pulse occurs over 20 to 30 round trips (300ns) 

allowing the GVD in the QS to expand the pulse to 30 ps length. The Cavity Dumper 

then extracts a single pulse of several µJ energy. The stretched amplified pulse is 

then introduced into a simple grating compressor. The compressor uses four passes 

off a single gold-coated holographic grating. The compressor works with greater than 

50% efficiency and produces 2-3 µJ pulses with an autocorrelation width of circa 

250fs FWHM. 
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Figure 6: Timing diagram. See text for explanation. 

 21



2. 4 Time-resolved experiments 

2. 4. 1 Pulse characterisation 

Once generated, the pulse must be characterised. The fastest optical detectors have 

a response time of only few tens of picoseconds, orders of magnitude slower than the 

pulse width. The technique used to measure ultrafast pulses is based on autocorrela-

tion techniques where a single pulse is split into two replicas and then correlated by 

means of a nonlinear process. Here autocorrelation by two-photon absorption in a 

crystal and a photodiode were used for characterisation of the pulse. 

fs

-60 -40 -20 0 20 40 60

63nm

(a)

(b)

FWHM

input ( )ω1

variable delay

compensation
plate
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detector
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2ω1

 

Figure 7: (Right) layout of a second harmonic generation autocorrelator. (Left) (a) Spectrum of 
the laser pulse measured at 63 nm FWHM centred with a wavelength centred at 810 nm. (b) 
Ultrafast pulse (red curve) fitted to a 20 fs sech2 function (black curve). 

 The typical layout of an autocorrelator is given Figure 7. The input beam is split 

with a beam splitter. One arm of the set-up is fixed and the other one equipped with a 

variable delay. The two beams are focused on a nonlinear medium in order to gener-

ate a second-order response. If the medium is a nonlinear crystal such as BBO or 

KDP producing second-harmonic light, a photomultiplier tube might be needed to 

amplify the signal. To measure very short pulses (<20fs) with this method, it is nec-

essary to use very thin crystals to avoid dispersive effects. Such crystals are expen-
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sive and give rise to a weak second harmonic signal. A cheaper and simpler alterna-

tively is to generate two-photon absorption in a photodiode. In the latter case, an 

electron in the valence band of the semiconductor makes a transition to the conduc-

tion band only through the simultaneous absorption of two photons, in which case 

the measured photocurrent scales with the square of the incident intensity. 5 For such 

measurement, the photodiode has to be chosen with a bandgap energy that is large 

enough to prevent absorption of a single photon but does not exceed the energy cor-

responding to exactly two photons. Typically for Ti:sapphire pulses at ~810 nm, an 

AlGaAs LED with a 660nm bandgap is chosen. Far from zero delay, the average in-

tensity seen by the photodiode is constant, resulting in a constant background signal. 

When the pulses start overlapping, the two photon absorption process becomes time 

dependent. The detection of the signal can be done by phase-locked detection by 

combining a nano-mover delay line (2fs corresponding to 600 nm) with a 

lock-in-amplifier trigger on a chopper placed on either arm. Real-time monitoring is 

also possible by mounting one of the mirrors on an audio loudspeaker, which is made 

to scan at ~20Hz. The speaker frequency is much less than the pulse repetition fre-

quency, so the autocorrelation trace is made up from the second order response from 

many pulses, each subjected to a different delay time.  

Such an autocorrelation signal allows the measurement of the pulse width but does 

not contain any information about the phase, preventing determination of the pres-

ence of chirp. Phase information could be obtained with interferometric autocorrela-

tion or more sophisticated frequency-resolved optical gating (FROG) techniques. 

However, the Kerr signal depends on the autocorrelation only; and any chirp would 

not affect the signal. The laser spectrum of the homebuilt Ti:sapphire oscillator was 

measured at 63 nm FWHM with a wavelength centred around 810 nm (Figure 7). For 

a perfectly transform limited pulse, this would corresponds to an 11 fs pulse possibly 

achievable. In practice, a 20 fs pulse was obtained. 
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2. 4. 2 Pump-Probe Techniques 

 The femtosecond pulse, once generated and characterised can be used to measure 

ultrafast dynamics taking place in a sample of interest. The principle of pump-probe 

spectroscopy is to disturb the sample from its equilibrium with a strong pump pulse 

and to follow its return to equilibrium by measuring a change induced by the sample 

on a weaker probe beam. A large number of different excitations can be induced de-

pending on the properties (wavelength, polarisation, intensity) of the pump beam. 

Different changes of the characteristics of the probe beam can be measured after its 

passage through the sample: e.g. frequency shift, absorption, polarisation etc… As a 

result, an almost infinite number of experiments can be designed. Pump-probe ex-

periments were performed on pure solvent as well as dye molecules in solution using 

two techniques defined as optical heterodyned-detected Raman induced Kerr effect 

spectroscopy (OHD-RIKES) where the pump induced birefringence in the sample, 

and dipole-induced Kerr-effect spectroscopy (DIKES) for which the pump was used 

to excite the dye from it ground state to its first excited state. In both cases, the po-

larisation state of the probe beam was measured after its passage through the sample 

using balanced detection. 

The ultrafast OHD-RIKES measurements (Figure 8) were carried out on pure sol-

vent (See chapters 3 and 4) and biological samples (chapter 5). The experiment used 

linearly polarised (20-fs pulse duration (sech2)) laser pulses with a centre wavelength 

of 800 nm delivered by the homebuilt Ti:sapphire oscillator previously described.6 

To compensate for the positive dispersion induced by the optics in the set-up, the 

beam was negatively chirped (or pre-compensated) with a pair of prisms placed after 

the oscillator. The laser beam was split into a pump beam (∼80%) and a probe beam 

(∼20%) by a beam splitter, and the pump beam was optically delayed using a transla-

tion stage with 50-nm resolution stepper motor. Polarisers were placed in both arms 

to achieve a 45° angle between pump and probe-beam polarisation. A 6-cm focal-

length lens was used to focus the two beams into the sample. Phase-sensitive detec-

tion was achieved with a 1-kHz chopper in the pump beam and lock-in amplification. 

The pulse width was measured at the sample position as 20 fs FWHM by two-photon 

absorption in a GaP PIN photodiode.7  
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Figure 8: OHD-RIKES set-up 

DIKES spectroscopy was performed on dye molecules in solution in order to probe 

the dynamics of the first shell of solvent molecules surrounding the excited molecule 

(See chapter 6). The DIKES measurements (Figure 9) were performed with the 

Ti:sapphire-based regenerative amplifier described above. Second-harmonic light 

was produced in a 0.5-mm BBO crystal. The two wavelengths of the beam were split 

with a dichroic beam splitter into a probe at 800nm sent through a fast-scanning (~10 

Hz) delay line and a pump at 400nm polarised at 45º with a half wave plate. A polar-

iser (P) insured perfect horizontal polarisation of the probe beam and a 10 cm 

achromatic focal-length lens was used to focus the pump and probe beams into the 

sample. The different wavelengths of the pump and probe beams required the use of 

a telescope placed in the probe arm to adjust the overlap of the two beams at the fo-

cus.  A common problem of laser spectroscopy is thermal lensing. It is a photother-

mal effect arising from the energy absorption of the beam through the sample. A lens 

is created through the temperature dependence of the sample refractive index that 

causes divergence of the beam. To limit thermal lensing, the sample was pumped 

through a flow cell of 0.1mm thickness using a peristaltic pump or alternatively 

translated using a motorised linear guide. The signal was monitored by a pair of bal-

anced photodiodes coupled to a fast analogue-to-digital converter to obtain data in 

near real time. The use of a 0.5-mm BBO crystal with a 0.1-mm cuvette resulted in a 

time resolution in the sample measured at 260fs by sech2 fit of the optical Kerr signal 

of glycerol triacetin.  
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Figure 9: The DIKES layout. 

2. 4. 3Balanced Detection 

Ultrafast birefringence signals were obtained with a shot-noise-limited balanced-

detection system unlike the method used in a traditional OHD-RIKES set-up.8 In a 

traditional set-up, a quarter-wave retardation plate is positioned between two crossed 

polarisers in the probe beam and oriented with its “fast” axis parallel to the polarisa-

tion plane of the probe beam. The transmission of the Kerr cell is detected with a 

single photodiode/lock-in-amplifier combination. In this particular case, the signal 

recorded is the homodyne signal, which is proportional to the square of the nonlinear 

susceptibility of the sample. By rotating the input polariser slightly (≈ 1°), a small 

orthogonal polarisation component is introduced. This so-called local oscillator in-

troduces a heterodyne component to the signal (linear in the nonlinear susceptibility 

of the sample) on top of a constant background (from the laser). Therefore, three 

terms appear in the expression of the signal intensity: a constant background, a 

homodyne signal, and a heterodyne signal. The constant background is electronically 

subtracted. To eliminate the homodyne “contamination” of the signal, two sets of 

data must be collected with positively and negatively sensed local oscillators. How-

ever, heterodyne OHD-RIKES data collection can be both simplified and enhanced 

using balanced detection. In our set-up (Figure 10), the probe beam is fully circularly 

polarised with a quarter-wave retardation plate after the sample. Parallel and perpen-

dicular components are separated with a Glan-Thompson polariser and sent to a pair 

of photodiodes wired up for balanced detection.9 Because the signal is obtained by 

electronically subtracting the horizontal from the vertical component, both homo-

dyne and background components cancel. In turn, the pure heterodyne signal is sent 

to a lock-in amplifier and recorded in a single measurement. In addition, balanced 

 26



detection reduces the effects of random fluctuations of the laser power and achieves a 

significant improvement in the signal-to-noise ratio. Furthermore, by balancing with 

either a quarter or a half-wave retardation plate, either a signal purely due to birefrin-

gence or purely due to dichroism is measured as can be shown with a Jones-matrix 

analysis of the optical set-up derived below. 

 

Figure 10: balanced detection 

In order to derive the dependence of the signal on sample birefringence, it is neces-

sary to work out the Jones matrix for both the retardation plate and the sample. The 

Jones matrix for a retardation plate with retardation Γ tilted under an angle ψ is: 10 
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/ 2 2 / 2 2
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In our OHD-RIKES set-up, the pump beam is polarised at 450 with respect to the 

probe beam and the horizontal, resulting in a sample that acts like a retardation plate 

placed under an angle ψ = 450. The Jones matrix of the sample is directly derived 

according to Eq.(2.3) and given by: 
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2 2
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  (2.4) 

In order to give the probe beam circular polarisation, a quarter-wave retardation plate 

(Γ = 900) is placed under an angle of 450, resulting in the Jones matrix: 

 
1/ 2 / 2

/ 2 1/ 2
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i
W

i

 −
= − 

  (2.5) 
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Initially (before the sample, wave plate, and polariser), the probe beam is horizon-

tally polarised, which corresponds to the input Jones vector ( . The output vector 

is given by the product of the input vector with the Jones matrices of the retardation 

plate and the sample as: 

)1,0 T

 2 2

2 2

cos / 2 sin / 21
0 cos / 2 sin / 2

wp sampleW W
i i

Γ Γ

Γ Γ

 − 
=   − −   


 (2.6) 

Finally, the photodiodes are wired up to subtract the horizontal from the vertical 

component of the probe beam intensity. Therefore, the strength of the signal sent to 

the lock-in amplifier is given by the difference of the horizontal with the vertical 

component of the output vector squared, i.e.,  

 sinh vI I− = − Γ  (2.7) 

This shows that if the retardation induced by the pump is small (which is the case 

in the experiment), the signal is linearly proportional to the birefringence phase angle 

Γ in the sample. 

Now lets consider the case when the beam is 450 polarised with a half-wave retar-

dation plate positioned after the sample. Similar to Eq.(2.3), the Jones matrix for a 

dichroic sample is given by: 

 
2 2
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e e e
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e e e

α α β α

α α α
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+ ψ
 (2.8) 

where α  and α β+  are the absorption coefficients for the two polarisation direc-

tions. The Jones matrix for the sample and the half wave retardation plate are derived 

from Eq.(2.8) with 45ϕ = °  and Eq. (2.3) with 180Γ = ° , 22.5ϕ = °  respectively. 
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 28



 
/ 2 / 2

/ 2 / 2
wp

i i
W

i i

 − −
= − 

  (2.10) 

The output vector calculated in the same fashion as for birefringence is given by: 
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  (2.11) 

which results in a difference signal that is purely due to dichroism in the sample.  
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2. 5 Terahertz generation 

For the THz experiments, the femtosecond pulses came from the commercial laser 

system described above producing 800-nm 150-fs FWHM pulses at a repetition rate 

of 250 kHz and 3 µJ/pulse. This optical beam was split into a strong pump beam 

(90%) and a relatively weak gate beam. The pump beam was focused by a 5-

cm focal-length lens a few millimetres in front of a crystal to produce a beam of line-

arly polarised THz radiation. Two different methods have been used to generate the 

THz radiation. To cover the low-frequency range (1-50 cm-1), an antenna has been 

used consisting of two strips of silver paint on a semi-insulating GaAs wafer, 5-mm 

long, and separated by 5 mm, biased by a 1-kV DC potential.11 To generate THz 

pulses, a short pulse of visible light is shone on the semiconductor. When the laser 

light is absorbed, it creates electron-hole pairs that are then accelerated in the applied 

DC field. The current rises through the semiconductor following the time scale of the 

incident pulse and falls on a slower timescale corresponding to the carrier lifetime. 

The charge acceleration generates an electromagnetic field , which in the far-

field can be approximated

( )E t
12 as the time derivative of the transient photocur-

rent:∂ . The result for a typical GaAs antenna is the emission of an asymmet-

ric zig-zag electric field (Figure 11 (a)) that has a corresponding Fourier spectrum 

peaking at 0.5THz (Figure 12). To access the high frequency range (10-90 cm

( ) /J t t∂

-1), 

THz radiation has been generated in a 1.15-mm <110>-cut ZnTe crystal through op-
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tical rectification.4, 9, 13-15 Optical rectification is a ( )2χ  process. The expression of the 

polarisation in a nonlinear crystal is given by, 

)t

λ/4

 ( ) ( ) ( ) (2 2 2p t Eχ= , (2.13) 

which indicates that for an infinitely thin crystal the temporal shape of the generated 

THz pulse is a replica of the excitation intensity envelope. However, for finite crystal 

lengths, distortion, absorption, and group-velocity mismatch result in a pulse contain-

ing several oscillations. The description of the generation process is quite compli-

cated and is described in much more detail in the thesis of J.J.Carey.16 The THz pulse 

generated in ZnTe has a spectrum peaking at 50 cm-1 and has usable power from 1 to 

90 cm-1 (Figure 12). However the phonon band at 5.3 THz results in a strong phase 

mismatch between THz and optical waves that limits the generation of THz radiation 

around 65 cm-1. 
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Figure 11: (Right) THz set-up (Left) Typical THz pulse obtained with an antenna (a) and by 
optical rectification (b) 

 Four off-axis parabolic mirrors with a 10-cm focal length and 7.5-cm diameter 

were used to recollimate, focus onto the sample, recollimate again, and focus onto 

the detector (Figure 11). The THz beam and an 800-nm gate beam were recombined 

on a 5-µm thickness nitrocellulose pellicle beamsplitter, and focused onto an electro-

optic sampling (EOS) detector crystal, which is another 1.15-mm <110>-cut ZnTe 

crystal. The induced ellipticity of the optical gate beam in the EOS crystal under the 

influence of the THz electric field (through the Pockels effect) was detected by bal-
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anced detection using a quarter-wave plate and a pair of balanced photodiodes.4 The 

output of the photodiode pair was sent to a lock-in amplifier. Since the electric field 

is measured rather than the intensity, this set-up allows the measurement of both the 

absorption and the refractive index of a sample placed in the beam. The gate beam 

was sent through an optical delay line equipped with a DC motor with a resolution of 

0.1 µm. The entire THz beam path was enclosed by a box with a dry-nitrogen atmos-

phere to avoid absorption by water vapour. 
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Figure 12: Spectra of the THz pulses used in the experiments. In both cases, the THz pulses 
were detected by electro-optic sampling in  <110> ZnTe. Generation in a DC biased SI GaAs 
photoconductive antenna yields useful power up to about 65 cm-1. Rectification in a ZnTe crys-
tal leads to a pulse with the largest bandwidth and an intensity that is about an order of magni-
tude lower. 

In this chapter, the laser equipment and the different experimental techniques that 

were used within the scope of the thesis have been described in detail. The follow-

ings chapters will concentrate on the presentation and analyses of the “harvested” 

data. The next chapter compares the low frequency infrared and Raman spectra of 

some common polar organic solvents. 
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3. 1 Introduction 

Condensed-phase chemical reactions are in large part controlled by the static and 

dynamic influences of the surrounding solvent (see Chapter 1). Especially in the case 

of very fast (sub)picosecond reactions, it is the solvent-induced dephasing of in-

tramolecular vibrations and the exchange of energy with the bath that determines the 

reaction rate more so than the shape of the intramolecular vibrational potentials. For 

example, in ultrafast condensed-phase electron-transfer,1-3 it is often found that the 

reaction rate is strongly correlated with the solvent dynamics. The reason is that fluc-

tuations in the surrounding solvent bring the system in a region where the reaction 

can take place and once in this region, again the solvent fluctuations largely deter-

mine the probability for jumping from one electronic surface to another.4-7 However, 

the correlation between solvent dynamics and the rate of chemical reactions is not 

well understood quantitatively. There are two main reasons for this. First of all the 

dynamics of the solvent itself (in the absence of a solute that may undergo a chemical 

reaction), especially on a short sub-picosecond timescale, has been characterized ex-

perimentally over the years but is still not understood very well in terms of a micro-

scopic picture. Secondly, once the pure solvent dynamics has been analyzed, there 

remains the problem of understanding the coupling between the solvent and the sol-

ute.8 

Over the past decade and more, liquid dynamics has been studied in great detail in 

a great variety of liquids and liquid mixtures using the optical heterodyne-detected 

Raman-induced Kerr-effect spectroscopy (OHD-RIKES) technique.9 As technology 

has improved (and laser pulses became shorter), attention has shifted from the long-

time (circa 1 to 100 ps) diffusive reorientational dynamics of the liquids10, 11 to the 

short time (circa 10 fs to 1 ps) inertial dynamics.12 Improved technology now also 

allows the measurement of the OHD-RIKES spectra of dissolved organic mole-

cules13 and even peptides and proteins14, 15 and inhomogeneous systems such as 

nanoporous glasses.16 OHD-RIKES is a time-resolved four-wave mixing experiment 

but the resultant signal is essentially proportional to (the Fourier-transform of) the 

depolarized Raman spectrum of the liquid9 albeit with superior signal-to-noise ratio 

at low frequencies (<400 cm-1). Broadly speaking, one can discern two components 

 34



in the low-frequency spectrum: A sharp Lorentzian feature around zero frequency 

and a broad bell-shaped feature. The Lorentzian line is due to the slow diffusive re-

orientational response of the solvent molecules11 and corresponds to an exponential 

decay on a 1 to 100 ps timescale in the time-domain. The bell-shaped feature (some-

times there are multiple such features) is due to the inertial response of the liquid, 

that is, the dynamics that are not strongly overdamped. These inertial motions of the 

liquid may be librational or translational in character and include the inertially lim-

ited rotation of the molecules (gas-phase-like free rotation). Unfortunately, the bell-

shaped curve is essentially featureless, which makes a full understanding of the mi-

croscopic dynamics that gives rise to it hard to attain. 

Recently attempts have been made to use higher-order Raman-like spectroscopy to 

access hidden information in the solvent Raman bands.17-19 It was shown theoreti-

cally20-23 that off-resonant six and eight-wave mixing experiments can in principle be 

used to access information that is unavailable from the OHD-RIKES type experi-

ments. Several of these experiments have been performed on low-frequency solvent 

modes, however, their interpretation is hampered by the presence of “contamination” 

from cascaded lower-order processes.19, 24 It appears that a full explanation of these 

experimental results is not yet available. 

The dynamics of the solvent-solute interaction is typically studied using dyes that 

undergo a large change in permanent dipole moment upon excitation to the first elec-

tronically excited state. For example, the time-dependent fluorescence spectrum11, 25 

can be measured on an ultrafast time-scale (the dynamic Stokes shift). The time-

dependent red shift of the spectrum is due to the dynamic solvation of the new per-

manent dipole moment by the surrounding solvent. Similarly, photon echo experi-

ments26 on these dyes in solution can be related to the bath dynamics. It was realized 

that the dynamic Stokes shift and photon echo experiments could be related to the 

pure solvent dynamics as obtained with an OHD-RIKES experiment.27 The relation 

has been tested on just a few solvents, notably acetonitrile. This relation between two 

quite different experiments is based on certain assumptions28, 29 and has caveats that 

will be discussed below in more detail. The main assumption is that the solvent has a 

distribution of low-frequency modes (the solvent spectral density) and that these 

modes give rise to the Raman spectrum, the IR spectrum, and the spectrum of solva-
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tion.30 It ignores the possibility that certain modes might be more effective in Raman 

scattering while being less effective at solvating. It is essentially this assumption that 

we would like to test. 

The frequency-response functions obtained through OHD-RIKES experiments are 

typically fitted to three or four functions:9 A Lorentzian (corresponding to rotational 

diffusion), an Ohmic function (representing a collisional process31 or collective trans-

lational motions) and a number of Gaussian functions (corresponding to translational 

or librational motion). This set of functions seems to fit the spectra of all solvents 

studied with OHD-RIKES so far although there is no proper physical reason why this 

should be so. For example, the Ohmic function is meant to describe31 a line shape 

due to a collision-induced anisotropy of the polarisability whereas in many cases the 

molecular anisotropic polarisability will dominate the Raman spectrum.32 The Gaus-

sian line shapes are justified based on a model in which librating molecules find 

themselves in solvent cavities whose parameters are inhomogeneously (statically) 

distributed throughout the solvent.33 However, there is little evidence of inhomoge-

neous broadening in liquids.34 

Another method for fitting low-frequency vibrational spectra is based on the 

Brownian-oscillator model.28 On short time scales, the interaction potentials between 

the molecules in the liquid can be Taylor expanded to second order implying har-

monic motion on these timescales.35 The Brownian-oscillator model in effect as-

sumes that the 1023 or so harmonic oscillators in a liquid sample may be rearranged 

as a limited number of characteristic modes with the remainder of the solvent mo-

tions responsible for damping through cubic terms in the potential expansion.36 Here, 

we will take this model to its extreme by assuming that as little as four homogene-

ously damped Brownian oscillators may describe solvent motions. 

If the assumption that a single distribution of low-frequency Brownian solvent 

modes gives rise to the Raman, the IR and the solvation spectrum holds true, then the 

IR spectrum should be identical in structure to the Raman spectrum. The strength of 

IR absorption and the efficiency of Raman scattering depend on different physical 

properties of the molecules involved and therefore the relative amplitude of the vari-

ous Brownian-oscillator components is expected to be different. Unfortunately, ob-

 36



taining the IR spectrum in the relevant spectral region (circa 0 to 300 cm-1) is ex-

perimentally non-trivial, as the lowest accessible frequency for most IR spectrome-

ters is about 400 cm-1. Even spectrometers equipped with bolometric detectors can go 

no lower than about 25 cm-1 because no light sources powerful enough in this range 

are available. 

Significant developments have taken place in the coherent generation and detec-

tion of light pulses in the far-infrared or THz range.37 The most common technique 

for generating THz pulses has been the use of Auston photoconductive switches or 

biased dipolar antennas.38 In this technique, two biased metal electrodes, laid down 

on a semiconductor substrate, are irradiated at the gap between the electrodes with a 

femtosecond near-IR laser pulse (see Chapter 2). This induces a transient current that 

radiates an electromagnetic field in the THz frequency-range. THz pulses generated 

in this manner typically have a spectrum that peaks at circa 10 cm-1 and a usable 

bandwidth up to frequencies as high as 60 cm-1.39-41 More recently, a technique based 

on optical rectification and electro-optic sampling has been used to generate and de-

tect THz pulses.42, 43 With this detection technique, the bandwidth can be increased to 

frequencies as high as 1200 cm-1 (37 THz).44, 45 Generation of THz pulses by optical 

rectification42, 46 in a nonlinear crystal such as GaAs or ZnTe combined with 

Pockels-effect detection results in a system with the greatest usable bandwidth. The 

THz-pulse technique has two significant advantages: The detection is gated with a 

window on the order of 100 fs thereby effectively eliminating background thermal 

noise and the detection is coherent (the electric field rather than the intensity is 

measured), which allows one to extract both the absorption coefficient and the refrac-

tive index. The technique has been used by a number of groups to study the FIR ab-

sorption in the very low-frequency (circa 0 to 100 cm-1) range of several non-polar47-

51 and polar liquids.52-57 In these studies, the experimental spectral range was either 

not large enough to cover the entire low-frequency solvent absorption band or no at-

tempt was made to compare the FIR spectrum with the Raman spectrum. We will try 

to remedy this situation by combining THz-spectroscopy with FTIR spectroscopy. 

The range of our THz spectrometer is 1 to 85 cm-1. The range of the FTIR spec-

trometer is 25 to 600 cm-1 and these data are patched onto the THz data. The resul-
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tant IR spectra in the range 1 to 300 cm-1 have been compared with the equivalent 

Raman spectra as obtained through OHD-RIKES spectroscopy. 

3. 2 Theory 

The aim is to calculate the spectrum of the solvent at low frequencies, that is, at 

frequencies comparable to kBT. The dielectric function can be expressed as a function 

of the commutator of the dipole-moment operator as51, 58, 59 

 , (3.1) ( ) ( )1
10

i tdt e tω
µµε ω χ

∞ += −∫
where 

 ( ) ( ) ( ) ( )1 ˆ ˆ, 0
eq

t N i tµµχ µ µ−=    . (3.2) 

The angled brackets stand for a trace over the equilibrium density matrix and the 

square brackets for the commutation operation. Here the caret denotes an operator in 

Hilbert-space. Propagation of the field through the sample as plane waves in the z-

direction can be described by 

 ( ) ( ) ( )( ), 0, expE z E z i zn cω ω ω= = /ω , (3.3) 

where the complex refractive index is given by ( ) ( )n ω ε ω= . This may then be 

related to the (real) refractive index ( )n ω  and absorption coefficient ( )α ω  using 

 ( ) ( ) ( ) ( )( )/ 2n n icω ω α ω ω= + . (3.4) 

Using these expressions does not involve the slowly-varying envelope approxima-

tion.60 Only in the limit of Im 0ε →  can the absorption coefficient be approximated 

as . ( )Im / cnα ω ε≅

The OHD-RIKES signal and spectrum have been calculated before.9, 28, 61, 62 In the 

slowly varying envelope approximation the signal in the time domain is given by 

 ( ) ( ) (2
3 0
0

' 'zS dt G t
c αα )'tωτ τ

ε
∞

= −∫ χ , (3.5) 

where 

 ( ) ( ) ( ) ( )1
22 11ˆ ˆ, 0

eq
t N i tααχ α α−=    , (3.6) 
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and  is the intensity cross-correlation function of the pump and the probe pulse 

and τ is the temporal delay between these pulses. Typically, the time-dependent 

OHD-RIKES signal is Fourier-transformed and deconvoluted in order to calculate 

the frequency-dependent OHD-RIKES response function, i.e. 

( )G t

 ( ) ( )
( ) ( )3 0

0

i tlaser
OKE

S zS
cG

dt t e ω
αα

ω ωω
εω

∞ +≡ = ∫ χ . (3.7) 

The experimental OHD-RIKES data presented here will always be shown in this de-

convoluted form. The time to frequency conversion is described in Chapter 4. 

Thus, both the IR and OHD-RIKES spectra are proportional to the Fourier trans-

form of a response function.58 In the case of the IR spectrum, it is the response func-

tion of the dipole moment (operator) and in the case of Raman scattering, it is that of 

the polarisability (operator). Both can be put on an equal footing, however, under 

some reasonable assumptions. The most obvious difference between µµχ  and ααχ  is 

that the former is the ensemble average of a second-order tensor and the latter that of 

a fourth-order tensor in the dipole moment. Here it will be assumed for simplicity 

that the orientational diffusion component of µµχ  and ααχ  is relevant on a much 

longer timescale (picoseconds) than the translational and librational motions (subpi-

cosecond) of interest here, and can be ignored or be dealt with separately.11 This as-

sumption amounts to making the separation of the itinerant-oscillator model.63 

The polarisability has a weak dependence on the (intra- or intermolecular) nuclear 

coordinates and can be expanded around the equilibrium configuration q0 as 

 ( )
0

0ˆ ˆ ˆ ...i
i i q q

q
q

∂αα α
∂

=

 
q= +  

 
∑ + , (3.8) 

where the sum runs over all the nuclear coordinates. Therefore, the response function 

for OHD-RIKES can be written as 

 ( ) ( ) ( ) ( ) ( )1 2 ˆ ˆ' , 0i i ii eq
t N i q t qααχ α−=   ∑ , (3.9) 

where 
eq

 is an ensemble average. Similarly, in the Born-Oppenheimer approxi-

mation, the dipole-moment operator can be expanded as 
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and the response function for IR absorption becomes 

 ( ) ( ) ( ) ( ) ( )1 2 ˆ ˆ' 0i i ii eq
t N i q t qµµχ µ−=   ∑ . (3.11) 

Therefore, apart from the pre-factor  or ( , the two response functions 

are the same. Hence, the IR and Raman spectra are in principle determined by the 

same vibrational (librational, translational) solvent modes. In molecules with a centre 

of inversion, symmetry dictates that those intramolecular modes that are IR active are 

not Raman active and vice versa. However, one does not expect symmetry in a liquid 

and therefore the same intermolecular modes in principle could be both IR and Ra-

man active. The question we hope to answer here is whether the low-frequency IR 

and Raman spectra have the same structure, i.e., whether the relative magnitudes of 

the pre-factors in Eq. (3.9) are essentially the same as those in Eq. (3.11). If this were 

the case, the Raman (OHD-RIKES) spectrum could be converted into an IR spec-

trum

( )2'iα )2'iµ

Im

30, 63 since the OHD-RIKES spectrum is proportional to the Fourier transform of 

Eq. (3.9) and the IR spectrum (at least in the limit of 0ε → ) proportional to the 

Fourier transform of Eq. (3.11). 

In general, it is difficult to predict the strength of IR absorption and Raman scatter-

ing, or the magnitude of 'µ  and 'α  theoretically. It is instructive, however, to calcu-

late these quantities in a simplified two-dimensional classical model. This simple 

model ignores collective (translational) motions and assumes that the strength of IR 

absorption and Raman scattering is largely determined by single-molecule proper-

ties.32, 59, 64 Intramolecular vibrational motions change molecular bond lengths and 

can therefore be expected to change the permanent dipole moment or the polarisabil-

ity of a molecule. In the absence of hard collisions, intermolecular motions are not 

expected to change the molecular dipole moment or polarisability within the molecu-

lar coordinate frame. Collisions can change the molecular polarisability but this is 

expected to have a relatively minor effect in polar liquids32, 59 and only in the high-

frequency tail of the spectra.31, 65 Therefore, the only way that an intermolecular mo-

tion can change the dipole moment or polarisability is by changing the projection 

onto the laboratory coordinate axes. 
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Consider a simple two-dimensional model consisting of a rigid body with a per-

manent dipole moment µ  in a force field consisting of interactions with neighboring 

molecules. On short timescales, it may be assumed35 that these forces can be ap-

proximated by a harmonic force as a function of the angle of the molecule, resulting 

in librational motion. The equilibrium angle for the librator is 0θ  and any external 

force will displace it perturbatively to θ  so that 0θ θ=  at equilibrium. In an ensem-

ble of librators, there will be a distribution of equilibrium angles. In this model, the 

dipole moment derivative is 

 
( )
( )

0

0

sin
'

cos
θ

µ µ
θ

− 
= 

 


E

. (3.12) 

An external polarized electric field will exert a force 'F µ= − ⋅  on each molecule, 

rotating it slightly, and inducing a macroscopic polarization in the sample. Using a 

classical Langevin-equation approach,66 it is straightforward to calculate the macro-

scopic polarization in response to an external field. With the definition of the suscep-

tibility ( ) ( ) ( )ˆP Eω χ ω ω= ⋅  and the dielectric function ( ) (ˆ )ˆˆ 1ε ω χ= + ω , and after 

averaging over a homogeneous distribution of equilibrium orientations, the expres-

sion 

 ( ) ( )( ) 12 11
2

ˆ ˆˆ 1 1N Iε ω µ ω ω ω ω
−−

+ −= + − −    (3.13) 

can be derived, where N is the number density, I is the moment of inertia, 

/ 2iω γ± = − ±Ω , γ  is the damping rate, ( )
1

22 2
0 / 4ω γΩ ≡ − , 0ω  is the librational fre-

quency in the absence of damping, and 1  is the unity matrix. The absorption de-

scribed by Eq. (3.13) is known as Poley absorption.

ˆ
63 

In the two-dimensional harmonic librator model, the derivative of the polarisability 

matrix with respect to the equilibrium angle is 

 0

0 0

sin 2 cos 2
ˆ ' '

cos 2 sin 2
0θ θ

α α
θ θ

− 
= − 

 . (3.14) 

A rigid body with a permanent dipole moment is polarisable because it can rotate 

with respect to the laboratory axes. Therefore, the polarisability derivative has two 

contributions: A polarisability resulting from the presence of a permanent dipole 
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moment ˆ 'dipoleα  and a polarisability intrinsic to the molecule ˆ 'intrinsicα  (the electronic 

polarisability). Both components have the same orientational dependence (Eq. (3.14) 

for two dimensions). In the case of a symmetric top, the prefactor 'α  in Eq. (3.14) 

for ˆ 'intrinsicα  is given by the anisotropic part of the intrinsic polarisability tensor 

( )α α⊥−  with 0θ corresponding to the angle between the molecular symmetry axis 

and the laboratory axis.11 For the polarisability due to the presence of a permanent 

dipole moment, 'α  in Eq. (3.14) is given by  and 2 2/ laserIµ ω 0θ corresponds to the 

angle of the permanent dipole moment with respect to the laboratory axis. The OHD-

RIKES signal depends on the orientational average of the difference between 

' xx'xxα α  and ' 'xx yyα α .28 Performing this average after calculating the sample polari-

zation in much the same way as for the dielectric function, it is found 

 ( ) ( )( ) 12 1'xxxx xxyyS N Iα ω ω ω ω
−−

− +∝ − − −   . (3.15) 

Comparing Eq. (3.13) and (3.15), it is clear that the IR and OHD-RIKES spectra 

have a nearly identical functional form. Only in the case of non-polarisable mole-

cules, when 2 2' / laserIα µ ω= , can Eq. (3.13) and (3.15) be used to convert a Raman 

spectrum into an IR spectrum and vice versa. However, in practice the intrinsic elec-

tronic anisotropic polarisability is several orders of magnitude larger than the po-

larisability that results from the presence of a permanent dipole moment. This point 

is illustrated Chapter 4 with the study of ionic liquids. The two-dimensional model 

could easily be extended to three dimensions. However, the main result is the same 

in two and three dimensions: The IR absorption strength is determined by the perma-

nent dipole moment of the molecules undergoing librational motion whereas the Ra-

man scattering strength is determined by the magnitude of the anisotropic part of the 

electronic polarisability tensor. Thus, in principle there is no simple relationship be-

tween Raman and IR spectra. 
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Figure 1: Schematic illustration of librational motion of benzyl alcohol along three inertial axes. 
In a molecule without symmetry, the inertial axes are not necessarily parallel to the eigenvectors 
of the polarisability tensor or to the permanent dipole moment vector. 

The lack of a relationship between Raman and IR spectra certainly holds true for 

high frequency intramolecular vibrational modes. However, the librational modes 

studied here are intermediate in frequency (~10-150 cm-1), have large amplitude, and 

have a decidedly intermolecular character, and as a result, a relationship could possi-

bly exist. It is unlikely that such a relationship would exist for the very low fre-

quency (<~10 cm-1) diffusive modes. Figure 1 shows a schematic diagram of benzyl 

alcohol. The intrinsic polarisability of the molecule is mostly due to the π electrons 

and therefore the eigenvectors of the polarisability tensor will be aligned with the 

phenyl-ring structure. The permanent dipole moment (which gives rise to Poley ab-

sorption), however, will be mostly aligned with the OH bond. The inertial axes of an 

asymmetric molecule will not necessarily be parallel to either the eigenvectors of the 

polarisability tensor or the permanent dipole-moment vector. As a result, all three 

possible librational motions will be both Raman and IR active to some extent. 

Librational motion of a molecule in a liquid takes place in a cavity formed by 

neighboring molecules and this cavity changes rapidly due to the librations of the 

neighboring molecules and due to diffusion. As a result, it is likely that the three li-

brational modes of any given non-symmetric molecule will be anharmonically cou-

pled36 giving rise to energy transfer between the modes. If this energy transfer is 

rapid compared to the frequency of the modes, it will again make all three librational 

modes both IR and Raman active. The same argument applies to translational modes, 
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which can be seen as librations of a cage formed by a small number of neighboring 

molecules.33 

Thus, it is sensible to perform experiments to determine whether a simple relation-

ship exists between the low-frequency IR and Raman/OHD-RIKES spectra. This re-

lationship may be expected to be stronger in polar molecules with a large electronic 

polarisability anisotropy32 and much weaker in nonpolar molecules with a large in-

teraction-induced component to the spectra. To determine a relationship between IR 

and Raman spectra, the experimental spectra have to be fitted to functions, each rep-

resenting a class of motions. 

Typically, the experimental spectrum that is obtained from an OHD-RIKES ex-

periment is fitted to a number of theoretical functions.9 The low-frequency part (0-

10 cm-1, typically associated with diffusive reorientational motion of the liquid) is 

often fitted with one or two Lorentzian functions. The mid-frequency part (10-

100 cm-1, associated with translational and librational motions of the solvent mole-

cules) tends to be fitted to the Ohmic function31 ( ) ( ) (/ exp /c cr )ω ω ω ω ω= − . 

Higher frequency components (>100 cm-1) are often fitted to Gaussian functions. 

However, based on the simple analysis above, it would appear more logical to de-

scribe the ultrafast motions in a liquid as harmonic motion along the various nuclear 

coordinates qi. Such a Brownian-oscillator description is akin to the instantaneous 

normal-mode picture of short-timescale solvent motions.32, 35, 59, 65 It is equivalent to 

assuming that the intermolecular forces can be expanded to second order in the nu-

clear coordinates at any given instant in time. 

In this view of the solvent, N solvent molecules will give rise to 6N harmonic os-

cillators damped through cubic terms in the expansion of the potential.36 However, 

many of the 6N oscillators will have a similar character, for example, 3N oscillators 

may correspond to what might be described as single molecule librational motion 

and the remaining 3N oscillators as translational (including cage librations). If fluc-

tuations are fast and of small amplitude (the “fast modulation limit”) damping is ho-

mogeneous, and it is difficult to distinguish the individual oscillators. Therefore, it 

may be expected that only a small number of “important” oscillatory motions charac-

terize the ultrafast motions in a liquid. This picture is different from the conventional 
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Brownian-oscillator model as used to describe various spectroscopies in molecules: 

A given “important” oscillatory motion (e.g., libration of a solvent molecule around a 

particular axis) may occur about N times in the sample. For each molecule (or group 

of molecules) undergoing librational motion, the remainder of the liquid (and its 

~6(N-1) modes) acts as a “bath” causing damping. This picture is consistent with a 

recent instantaneous normal-mode treatment,36 which showed that the most impor-

tant source of damping is modes of similar frequency. Thus, the important oscillators 

can be described by a Langevin model and in the Markovian approximation, the re-

sponse function can be written as:28, 61, 62, 67 

 ( ) ( ) ( ) ( ) ( ) ( )1 1 / 2ˆ ˆ 0 sit
i i i i ieq

i i
r t N i q t q N t B m e tγθ− − −= = Ω  ∑ ∑ in iΩ ,(3.16) 

where  is the Heaviside step function, ( )tθ ( )
1

22 2 / 4i i iω γΩ ≡ − , mi is the effective 

mass of the Brownian oscillator, γi is its damping rate, and ωi is its frequency in the 

absence of damping. The sum in Eq. (3.16) runs over the small subset of important 

oscillatory motions. The response function for a single oscillator can be written in the 

frequency domain as 

 ( ) ( )
1214 2 4i i ir Nm iω γ ω 2
−

−  = − + Ω  . (3.17) 

In the overdamped case, when the damping rate is much larger than the frequency of 

the oscillator, the effective oscillator frequency becomes ( )( )2 2
0/ 2 1 2 /i γ ω γΩ ≅ −  

and the response function reduces to 

 . (3.18) ( ) ( ) ( )21 /i i it t
i ir t N m e e tω γ γγ − − −≅ − θ

In the frequency domain, this corresponds to the type of Lorentzian that is typically 

used to model the low frequency rotational-diffusion part of the spectrum. In the 

overdamped response function, the damping rate of the Brownian oscillator iγ  ap-

pears as a rate of rise. The overdamped decay rate is a combination of the Brownian-

oscillator frequency and decay rate. 
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3. 3 Experimental details 

IR and Raman spectra of liquids have been measured using a variety of techniques. 

Low-frequency IR spectra (0-100 cm-1) have been measured using sub-picosecond 

terahertz (THz) pulses. High frequency IR spectra (50-500 cm-1) have been taken 

with a Fourier-transform IR spectrometer. Raman spectra have been taken using the 

optical heterodyne-detected optical Kerr-effect (OHD-RIKES) technique. These ex-

perimental techniques will be described briefly here and are reviewed elsewhere.9, 37 

THz pulses have been generated by optical rectification of femtosecond optical 

pulses, as described in chapter 2. When measuring the spectra in the THz domain, the 

samples were held between two 8-mm thick z-cut quartz windows. Mylar spacers 

were used to produce samples of the proper thickness. Solvent spectra have been ob-

tained in the high-frequency THz range (3-80 cm-1) using ZnTe as the generation 

crystal and using time-domain scans from –5 to 10 ps with a step size of 30 fs. Low-

frequency solvent spectra (0.5 to 15 cm-1) have been obtained by using the biased 

antenna as a THz-generation source and making time-domain scans from −10 to 

100 ps with a 100-fs step size. 

A Fourier-transform IR (FTIR) spectrometer has been used to cover the range from 

50 cm-1 and upward. The spectrometer used was a Bruker IFS 66V equipped with a 

detector sensitive to the far IR (an Infrared Laboratories LN-6/C bolometer with a 

filter for the 20-500 cm-1 range.). The samples were held between two windows sepa-

rated by Mylar spacers. Two window materials were used, either TPX (poly(4-

methyl-1-pentene)) or Teflon. Unfortunately, organic solvents tend to weaken these 

polymers, which results in some buckling of the windows and therefore uncertainty 

in determining the thickness of the samples. Hence, the absolute magnitude of the 

liquid absorption was obtained from the THz data. 

Thus, the solvent IR spectra consist of three slices: Low-frequency THz, high-

frequency THz, and FTIR data. The high frequency THz data was considered the 

most reliable and was therefore used to calculate the absolute absorption of the sam-

ples. The FTIR absorption data was scaled in such a way that there was good overlap 

with the high frequency THz data in the range 50-75 cm-1. The high-frequency THz 

absorption data above 75 cm-1 was subsequently deleted. The refractive-index data is 
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considered valid up to frequencies as high as 100 cm-1. The low frequency THz data 

is reliable from about 1 cm-1 to 50 cm-1 and was found to be virtually identical to the 

high frequency THz data in the range of overlap. The low-frequency THz data was 

scaled (by no more than ±10%) to the high frequency THz data where necessary and 

the data above about 20 cm-1 was deleted. To obtain the refractive index at zero fre-

quency, the square root of the static dielectric constant was used.68-70 The IR absorp-

tion and refractive-index spectra thus obtained for benzonitrile, benzyl alcohol, N,N-

dimethylformamide (DMF), ethylene glycol, and glycerol triacetate (GTA) are 

shown in Figure 2. 

The Raman spectra of the liquids have been obtained using the optical heterodyne-

detected optical Kerr-effect technique (OHD-RIKES) as described chapter 2. The 

OHD-RIKES spectrum was obtained from the time-domain data using numerical 

Fourier transformation and deconvolution with the Fourier transform of the autocor-

relation of the laser pulses. It was found that, from experiment to experiment, the 

zero delay could be controlled with an accuracy no better than a few femtoseconds. 

Although these slight delay shifts were taken into account in the data analysis, they 

may lead to systematic errors in the spectra that become progressively worse at 

higher frequencies. Therefore, our OHD-RIKES setup can take spectra up to a 

maximum frequency of about 1,000 cm-1 but they become less reliable above about 

500 cm-1. 

The solvents used in the experiments were of the highest available purity, pur-

chased from Sigma/Aldrich and used without further purification. Nonlinear least-

squares fitting of the data to analytical functions has been performed with a program 

based on the simplex algorithm.71 In cases where two data sets had to be fitted simul-

taneously, i.e., absorption and refractive index, the data were scaled in such a way 

that both data sets had about equal absolute magnitude. The uncertainties listed for 

the parameter values of the nonlinear fits, are 1σ joint-confidence intervals,72 that is, 

they take into account the cross-correlation between the parameters. 
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3. 4 Results and discussion 

Figure 2 (a1-e1) shows the experimental OHD-RIKES spectra in benzonitrile, ben-

zyl alcohol, N,N-dimethylformamide, ethylene glycol, and glycerol triacetate with 

fits to a sum of Brownian-oscillator response functions. In the time-domain OHD-

RIKES experiments, data were collected at low time-resolution (50 fs) out to long 

time delays (circa 100 ps). As there is always a very small (~0.1% of peak signal) 

background due to scattered pump light, a linear curve was first subtracted from the 

data. Next the data in the time domain were tail fitted, that is, an exponential decay 

was fitted to the data at delays >5 ps. This slow exponential decay is due rotational 

diffusion, which takes place on a time scale ranging from a few picoseconds to 

~100 ps. However, due to the very small signal at long delays in combination with 

the small background of scattered pump light, it is very difficult to extract an accu-

rate rotational-diffusion decay time from these data. Therefore, it was decided neither 

to use this decay time as a fixed parameter in the fits to the spectra, nor to subtract 

the exponential tail from the data. 

The low-frequency part of the spectrum corresponding with rotational diffusion in 

the liquid, was fitted with the Fourier transform of 

 ( ) ( ) , ,i decay i riset t
i ir t L t e eγ γθ − − = −  , (3.19) 

which is equivalent to Eq. (3.18) if one sets 2
, /i decay i iγ ω γ≡  and ,i rise iγ γ≡ . The rise 

time 1
,i riseγ −  was initially set equal to the first moment of the low frequency part of the 

spectrum73 arbitrarily judged to be from 0 to about 200 cm-1. The precise value of 

this rise time has only a minor effect on the values of the other parameters. The spec-

tra were initially fitted with one overdamped-oscillator function (the Fourier trans-

form of Eq. (3.19)) and one or two under-damped oscillator functions (Eq. (3.17)) 

with all the parameters (amplitudes, frequencies, and damping rates) left free to 

change except for the rise time 1
,i riseγ −  of the overdamped component. If required addi-

tional oscillators were added one by one, until a satisfactory fit was obtained. 

 48



 

 

 

 

 

frequency (cm-1)

0 50 100 150 200 250 300

Im
 S

OK
E( ω

)

 frequency (cm-1)

0 50 100 150 200 250 300

α
 (c

m
-1
)

0

20

40

60

80

100

n

1.4

1.6

1.8

2.0

2.2

2.4

 
(a1)        (a2) 
 

frequency (cm-1)

0 50 100 150 200 250 300

Im
 S

OK
E 
( ω

)

  frequency (cm-1)

0 50 100 150 200 250 300

α
 (c

m
-1
)

0

100

200

300

400

500

600

n

1.0

1.2

1.4

1.6

1.8

 
(b1)         (b2) 
 

frequency (cm-1)

0 50 100 150 200 250 300

Im
 S

OK
E( ω

)

  frequency (cm-1)

0 50 100 150 200 250 300

α
 (c

m
-1
)

0

100

200

300

n

1.5

2.0

2.5

3.0

 
(c1)          (c2) 
 

 

 49



 

frequency (cm-1)

0 50 100 150 200 250 300

Im
 S

OK
E( ω

)

frequency (cm-1)

0 50 100 150 200 250 300

α
 (c

m
-1

)

0

100

200

300

400

n

1.4

1.6

1.8

2.0

2.2

2.4

 
(d1)           (d2) 
 

frequency (cm-1)

0 50 100 150 200 250 300

Im
 S

OK
E( ω

)

frequency (cm-1)

0 50 100 150 200 250 300

α
 (c

m
-1

)

0
20
40
60
80

100
120
140
160
180

n

1.5

1.6

1.7

1.8

1.9

 
(e1)            (e2) 
Figure 2: Optical heterodyne-detected Raman-induced Kerr-effect (OHD-RIKES) data and fits 
to Brownian oscillators functions (a1-e1) and IR-absorption and refractive-index spectra (a2-e2) 
of various liquids taken with a combination of terahertz-spectroscopy techniques and Fourier-
transform IR spectroscopy. (a) Benzonitrile, (b) benzyl alcohol, (c) N,N-dimethylformamide, (d) 
ethylene glycol, and (e) glycerol triacetate. Reliable OHD-RIKES data were obtained and fitted 
to from 0.3 to ~600 cm-1. In the OHD-RIKES spectra (a1-e1), the main solid lines represent the 
experimental data and the fit described in the text and in Table 2. The individual contributions 
to the fit have also been indicated (solid lines for overdamped Lorentzians and dashed lines for 
Brownian oscillators). In the IR spectra (a2-e2), crosses denote the experimental data, dashed 
lines denotes a straight conversion from the OHD-RIKES spectrum to an IR spectrum, and the 
solid line denotes a refit of all the amplitudes (see text and Table 3). 

 

Table 1 shows three ways the OHD-RIKES data from benzyl alcohol could be fit-

ted. Fit 1 fits the data to two overdamped Lorentzian components and three 

Brownian oscillators. The rate of rise for both Lorentzians has been fixed to the first 

moment of the spectrum (73 cm-1) but they have independent decay rates. In Fit 2, 

one overdamped Lorentzian has been replaced by a Brownian oscillator, with little to 

no effect on the parameters. One of the interesting things that can be seen in Fit 1 and 
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2 is that the decay rates of the Brownian oscillators (81, 90, 67, and 73 cm-1 in Fit 2) 

are all indistinguishable from the first moment of the spectrum (73 cm-1) within the 

signal-to-noise ratio. This is not wholly surprising within the Brownian-oscillator 

model: Each of the “important” modes is damped by coupling to the bath of all pos-

sible motions in the liquid. Hence, each oscillator is on average coupled to the same 

bath resulting in fluctuations with a given correlation time. There is no a priori 

physical reason why the coupling strength to the bath would be the same for all oscil-

lators. However, the motions studied here (in the frequency range ~10-150 cm-1) all 

have librational character and could therefore be coupled to the bath with similar 

enough strengths as to be experimentally indistinguishable. Fit 3 shows a fit where 

the rise rate of the Lorentzians and the decay rate of the Brownian oscillators have all 

been coupled. This final procedure was used to analyze all the OHD-OKE data. 

 

 Fit 1 Fit 2 Fit 3 
L1: 3.4 ± 0.1 3.4 ± 0.15 3.3 ± 0.1 

γdecay (cm-1): 1.18 ± 0.03 1.17 ± 0.03 1.16 ± 0.03 
γrise (cm-1): 73 73 72 ± 1.7 

L2: 12 ± 1  12 ± 1 
γdecay,2 (cm-1) 7.6 ± 0.5  7.4 ± 0.5 

B1:  800 ± 6800  
ω1 (cm-1):  24 ± 88  
γ1 (cm-1):  81 ± 550  

B2: 2300±1400 2300 ± 9400 1400 ± 53 
ω2 (cm-1): 47±9 47 ± 53 40 ± 1 
γ2 (cm-1): 90±26 90 ± 150 γrise 

B3: 3300±2200 3300 ± 4600 4300 ± 150 
ω3 (cm-1): 71±5 70 ± 6 71.2 ± 0.9 
γ3 (cm-1): 67±15 67 ± 29 γrise 

B4: 5400±1600 5400 ± 2200 5100 ± 230 
ω4 (cm-1): 97±2 97 ± 3 97.8 ± 0.7 
γ4 (cm-1): 73±4 73 ± 5 γrise 

Table 1: Three ways of fitting the low-frequency part of the OHD-RIKES spectrum of benzyl 
alcohol. L1 and L2 are the amplitudes of overdamped Lorentzian components, decayγ  and riseγ  
are their rate of decay and rise (See Eq. (3.19)), B1 to B4 are the amplitudes of Brownian-
oscillator components, and iω  and iγ  are their frequency and damping rate (See Eq. (3.16)). 

Figure 2 (a2-e2) shows the experimental IR-absorption and refractive-index spectra 

of the same set of five liquids. As described in the theory section, in some simple 

cases it may be possible to calculate the IR spectrum of the solvent with some accu-
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racy simply from the fit to the OHD-RIKES spectrum and by multiplying it with a 

simple scaling function. The dashed line in Figure 2 (a2-e2) is the IR spectrum calcu-

lated in this fashion (and scaled by a factor to obtain similar amplitudes). It can be 

seen that the shape of the low-frequency IR spectrum thus calculated is surprisingly 

similar to the actual IR spectrum but certainly not identical. Initially, the experimen-

tal IR spectra were fitted by fixing the fit parameters found by fitting the OHD-

RIKES spectra and optimizing the overall amplitude and the refractive index at infi-

nite frequency ( ). In the next step, the amplitudes of the individual components of 

the fit functions (  and 

n∞

Li iB ) were allowed to vary. This resulted in a very much im-

proved fit shown as the solid line in Figure 2 (a2-e2). The parameters of these fits 

and their statistical uncertainties are listed in Table 3. 

The rotational-diffusion component of the OHD-RIKES and IR spectra requires 

further discussion. In the time domain, the long-time decay in OHD-RIKES and the 

IR free induction decay are proportional to the temporal derivative of the orienta-

tional correlation function of appropriate order. This correlation function is typically 

expressed as 

 ( ) ( ) ( ) ( )0 exp 1l lr t P t l l Dtµ µ= ⋅ = − +       , (3.20) 

where  is the Legendre polynomial of order l and D is the Debye rotational-

diffusion rate. The order is l = 1 for IR and l = 2 for Raman/OHD-RIKES and thus it 

would be expected that the rotational decay rate (

lP

decayγ ) required to fit the IR data is 

three times smaller than that required to fit the OHD-RIKES data. Testing this ex-

perimentally would require a good signal-to-noise ratio in the IR spectra in the range 

0.01 to 1 cm-1, which is not available. In practice, the fit to the IR spectra does not 

change appreciably when decayγ  is divided by three. In the fits in Figure 2(a2-e2), 

decayγ has been divided by three for consistency. 
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 Benzonitrile Benzyl al-
cohol DMF Ethylene 

glycol GTA 

L1: 19.0 ± 0.2 3.3 ± 0.1 5.93 ± 0.08 0.13 ± 0.01 0.32 ± 0.01

γdecay (cm-1): 0.577±0.007 1.16 ± 0.03 1.59 ± 0.02 2.1 ± 0.2 0.77 ± 0.03

γrise (cm-1): 49 ± 3 72 ± 2.2 70 ± 1.5 135 ± 8 76 ± 3 

L2 51 ± 7 12 ± 1   2.5 ± 0.2 

γdecay,2 (cm-1) 11.2 ± 0.9 7.4 ± 0.5   9.3 ± 0.5 

Calculated 
1st moment 

(cm-1) 
54 73 45 129 62 

B1: 2440 ± 280 1400 ± 55 680 ± 30 280 ± 20 530 ± 28 

ω1 (cm-1): 42 ± 2 40 ± 1 28.3 ± 0.5 67 ± 2 51 ± 1 

γ1 (cm-1): γrise γrise γrise γrise γrise 

B2: 5000 ± 350 4300 ± 150 1640 ± 44 390 ± 20 1030 ± 49 

ω2 (cm-1): 64 ± 2 71.2 ± 0.9 52.1 ± 0.8 124 ± 3 81 ± 1 

γ2 (cm-1): γrise γrise γrise γrise γrise 

B3: 5100 ± 490 5100 ± 250 1570 ± 58 510 ± 58 340 ± 34 

ω3 (cm-1): 88 ± 2 97.8 ± 0.8 81.8 ± 0.9 240 ± 4 117 ± 3 

γ3 (cm-1): γrise γrise γrise γrise γrise 

Table 2: Parameters obtained from fits to the OHD-RIKES data. The meaning of the parame-
ters is the same as in Table 1. As in Fit 3 in Table 1, the decay rates of the Brownian-oscillator 
components have been set equal to the rise rate of the Lorentzian component, 
i.e., 1 2 3 riseγ γ γ γ= = = . The amplitudes of the components of the fit (L1, L2, B1, B2, and B3) are in 
arbitrary units and cannot be compared between liquids. 
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 Benzonitrile Benzyl alco-
hol DMF Ethylene gly-

col GTA 
 OKE IR OKE IR OKE IR OKE IR OKE IR 
L1 
x100: 

0.78± 
0.01 

0± 
0.1 

0.236± 
0.007 

2.5± 
1.4 

0.87±
0.01 

0.52±
0.09 

0.046± 
0.004 

0.36± 
0.04 

0.06±
0.002

0.131±
0.005 

L2 
x100: 

2.1± 
0.3 

0.7± 
0.2 

0.86± 
0.07 0     0.47±

0.04 
0.24± 
0.04 

B1: 1.0± 
0.1 

1.0± 
.08 

1.00± 
0.04 

1.0± 
1.3 

1.00±
0.04 

1.0± 
0.1 

1.00± 
0.07 

1.0± 
0.09 

1.00±
0.05 

1.00± 
0.06 

B2: 2.0± 
0.1 

0.46± 
0.09 

3.1± 
0.1 

0± 
1.2 

2.41±
0.06 

1.0± 
0.1 

1.39± 
0.07 

2.1± 
0.1 

1.9± 
0.1 

1.29± 
0.07 

B3: 2.1± 
0.2 

0.24± 
0.07 

3.6± 
0.2 

4.4± 
0.9 

2.31±
0.09 

0.67±
0.09 

1.8± 
0.2 

0.7± 
0.2 

0.64±
0.06 

1.60± 
0.06 

n∞: - 1.46± 
.01 - 1.4± 

0.2 - 1.47±
0.40 - 1± 

10 - 1.46± 
0.1 

Table 3: Comparison of amplitudes between OKE and IR. The original amplitudes for the OKE 
data are the same as in Table 2 and the amplitudes for the IR data are obtained by refitting. As 
the absolute values of the amplitudes cannot be compared between liquids, the amplitudes have 
been rescaled by setting those of the first Brownian oscillator equal to one. All the other pa-
rameters have been kept the same except decayγ  and ,2decayγ  if appropriate have been divided by 
three for the fits to the IR spectra. 

3. 5 Conclusion 

Here we have studied five different polar liquids with OHD-RIKES and analyzed 

the spectra with the Brownian-oscillator model. It had previously been reported that 

fitting with Lorentzian, Ohmic, and Gaussian functions gave better fit results, espe-

cially at higher (>100 cm-1) frequencies. The explanation had been that the low-

frequency intermolecular Raman spectrum was inhomogeneously broadened,33, 74 for 

example, because of an inhomogeneous distribution of cages that librating molecules 

find themselves in or because of collisional broadening effects.31 Here it is found that 

fitting to a small set of homogeneously broadened Brownian oscillators gives rise to 

a satisfactory fit as well. It is difficult to quantify the quality of the various ways of 

fitting because the random noise in the data may be smaller than potential systematic 

errors. In principle, a small error in the determination of zero delay can raise (or 

lower) the spectrum at high frequencies giving the appearance of the spectral “tail” 

normally associated with the wing of a Lorentzian (homogeneously broadened) line. 

However, we have gone at great lengths to avoid these systematic errors. The OHD-
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RIKES spectra presented here have been analyzed (“baseline corrected”) up to 800 to 

1,000 cm-1. Therefore, any systematic errors should be negligible in the range 0 to 

500 cm-1. 

Fitting the low-frequency intermolecular spectra of the five polar liquids requires 

four or five oscillators: One or two overdamped (Lorentzian) functions and three 

Brownian oscillators. Typically, a number of additional Brownian oscillators have 

been used to fit higher frequency intramolecular Raman lines. The fits could have 

been marginally improved by including an inhomogeneous distribution of the fre-

quency of each oscillator74 but this would have greatly complicated and confused the 

analysis. Of course, the use of a number of oscillators (four or five instead of one) in 

fitting the data implies a degree of inhomogeneity in the liquid. However, given the 

structurelessness of OHD-RIKES spectra of liquids and the high quality of the fits 

that have been obtained here, it can be concluded that there is no compelling reason 

to assume that the low-frequency intermolecular nuclear motions in the five liquids 

studied here are not simply homogeneously broadened. This conclusion is consistent 

with, for example, Raman-echo studies of higher frequency intramolecular vibra-

tional modes in liquids.34 In principle, higher order OHD-RIKES-like experiments20-

23 could distinguish between homogeneous and inhomogeneous broadening of the 

low-frequency intermolecular modes but in practice this has not been possible yet.19, 

24 We have recently shown (see next Chapter) that the analysis of OHD-RIKES spec-

tra in terms of a small set of Brownian oscillators provides the simplification needed 

to understand liquid dynamics better. The OHD-RIKES spectra of a set of room-

temperature organic ionic liquids could be understood in terms of the local structure 

of the liquid around the cation with three Brownian oscillators corresponding to li-

bration of the cation at three slightly different frequencies corresponding to three po-

sitions of the anion with respect to the cation. 

It has been found that when the OHD-RIKES spectra are fitted to a small number 

of oscillators, the decay rates (or rather, the decay rates for Brownian oscillators and 

the equivalent rise rates for Lorentzians) tend to a single value for a given liquid (See 

Table 1). This is consistent with a picture in which the ultrafast liquid dynamics is 

described by a small number of “important” modes, which are homogeneously 

damped by the weak and rapid fluctuations of other bath modes. 
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Here we have also presented the IR spectra of the same five polar organic liquids. 

Collecting high-quality IR spectra in the range 0 to >300 cm-1 is much more difficult 

than collecting Raman (OHD-RIKES) spectra. The spectra presented here have been 

patched together from spectra taken with THz pulses produced in photoconductive 

antennas, with THz pulses produced by optical rectification, and IR spectra taken 

with an FTIR equipped with a bolometric detector. Collecting far-IR spectra is made 

very difficult by the strong absorption of the liquids themselves (requiring thin 

25 µm-0.5 mm samples), Fabry-Perot effects, absorption by the windows of the sam-

ple cells used, absorption by optics (e.g., beam splitters in an FTIR), absorption by 

water vapor, noise in the detectors (i.e., bolometers), and absorption by THz genera-

tors and detectors. The IR absorption and refractive-index spectra presented in Figure 

2(a2-e2) certainly cannot be used for the sort of detailed analysis that is possible with 

OHD-RIKES spectra. Further development of THz technology might make such an 

analysis possible in the future. 

The conversion from OHD-RIKES spectra to IR spectra shown in Figure 2 is rea-

sonably successful. Simply scaling the OHD-RIKES spectra according to the general 

formulas does not describe the IR spectra very well. This is expected as the ampli-

tude of the low-frequency intermolecular IR spectra depends mostly on the perma-

nent dipole moment whereas that of the OHD-RIKES spectra mostly depends on the 

anisotropy of the intrinsic (electronic) polarisability. In addition, the amplitudes in 

the IR spectra are influenced by collision-induced dipoles51, 59, 63 and those in the 

OHD-RIKES spectra by collision-induced polarisabilities.31, 75 However, refitting the 

amplitudes of the individual oscillators (while keeping frequency and damping the 

same) does lead to a good correspondence within the signal-to-noise ratio between 

the converted Raman spectrum and the experimental IR spectrum. Only at higher 

frequencies (above about 200 cm-1) where intramolecular modes exhibit IR absorp-

tion are the deviations significant. Table 3 compares the scaled amplitudes of the 

Brownian-oscillator and Lorentzian components. The correspondence is reasonable 

(within about a factor of two) for the (relatively high frequency) Brownian oscillators 

and very poor for the (low frequency) Lorentzian components. As collision-induced, 

collective, and translational motions are expected to be of greater importance at low 

frequencies11, 32, 59, 65 it is perhaps not surprising that the correspondence breaks down 
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at the low frequency end of the spectrum. Unfortunately, the signal-to-noise ratio of 

the IR spectra is not good enough to make this a definitive test. However, we tenta-

tively conclude that the description in terms of a small number of harmonic modes 

that are both Raman and IR active is valid at intermediate frequencies (~20 to 

~200 cm-1) where the dynamics can be understood in terms of the libration of indi-

vidual molecules coupled to a bath damping these modes. 

This conclusion is relevant, for example, in the theoretical description of chemical 

reactions in solution involving rearrangements of the charge distribution such as pro-

ton or electron transfer. Higher precision in rate calculations could be obtained by 

replacing a single solvent coordinate76, 77 by four or five depending on the solvent. In 

addition, some of these solvent coordinates are overdamped and some are under-

damped. Low-frequency modes have now also been observed in the OHD-RIKES 

spectra of peptides and proteins14, 15 (see Chapter 5). It may be expected that these 

protein modes will play a similar role in biomolecular reactions as intermolecular 

modes in liquids do. However, as the anisotropy in the polarisability tensor associ-

ated with these protein modes is not know, the OHD-RIKES spectra of proteins can-

not be used directly to calculate solvation dynamics in proteins. 
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4. 1 Introduction 

Room-temperature ionic liquids consist of organic cations combined with a wide 

range of inorganic or organic anions. This particular structure makes them non-

volatile, non-flammable, and polar. These properties have prompted a flurry of re-

search on the possibility of using ionic liquids for clean chemical synthesis and ca-

talysis.1-6 However, relatively little is known about the microscopic physical proper-

ties of ionic liquids and how to predict the influence of these solvents on chemical 

reactions rates. Such understanding would improve the design and enhance the 

tunability of ionic liquids. 

 As discussed in detail in Chapter 1, the frequency range of interest for probing 

solvent motion that influences chemical reactions lies at low frequency between 0 

and 200 cm-1. We have shown in the previous chapter that if the dielectric function of 

the liquid can in principle be directly accessed via far-infrared or THz spectroscopy, 

a possible alternative that presents a much higher signal to noise ratio is optical het-

erodyne-detected Raman-induced Kerr-effect spectroscopy (OHD-RIKES).7, 8 

Below we will present measurements of the ultrafast OHD-RIKES transients and 

spectra of a series of five prototypical room-temperature ionic liquids  The following 

abbreviations are used when referring to the ionic liquids: [bmim]+ = 1-butyl-3-

methylimidazolium, [bmmim]+ = 1-butyl-2,3-dimethylimidazolium, [omim]+ = 1-

methyl-3-octylimidazolium, [TfO]- = CF3SO3- (trifluoromethanesulfate or triflate 

anion), and [Tf2N]-= (CF3SO2)2N- ( bis(trifluoromethanesulfonyl)imide)  (see 

Figure 1): [bmmim][Tf2N], [bmim][PF6], [bmim][Tf2N], [bmim][TfO], and 

[omim][Tf2N]. This particular set of five liquids allows the study of the effect of both 

subtle modification (cation type) and gross modification (anion type) on the low fre-

quency spectra of those liquids. Increasing the length of N-alkyl substituents at the 

imidazolium ring of the cation results in an increase in the viscosity of the liquid at 

any particular temperature, as well as generally increasing the hydrophobic nature of 

the salt. The introduction of a methyl group at the 2-position on the ring results in a 

considerable decrease in the polarity of the ionic liquid. Different anions can also 

give room-temperature ionic liquids of distinctly different character with regard to 
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properties such as viscosity and miscibility with other solvents. For example, consid-

ering the [bmim]+ salts under investigation here, [bmim][TfO] is completely miscible 

with water, while the equivalent [Tf2N]- and [PF6]- salts are water immiscible. The 

order of viscosity of the salts in this series is [bmim][TfO] < [bmim][Tf2N] << 

[bmim][PF6]. Thus, these materials may be regarded as “designer solvents,” whose 

behavior may be tuned to particular applications depending on their structure.1-6, 10  

 
Figure 1: Structure of anions and cations constituting the room-temperature ionic liquids stud-
ied here. (a): [bmim]+ (C8H15N2), (b): [bmmim]+ (C9H17N2), (c): [omim]+ (C12H23N2), (d):[Tf2N]- 
([(CF3SO2)2 N]-), (e): [TfO]- [(CF3SO3)], (f): [PF6]-. 

The analysis of the OHD-RIKES data was carried out in the frequency domain us-

ing fast Fourier-transformation and nonlinear least-squares fitting techniques. The 

OHD-RIKES spectra were fitted with a number of Brownian oscillators11 to repro-

duce the broad intermolecular low frequency band. Although the Brownian-oscillator 

model gives slightly worse fits7, 11 than the more common models,12, 13 it also pro-

vides more insight into the underlying physics driving the low frequency dynamic in 

the liquid. The curves presented in Figure 2 show the OHD-RIKES spectra for three 

simple liquids: cyclohexane, dimethylsulfoxide (DMSO), and [bmim][Tf2N]. The 

spectra have been ordered from top to bottom by increasing viscosity and increasing 

polarity of the respective liquids. These three OHD-RIKES spectra are representative 
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in that they display a common trend. It can be seen that an increase of the strength of 

the intermolecular interaction is accompanied by an increase in complexity of the 

low-frequency spectrum. Cyclohexane is nonpolar and displays a “single” broad 

shoulder. DMSO has a permanent dipole moment implying stronger interaction be-

tween solvent molecules. Hence, the DMSO low frequency band is broader and more 

structured than the corresponding band in the cyclohexane spectrum. Ionic liquids 

consist of dissociated ions in solution and hence experience strong coulombic inter-

actions in addition to hydrogen bonds. This is reflected by very localized peaks in the 

low-frequency spectrum of [bmim][Tf2N] reflecting the strength of those interac-

tions. Below, the specifics of those interactions will be discussed by constructing a 

detailed analysis of the intermolecular motions occurring in the five ionic liquids 

studied. 
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Figure 2: Imaginary part of the Fourier transform of the ultrafast optical heterodyne-detected 
Raman-induced Kerr-effect spectroscopy (OHD-RIKES) signal normalized with the Fourier 
transform of the laser-pulse autocorrelation for (a) cyclohexane, (b) DMSO, and (c) 
[bmim][Tf2N]. The spectra have been fitted with a Brownian oscillator model as described in the 
text. The dashed curve at very low frequency (<50 cm-1) accounts for a residual rotational diffu-
sion component, the solid lines represent librational motions, and the dashed lines at higher fre-
quency (>100 cm-1) represent intramolecular modes. 

 66  



The chapter is organized as follows. After a short Experimental section, the proce-

dure for cleaning up the time-domain data, the deconvolution and Fourier-

transformation procedure, and the nonlinear least-squares fitting procedures are de-

scribed in the Data Analysis section. The General Theory part presents a simple clas-

sical model for predicting the strength of low-frequency librational Raman bands. 

This simple theory is of great value in understanding the experimental OHD-RIKES 

spectra obtained for the room-temperature ionic liquids. The section on Experimental 

Results and Discussion presents the experimental data and an analysis in terms of the 

structure of the liquid. 

4. 2 Experimental 

The synthesis and purification of the ionic liquids studied here were performed as 

described previously.10, 14 It is known that the presence of even small quantities of 

water can result in considerable changes in the physical properties of ionic liquids,15 

and also that even water-immiscible ionic liquids can absorb considerable amounts of 

water. Therefore, all samples were dried by heating at 70°C under vacuum for sev-

eral hours and transferred to a 1-mm path length sealed glass cell for the spectro-

scopic experiments. The OHD-RIKES set-up is described in detail in chapter 2.  

4. 3 Data analysis 

Data analysis can be performed either in the time or in the frequency domain. Re-

laxation processes are more easily visualized in the time domain but for analyzing 

the intermolecular dynamics, it is easier and more meaningful to work in the fre-

quency domain. Because experimental spectra can be fitted to a large number of line-

shape combinations, a proper error analysis is crucial but not typically done by oth-

ers. The first part of this section explains how the data are sampled and transformed 

to the frequency domain; the second part concentrates on the actual analysis of the 

spectrum. 
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4. 3. 1Time to frequency domain 

The OHD-RIKES signal is measured in the time domain and therefore any analysis 

has to start there. The observed signal ( )S t  expressed as the convolution of the sec-

ond-order autocorrelation function of the laser pulse ( )G t  with the molecular nonlin-

ear response has been given in Eq. (3.5). The impulse response function is ob-

tained by deconvolution of the experimental signal yielding

( )tχ

( )χ ω .16 It can be shown 

that because of the symmetry properties of the nonlinear response in the time do-

main, the imaginary part of ( )χ ω is purely related to the nuclear part of the transient 

birefringence17. The resulting spectrum is equal to the low-frequency depolarized 

Rayleigh spectrum multiplied by a Bose thermal-occupation factor:11 

 ( ) ( ) ( )Im 1 exp /OHD RIKES DRS Bk Tχ ω χ ω ω− = − −   . (4.1) 

In our experiments, data were recorded from –1 ps to 70 ps. An example of the 

signal in the time domain is given in Figure 3 for [bmim][Tf2N]. A sharp peak corre-

sponding to the electronic response of the sample arises at time zero, followed by the 

librational ultrafast dynamics in the first picosecond, and a subsequent slow expo-

nential tail attributed to rotational diffusion. Before transformation to the frequency 

domain, a careful manipulation of the raw time-domain data is required in order to 

maximize the signal-to-noise ratio as well as the physical accuracy of the spectrum. 

Because the spectrum is obtained by Fourier transformation of the OHD-RIKES 

time-domain signal, any noise present in the long-time tail of the signal (due to dra-

matic decrease of the signal strength at long delays) is observed in the low frequency 

part of the spectrum. This can be avoided by fitting the slow rotational-diffusion 

component of the signal with a single exponential decay from 6 ps to the end of the 

data set. A new data file is created made of the experimental points from -2 to 6 ps 

and the fitted tail from 6 ps to the end of the data at 30 ps. 
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Figure 3: Unprocessed OHD-RIKES time-domain data of [bmmim][Tf2N]. The inset shows the 
logarithm of the same signal. The data are fitted on a logarithmic scale from 6 to 30 ps to a 
straight line corresponding to a single exponential decay. This exponential decay is subsequently 
subtracted from the time-domain data prior to Fourier transformation to the frequency domain. 

A valid spectrum is only obtained if the time reference (zero delay between pump 

and probe beam) of the autocorrelation and birefringence signals is identical. Be-

cause the autocorrelation and birefringence signals have to be measured separately, 

their respective zero delay position is slightly shifted, if only by a few femtoseconds 

typically. It is therefore necessary to match the reference time of the two signals. 

This was done empirically by correcting the zero delay of the signal (typically by +6 

to +10 fs) in order to obtain a spectrum that is positive from 0 cm-1 to the highest 

possible frequency while at the same time minimizing any background. Finally, in 

order to characterize the spectral features that correspond to the inertial dynamics in 

the frequency domain, the long-time rotational-diffusion component is subtracted 

from the raw time-domain data. 

Once the spectrum has been obtained by deconvolution, a final point must be taken 

into account prior to the line-shape analysis. The amplitude of an experimental OHD-

RIKES spectrum is arbitrary, notably because of power fluctuations of the laser or 

misalignment of the setup due to temperature fluctuations. In order to compare the 

relative amplitudes of the different spectra, it is necessary to normalize the signal. 

Because all five samples consist of a similar cation with an imidazolium ring, their 

electronic hyper-polarisability can be assumed to be identical. The electronic re-
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sponse of the sample appears as a constant background in the real part of the decon-

voluted OHD-RIKES spectrum. Therefore, the spectra presented here were normal-

ized using this electronic response. 

4. 3. 2The fitting procedure 

All OHD-RIKES spectra present some general features: a sharp peak at very low 

frequency corresponding to a diffusional reorientational response, narrow bands at 

frequencies greater than ~200 cm-1 associated with intramolecular modes, and broad 

low-frequency bands typically below 200 cm-1 reflecting the intermolecular libra-

tional motions in the liquid. Apart from the main rotational-diffusion component that 

has been subtracted in the time domain (see above), those features can be observed in 

Figure 2, Figure 7 and Figure 10. The three main spectral regions are discussed in 

more detail below. 
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Figure 4: Close up of the first 50 cm-1 of the experimental OHD-RIKES spectrum of 
[bmmim][Tf2N] and the individual components of the nonlinear least-squares fit to the data. 

According to previous work,18 ionic liquids with an organic chain containing two 

to eight carbon atoms have an orientational-diffusion time greater than 200 ps. In our 

set of five samples, two rotational-diffusion components have been observed. Be-
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cause the time-domain OHD-RIKES signal decays by about two orders of magnitude 

in only a few picoseconds, the slow relaxation decay was simply subtracted from the 

time-domain data with no attempt to discuss their relative decay-rate values. The fast 

relaxation decay was fitted in the frequency domain to an overdamped Lorentzian 

function (Eq. (4.4)) as shown by the dashed curve in Figure 4. In our fits, the over-

damped Lorentzian corresponds to relaxation on a timescale from 1 to 3 ps with no 

obvious relation to the particular ionic structure. Recent studies of dielectric relaxa-

tion of molten salts19 have revealed a “main” relaxation component (τ1 = 2.6 ps) as-

sociated with correlated bulk motion in the salt, a fast “second” relaxation compo-

nent (τ2 = 0.24 ps) assigned to hydrogen-bond dynamics, and an unresolved ”ul-

trafast” relaxation (τ3 < 30 fs). 

The high frequency bands (> ≈200 cm-1) correspond to intramolecular vibrations. 

Unlike the broad low frequency bands they are represented by well separated and 

often narrow features in the spectrum. From a fitting point of view, they are charac-

terized by single Lorentzians. 

 As mentioned in the introduction, the low frequency intermolecular librations are 

crucial in determining chemical-reaction rates. The dipole moment involved in the 

libration can be either permanent or induced. In the latter case, this may result from a 

field through the molecule’s polarisability or by collisional interactions. The relative 

strength of these components in the signal strongly depends on the nature of the 

sample. For highly polarisable and anisotropic molecules, collision-induced interac-

tions can be all but disregarded. However, in the case of spherical molecules, the mo-

lecular polarisability does not depend on the molecular orientation and the signal de-

pends on interaction-induced effects. 

The coupling between the atomic-displacement coordinates of a mode and the 

static and dynamic forces in the surrounding medium leads to the broadening of a 

vibrational band. OHD-RIKES spectroscopy cannot distinguish between quasi-static 

“inhomogeneous” and fast “homogeneous” contributions to the distribution of fre-

quencies. That distinction can only be made in principle with higher order Raman 

techniques such as six-wave mixing20 or Raman photon echoes.21 However, the in-

terpretation of the experimental signal from such higher order Raman techniques is 
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very complex and the results to date have been inconclusive.22 As a result, the de-

scription of the fast intermolecular response of solvents reported in the literature, 

ranges from fully homogeneous to inhomogeneous. As already noticed in chapter 3, 

the most commonly used description fits the low frequency spectrum with a sum of 

anti-symmetrized Gaussian and Ohmic functions.12, 23, 24 The Gaussian-cage model is 

based on the premise that harmonic librational frequencies occur in a Gaussian (in-

homogeneous) distribution of cages in the liquid.25 The dynamics in the liquid is de-

scribed by three parameters: the most probable frequency of oscillation, the spread in 

frequency, and the amplitude. The Ohmic distribution accounts for collision-induced 

dynamics.26 More recently, the short-timescale behavior of the liquid has been mod-

eled by a small number of low frequency harmonic modes.8, 11 Although a sample 

consists of trillions of oscillators, experimental spectra can be fitted with only a small 

number of oscillators, suggesting that a few homogeneously broadened “dominant 

modes” drive the low frequency dynamics in the sample. Three parameters describe 

the liquid dynamics: the frequency of the mode, its damping rate, and its amplitude. 

Finally, the Kubo model27, 28 combines homogeneous and inhomogeneous contribu-

tions in a stochastic approach. Each mode requires four parameters: the modulation 

rate γ, the magnitude of the frequency fluctuation ∆, the center frequency, and an 

amplitude corresponding to the light scattering cross section of the respective inter-

molecular degree of freedom. In the extreme case when the value of the Kubo pa-

rameter k = ∆/γ is much larger than one, the line shape becomes Gaussian, reflecting 

an inhomogeneous distribution of frequencies. Conversely, in the case , the line 

shape becomes Lorentzian describing a fully homogeneous broadening. At interme-

diate values of k, the broadening is neither homogeneous nor inhomogeneous. 

1k

In practice, it is very difficult to distinguish between the various line-shape models 

by fitting the OHD-RIKES spectra. The large numbers of parameters, the lack of 

pronounced features in the spectra, and the resulting statistical correlation between 

parameters make an objective comparison of the relative quality of the fit difficult. 

Water, one of the most widely studied solvents, has been described variously (and 

successfully) with different functional forms including Lorentzian,29 Gaussian,30 

Gaussian and Ohmic,31 as well as more sophisticated models including both homo-

geneous and inhomogeneous broadening.29, 32 The molecules making up the ionic 

 72  



liquids studied here contain an imidazolium ring, which has a strong permanent di-

pole moment and is highly polarisable in the plane of the ring. Therefore, it is rea-

sonable to assume that the imidazolium ring is responsible for the vast majority of 

the OHD-RIKES signal and that interaction-induced effects can be largely ignored. 

In addition, the ionic liquids studied here exhibit relatively sharp peaks in the low 

frequency spectra suggestive of motionally narrowed line shapes. Therefore, it is 

considered reasonable to assume in first instance that the intermolecular librational 

modes are homogeneously broadened. Any deviations, especially in the wings of the 

spectra, can then be attributed to a certain degree of inhomogeneous broadening in-

cluding collisional broadening.26 In practice, it is found that the homogeneous-

broadening model provides a more intuitive picture of the liquid dynamics than a 

“hybrid model” including both homogeneous and inhomogeneous broadening. How-

ever, as in all previous OHD-RIKES studies, a good fit of the theory to the data does 

not prove a particular broadening model.  

The data from the OHD-RIKES experiments were analyzed in terms of the 

Brownian-oscillator model. This model has been described in detail in the literature11 

and only the strategic points will be discussed here. The nuclear motion is modeled 

by harmonic oscillators and each satisfies a generalized Langevin equation11 whose 

response function in the frequency domain is given by 

 ( ) ( ) [ ]( ) 12 24 / 2 4C M iω γ ω
−

= − + Ω , (4.2) 

with ( )
1

22 2
0 / 4ω γΩ ≡ −  where γ  denotes a damping rate, M the reduced mass, and 

0ω  the undamped frequency of the mode under consideration. In the overdamped 

case, when the damping rate is significantly larger than the frequency of oscillation, 

the time-domain response function becomes 

 ( ) ( ) 2
0 /t tH t

C t e e
M

ω γ γ

γ
− − = −  , (4.3) 

where is the Heaviside step function. In the frequency domain this corresponds 

with 

( )H t
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= −
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. (4.4) 

The first term in Eq. (4.3) corresponds to a decay with rate 2
0 /ω γ , and the second 

term to a rise with rateγ . Therefore, the rate of decay of the underdamped Brownian 

oscillator corresponds with the rate of rise in the overdamped Brownian oscillator.  

The experimental low-frequency spectra (up to 250 cm-1) of the ionic liquids have 

been fitted to seven Brownian-oscillator functions as given by Eq. (4.2) (three for 

intermolecular librational modes, and four for intramolecular vibration) and one 

overdamped Lorentzian function as described by Eq. (4.4). The overdamped Lor-

entzian function accounts for rotational diffusion. The “rise-time frequency” in Eq. 

(4.4) was chosen to be approximately equal to the first moment of the low-frequency 

spectral response of the sample. More specifically, this quantity was chosen to be 

equal to the damping rate of the three lowest frequency Brownian oscillators. This 

choice has been reported in previous studies31 and is not entirely arbitrary as it repre-

sents a measurement of the reaction of the sample to a sudden impulse. 

As the experimental spectra are fitted to such a large number of functions using 

such a large number of parameters, a proper analysis of the uncertainties in the pa-

rameters is essential. All data have been fitted using a nonlinear least-squares fitting 

program based on the simplex algorithm.33 The resulting fit parameters are presented 

in Table 1 with uncertainties. The indicated uncertainties in the parameters are only 

due to “lack of fit” and ignore any systematic errors introduced by the subtraction of 

the diffusional response or uncertainty in the zero-delay position. The uncertainties 

in the fit parameters are 68.3% joint-confidence intervals34 and therefore take into 

account uncertainties resulting from correlations between the parameters. 

4. 4 General theory 

OHD-RIKES can be described as a birefringence induced in an initially isotropic 

medium by a polarized optical pump pulse. The polarization of a second probe wave 

becomes perturbed due to the anisotropic nonlinear polarization induced in the Ra-

man active medium. Because the OHD-RIKES experiment employs very short 
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pulses, a broad range of frequencies (several hundred cm-1) are excited in the sample 

(see Figure 5). Information is obtained regarding ultrafast solvent dynamics by 

measuring the time response of the transient birefringence. In this section, a classical 

expression of the OHD-RIKES signal is derived. 

hω1

hω2

hω1

hωRam

hω2

 
Figure 5: Energy level diagram illustrating the excitation of Raman active modes in 
OHD-RIKES. A nonlinear medium is irradiated with a pair of light beams with frequencies ω1 

and ω2 whose difference is tuned, in accordance with the general idea of probing Raman-active 
vibrations, to a resonance with Raman-active transitions in the medium. Because ω1 and ω2 are 
contained in the spectrally broaden pulse, a large number of modes can be coherently excited. 

The potential energy of a molecule in an external field can be expanded as a func-

tion of various orders of the field interacting with the dipole moment, polarisability, 

hyper-polarisability, etc. as 1 1
0 2 6

ˆˆ. . . . . . ...H E E E E E Eµ α β= − − − − . The force exerted 

along the generalized coordinate ξ and defined as the first derivative of the potential 

energy with respect to that coordinate has therefore an infinite number of terms. The 

first two are relevant to our calculation, one being proportional to the permanent di-

pole moment 0µ , and the other proportional to the polarisability tensorα . If the po-

tential energy of a molecule varies with the generalized coordinate ξ, its dipole mo-

ment and polarisability can be Taylor expanded with respect to that coordinate as 

 
( )
( )

0

0

' ...

' ...

µ ξ µ µ ξ

α ξ α α ξ

= + +


= + +
 (4.5) 
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If it is assumed that a harmonic force drives the system back to equilibrium, the mo-

tion of the system is described by the Langevin equation 

 ( )2 1
0 0 0

1 ˆ( ' ' ...)
2

M E E Eξ γξ ω ξ ξ µ α−+ + + = ⋅ + ⋅ ⋅ + . (4.6) 

In this equation, M would correspond to the reduced mass if ξ  refers to a vibra-

tional coordinate x  and M  would correspond to the moment of inertia I  if ξ  refers 

to a librational (angular) coordinateθ . The first term on the right hand side of Eq. 

(4.6) is responsible for IR absorption and the second one for Raman scattering. 

The OHD-RIKES signal is proportional to the polarisability derivative with respect 

to a general coordinate (corresponding to vibrational or rotational motion) expressed 

in the laboratory frame.11 This means that any motion affecting the ease of charge 

displacement of a molecule will be detected by Raman spectroscopy. Below, the mo-

tions that might occur in a liquid and their Raman activity will be reviewed. As pre-

viously mentioned in chapter 3, a (somewhat arbitrary) distinction must be made be-

tween the “intrinsic” polarisability and the polarisability that results from the pres-

ence of a permanent dipole moment in the molecule. The intrinsic polarisability is 

defined as a three-dimensional molecular property with often both isotropic and ani-

sotropic components. The polarisability that results from the presence of a permanent 

dipole moment occurs because an external electric field can alter the projection of the 

dipole moment on the laboratory axes. Its value depends on the initial angle of the 

dipole moment of the molecule with respect to the polarization of the pump field. 

Intramolecular vibration: Molecular vibrations affect the localization of the 

charges within the molecule. Both the isotropic and anisotropic part of the intrinsic 

molecular polarisability change with vibrational motion making intramolecular 

vibrations Raman active (apart from molecular-symmetry considerations). 

Rotation and Libration: The projection of the “molecular polarisability” compo-

nent on the axis of the laboratory frame varies with rotation or libration of the mole-

cule, which in turn leads to a Raman signal. As explained above the “molecular po-

larisability” arises from two components; the “intrinsic” polarisability and the po-

larisability that result from the presence of a permanent dipole moment. For both 
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components of the “molecular polarisability,” rotation and libration are Raman active 

because they affect the location of charges in space. 

Intermolecular vibration: An intermolecular vibration could be Raman active be-

cause (a) a polarisability change induced by one molecule on another through inter-

molecular vibration or (b) a system consisting of two oppositely charged molecules 

constitutes a polarisable unit. The relative position of a molecule with respect to an-

other can affect the localization of charge on that molecule. However, this is a very 

weak effect and can be neglected in first approximation. In the case of a pair of op-

positely charged molecules, it can be shown that the polarisability derivative with 

respect to an intermolecular vibrational coordinate is a function of the derivative of 

the amount of charge separation as: 

 ( )
0x

qC
x x
α ω∂

=
∂

∂ ∂
, (4.7) 

with ( )C ω  obtained by solving the Langevin equation Eq. (4.6). In the case of 

ions, the charge q is a constant leading to a polarisability change equal to zero, and 

no Raman activity. 

Intermolecular libration: Similar to the case of a molecule librating, one can con-

sider the dipole moment between anion and cation to librate and to be Raman active. 

In conclusion, a Raman signal can have three sources: (1) intramolecular vibration 

changing the intrinsic polarisability, (2) rotation or libration altering the projection of 

an anisotropic intrinsic polarisability onto the laboratory axes, and (3) rotation or li-

bration altering the projection of a permanent dipole moment onto the laboratory 

axes. It is not a priori obvious which of the latter two sources will be of greatest im-

portance in determining the OHD-RIKES signal strength. In order to assess the rela-

tive strengths of these two sources, a theoretical librational model will be discussed. 
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Figure 6: In a two-dimensional  picture of libration, changes of both “intrinsic“ polarisability 
and polarisability resulting from the presence of a permanent dipole moment, are a function of 
a single coordinate θ. The components of the “intrinsic” polarisability in the plane of the imida-
zolium ring are considered to be equal and are denoted by IPα . The component perpendicular 

to the ring along the Z-axis of the molecule is referred as OPα . Depending on the nature of the 
polarisability, θ  is either defined as the angle between the Z-axis of the molecule and the labora-
tory axis or between the dipole moment of the molecule ( )µ  and the laboratory axis. 

A complete description of the signal due to libration would imply a derivation in 

three dimensions. However, a two-dimensional picture captures all the important 

physics and greatly simplifies the derivations. Figure 6 shows that both components 

of the signal (either due to the “intrinsic” polarisability or to the polarisability that 

result from the presence of a permanent dipole moment), are a function of a single 

coordinate θ. Depending on the nature of the polarisability, θ is either defined as the 

angle between the Z-axis of the molecule and the laboratory axis or, the dipole mo-

ment of the molecule ( )µ and the laboratory axis. Therefore, Eq. (4.6) can be rewrit-

ten specifically for librational motion as 

 ( )2
0 0

1 F
I

θ γθ ω θ θ+ + − = . (4.8) 

It is reasonable to assume that the external perturbation from the pump pulse is 

weak making the deviation from equilibrium small. Considering an external electric 

field with components  and  in the laboratory frame, the potential of the dipole 

moment in the external field is

xE yE

( ).H µ θ= − E  and the force can be calculated by tak-

ing the derivative with respect to angleθ . Using this expression for the force in Eq. 
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(4.8), Fourier transformation can be used to solve the Langevin equation and it is 

found for ( )θ ω  that 

iω γ= −

ˆRaα

 ( ) ( )( )( )2
0 0' / /E Iθ µ ω θ ω ω ω ω+= ⋅ − − − , (4.9) −

with 2 2
0/ 2 , / 4ω γ± ± Ω   Ω ≡ − . As the movement away from the equilib-

rium angle is perturbative, one can make a Taylor expansion of the dipole moment 

around the equilibrium and write an expression for the dipole moment in the pres-

ence of an external field in the frequency domain as 0 'totalµ µ µ= + θ , where 0µ

'

 is the 

dipole moment vector (in the laboratory frame) without perturbation and µ θ  is the 

induced dipole moment vector. The molecular polarization is proportional to the in-

duced dipole moment through the expression: 

 
( )( )

2
0 0

0
' / ˆ' ' E Ip pµ ω θ Eµ θ µ α

ω ω ω ω+ −

⋅ −
= = = +

− −
. (4.10) 

This expression can be used to calculate the infrared absorption spectrum of the 

liquid.8 Using Eq. (4.10) it is found that ( )( )ˆ ' '/ Iα µ µ ω ω ω ω+ −= ⊗ − − . In the case 

of Raman scattering, the frequency of the driving field tends to infinity. Therefore, 

one can make the approximation 

 
22

0 0
2 2 2

0 0 0

sin sin cos' '
sin cos cosman

laser laserI I
θ θ θµ µ µ

ω ω θ θ θ
 −⊗

≅ =  
− 

 (4.11) 0

The effective dipole moment that allows interaction between the external (high fre-

quency) field and the molecule is ˆRaman Raman laserEµ α= ⋅ . The macroscopic sample po-

larization produced through the Raman interaction can therefore be written as 

 
( )( )

2
, 1 (3)

2 1 1

ˆ' '
. .Raman xx Raman x

Raman

E
P N E E E

I
α α

χ
ω ω ω ω+ −

= ⋅ ≡
− − 2E , (4.12) 

where N is the dipole-moment number density and the angled brackets stand for an 

orientational average. 
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In the slowly varying envelope approximation,35 the amplitude of the probe field 

along the z-axis varies according to the linear differential equation 2 2
ˆ/E z Eξ∂ ∂ =  

with (3) 2
1 0

ˆ / 2Li E cξ ω χ ε= . The solution is readily obtained and the retardation in-

duced in the sample is expressed through the real and imaginary part of ξ  by 

( ) ( )Im ImXX YYξ ξ−Γ = . A Jones-matrix analysis (see Chapter 2) shows that the sig-

nal measured in our experimental setup is directly proportional to the retardation Γ . 

Eq. (4.12) shows that ' 'XX XXXXξ α α∝  and ' 'YY XX YYξ α α∝ . Therefore, the total het-

erodyne signal is proportional to ( ) ( )( ) ( )ˆ ˆ' 'Ramanxx xx
α α − ˆ 'aman Raman xx

an

ˆ 'Raman yy
α αR

RamE P⋅

 and 

the OKE signal (proportional to ) is given by 

 
( )( )

22
4

2

/
OKE

laser

N IS
I

µ
ω ω ω ω ω+ −

 
∝  − −  

E . (4.13) 

In the same model, the intrinsic molecular polarisability intα̂  can be written as a two 

dimensional matrix with diagonal elements IPα  and OPα . In transforming intα̂  from 

the molecular to the laboratory frame, it can be expressed as the sum of an isotropic 

and anisotropic part as. 

 
2

int 2

0 sin sin cosˆ( ) ( )
0 sin cos cos
IP

Lab OP IP
IP

α θ θ θ
α α α

α θ θ θ
 − 

= + −    −   
 (4.14) 

Comparing Eqs. (4.11) and (4.14) it can be noticed that the anisotropic component 

only differs in amplitude. Therefore the treatment of the signal will be identical to the 

case of the polarisability that result from the presence of a permanent dipole moment, 

and will be proportional to the square of the polarisability anisotropy following Eq. 

(4.13). 
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4. 5 Experimental results and discussion 

Based on the theoretical analysis above, it can be concluded that the OHD-RIKES 

signal results from intermolecular librations and intramolecular vibrations. Libration 

describes the “rocking” of molecules in the field of neighboring molecules and raises 

the issue of the local structure. In this section, it will be shown how by fitting the 

spectra to a model using a number of Brownian oscillators, one can gain insight in 

the structure and dynamics of the ionic liquids studied. 

 The OHD-RIKES spectra of cyclohexane and DMSO (Figure 2) have been de-

scribed briefly in the introduction. Now that the theory and the fitting procedure have 

been presented, one can explain the features in these spectra in more detail. For 

cyclohexane, a molecule with no permanent dipole moment and very low polarisabil-

ity, the signal must be due to the libration of an interaction-induced dipole moment. 

The weak intermolecular interactions in cyclohexane explain the relatively low fre-

quency of the two Brownian oscillators at 25 and 53 cm-1. DMSO has a permanent 

dipole moment and shows higher librational frequencies at 21, 54, and 91 cm-1, con-

sistent with the expected stronger intermolecular interactions. Figure 7 presents the 

spectra of five ionic liquids ordered according to their molecular composition. The 

vertical axis differentiates the cations and the horizontal axis the anions. The spectra 

have been fitted with the Brownian-oscillator model as explained above. Compared 

to polar organic solvents such as DMSO, the polarity of ionic liquids is the cause of 

even stronger intermolecular interactions and therefore of librations at higher fre-

quencies. This is observed in the spectra of [bmim][Tf2N] where the signal is fitted 

with three under-damped Brownian-oscillator functions at 15, 56, and 95 cm-1. The 

large number of functions required to fit the spectra reflects the inhomogeneous na-

ture of the sample on very short timescales. 
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Figure 7: OHD-RIKES spectra of ionic liquids classified according to their composition. The spectra have been fitted with the Brownian-oscillator model as 
described in the text. The dashed curve at very low frequency account for a residual rotational diffusion component in the sample, the solid lines represent 
librational motions, and the dashed lines at higher frequency represent intramolecular modes. 

  



Table 1 lists the fit parameters (amplitude, frequency, and damping rate) of the 

first six Lorentzian functions used to fit the experimental spectra and their respective 

uncertainties. The frequencies of the oscillators are well defined with errors of only 

≈3% reflecting the sharp features in the experimental spectra of the ionic liquids. The 

damping and amplitude parameters are subject to uncertainties with an average error 

of ~10%. This relatively large uncertainty is a result of the correlation between the 

amplitude and damping-rate parameters in the fit. The first (lowest frequency) Lor-

entzian corresponds to an overdamped Brownian oscillator. It is assumed here that 

this component corresponds either to a second rotational diffusion component (as the 

main rotational-diffusion component has been subtracted from the signal in the time 

domain) or to diffusive translational motions of the “librational cage.” 36-38  The dif-

fusion time of this second component is shown in brackets. The next three low-

frequency Lorentzian functions appear at roughly the same frequency in all ionic liq-

uids studied and have similar fit parameters. Therefore, it is assumed that all three of 

these peaks correspond to libration of the imidazolium ring on the cation. In addition 

to these four relatively stable components in the spectra, a number of higher fre-

quency peaks are seen that vary in frequency, width and amplitude in the various 

ionic liquids studied. It is assumed that these peaks correspond to intramolecular vi-

brational modes. 

The five samples show three librational bands around 30, 65, and 100 cm-1. Ini-

tially, the damping rates for these three bands were set as independent free parame-

ters. During the fitting procedure, the damping-rate parameters of the first three non-

overdamped Brownian oscillators were found to be very close in all five samples. 

The damping rate is an indicator of how a particular motion couples to the bath. 

Therefore, similar damping between oscillators suggests that they undergo a similar 

type of motion, in our case a librational motion. From this point on, it was assumed 

that the damping rates of the three librational bands around 30, 65, and 100 cm-1 

were in fact the same. In subsequent fitting of the data, the three damping parameters 

were linked resulting in a significant reduction of the calculated uncertainties in the 

remaining parameters. 

As mentioned above, the diffusive part of the signal has been fitted to an exponen-

tial decay and subtracted in the time domain. To do so, the rate of rise of the diffu-
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sive response (denoted γ in Eq. (4.3)) had to be defined experimentally. In previous 

studies,31 γ has been arbitrarily chosen to be the first moment of the low frequency 

spectral density corresponding to an averaged intermolecular vibrational frequency. 

In our study, the damping rate of the first four oscillators was found to be approxi-

mately equal to the first moment of the spectrum. This suggests a kinetic picture in 

which the “inertial state” decays with a given rate into the “diffusive state.” This ki-

netic picture transforms the arbitrary assignment of the first moment of the spectrum 

to the rate of rise of the diffusional response into a more legitimate choice. 

In comparing the damping rates of the low-frequency Brownian oscillators be-

tween the different samples, it is seen that the magnitude is significantly higher for 

ionic liquids with a longer carbon chain, which are expected to interact more strongly 

with the bath. The sample [omim][Tf2N] has a damping-rate of 81 cm-1 compared to 

circa 64 cm-1 for the salts which only contain butyl substituents.  
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Amplitude ω (cm-1) γ (cm-1) 

[bmim] [PF6] 

2±0.5 

430±40 

780±60 

1700±280 

920±290 

80±30 

 

15% 

27% 

58% 

 

 

6±0.5(0.88ps) 

32±1 

60±2 

90±3 

111±1 

180±3 

63 

63±5 

idem 

idem 

44±5 

30±8 

[bmim] [Tf2N] 

0.7±0.1 

440±25 

730±40 

1600±80 

230±50 

220±30 

 

16% 

26% 

58% 

 

 

1.8±0.2(2.9ps) 

29±0.1 

64±2 

100±2 

122±0.5 

175±2 

63 

63±3 

idem 

idem 

16±3 

32±4 

[bmim] [TfO] 

0.8±0.1 

400±20  

840±50 

1700±200 

200±200  

120±60 

 

14% 

28% 

58% 

 

 

3.4±0.2(1.56ps) 

34±1 

70±1 

100±3 

120±2 

173±2 

64 

64±3 

idem 

idem 

35±10 

30±6 

[bmmim] [Tf2N] 

0.9±0.2 

360±10 

510±10 

1500±30 

120±10 

280±30 

 

15% 

22% 

63% 

 

 

5±0.5(1.1ps) 

30.6±0.5 

64±1 

100±1 

121.3±0.2 

172±1 

64 

64±1 

idem 

idem 

13±1 

36±3 

[omim] [Tf2N] 

0.33±0.05 

500±50 

790±80 

1500±150 

120±20 

240±160 

 

18% 

28% 

54% 

 

 

1.8 ±0.2(2.9ps) 

33 ±2 

69 ±3 

102 ±3 

122 ±1 

174 ±2 

81 

81 ±6 

idem 

idem 

14 ±2 

35 ±10 

  

Table 1: Amplitude, frequency, and damping parameters of the six Brownian oscillators listed with their respective 
uncertainties for the five samples studied. The first (lowest frequency) Lorentzian corresponds to an overdamped 
Brownian oscillator. It is understood here that this component corresponds to a second rotational diffusion compo-
nent with diffusion time shown in brackets. It is assumed that the three librational bands at approximately 30, 65 
and 100 cm-1 correspond to three types of preferred location of the anion and that the relative amplitudes of these 
bands is equal to the probability of finding an anion in these locations. Adjacent to the amplitude parameters are 
listed the corresponding percentage amplitude of the three librational bands. The parameters listed for the last two 
oscillators at higher frequencies correspond to intramolecular vibrational modes. 85 



When comparing the relative amplitudes of the first three Brownian oscillators in 

the various spectra in Figure 7, it appears that they depend on the nature of the anion. 

For the set of samples based on the [Tf2N] anion the lowest frequency librational 

band (at ~30 cm-1) always shows the largest amplitude followed by the band at 100 

cm-1, followed by the band at 65 cm-1. The set of samples based on a fixed cation 

does not show any pattern regarding the relative amplitudes of the three librational 

modes. The mode with the largest amplitude is that at 100 cm-1 for [PF6]- and [TfO]- 

but that at 30 cm-1 for [Tf2N]-. However, the parameters listed in Table 1 show that 

the amplitude of the third oscillator is greater than the second, which is in turn 

greater than the first oscillator for all five samples. The overdamped character of the 

first oscillator can explain this misleading observation. The changes in apparent am-

plitude are simply due to changes in damping rate and the fact that the oscillator at 

~30 cm-1 is close to being overdamped. 

Neutron-scattering experiments39 and computer simulations40 have been conducted 

recently on 1,3-dimethylimidazolium chloride in the liquid phase. Both the experi-

ment and the simulation results lead to the conclusion that there is a significant de-

gree of order in the liquid salts for both long and short chain 1-alkyl-3-

methylimidazolium salts. The picture that emerges is that each imidazolium is sur-

rounded by three types of region of high probability for finding the anion. The largest 

probability density is on the CH bond on the symmetry axis (See Figure 8), followed 

by a region on the other side of the molecule between the two CH groups and a pair 

of regions on either side of the ring. In contrast, the cation-cation correlation appears 

to be much weaker. Radial distributions have been computed for a number of room-

temperature ionic liquids.40-42 In the case of [bmim][PF6]42 it is found that the first 

three solvation shells for cation-anion pairs form at about 4.3, 10.6, and 17.6 Å re-

spectively. The long-range coulombic interactions in the system allow a weak inter-

action to persist beyond 23 Å. Figure 8 shows a schematic probability distribution of 

the anion with respect to the cation according to calculations40 on the chloride ion 

around dimethylimidazolium. 
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Figure 8: Probability distribution of the counter ion around the 1-butyl-3-methylimidazolium 
cation based on computer simulations of a similar system.40 The numbers represent calculated 
point charges at the atoms labelled. 

Thus, neutron-scattering experiments and computer simulations suggest that the 

anions can be found preferentially in three types of location with respect to the cation 

and our experiments show the presence of three librational bands at approximately 

30, 65, and 100 cm-1. This strongly suggests that the librational bands observed in the 

OKE spectra do in fact correspond with the three types of preferred location as 

shown in Figure 8 and that the relative amplitudes of these bands is proportional to 

the probability of finding an anion in these locations. Following this logic, it can be 

deduced from Table 1 that the oscillators around 30, 65, and 100 cm-1 correspond 

respectively to 15, 25 and 60% of the anion population. Evaluation of the amplitude 

of the radial-distribution function for the chloride ion around dimethylimidazolium40 

reveals that the greatest anion density corresponds to 48% of the population followed 

by 35 and 17%. Those figures do not quite match our observation but show a similar 

trend. Based on this, it is tempting to conclude that 60% of the anions lie on the CH 

bond between the two nitrogen atoms of imidazolium ring, 25% are on the opposite 

side of the ring, and the remaining 15% are split on either side. Now that the fre-

quencies have been assigned to molecular configurations, the next question is what 

kind of modes those frequencies correspond to. 
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 To evaluate the different components of the librational response, one can draw 

conclusions based on the model described in the General theory section, as well as 

from direct observation of the spectra and the fit parameters. The strength of the ani-

sotropic molecular polarisability and induced polarisability component can be calcu-

lated from the model described in the previous section.  

As discussed above, the signal due to the intrinsic anisotropic molecular po-

larisability is proportional to the square of the polarisability anisotropy. The aromatic 

imidazolium ring is the main source of polarisability anisotropy in the sample, orders 

of magnitude larger than the anion contribution. To our knowledge, the polarisability 

of the particular [bmim], [bmmim] and [omim] cations has not been reported. How-

ever the static polarizabilities of azole rings has been calculated and measured.43, 44 

From a geometric point of view, the closest candidate to the cations used in our 

experiments is pyrrole. The values reported for pyrrole are 10.1 10-40 and 10.5 10-

40 F m2 for the components of the polarisability in the plane of the ring and 6.5 10-

40 F m2 for  the component perpendicular to the ring. This implies that only 

out-of-plane motions will give rise to an OHD-RIKES or Raman-scattering signal. 

Out-of-plane librational motions can occur around two inertial axes, i.e., around the 

axis of the aliphatic chain and approximately perpendicular to it. Because these mo-

tions involve a similar moment of inertia and occur in a similar environment, they 

would appear at a similar frequency according to Eq. (4.13). Studies on benzene and 

substituted benzene corroborate this view. The OHD-RIKES spectra of substituted 

benzene12, 45 can be fitted to two modes around 20 and 70 cm-1 assigned to collision-

induced and librational motion respectively. Recent work on benzene36-38 suggests 

that the low frequency mode (around 20 cm-1) is caused by diffusive translational 

motions (vibration of the cage). Thus, the out-of-plane librational motions around the 

two inertial axes in the substituted benzenes are observed in the spectrum as a single 

“mode.” Considering that OHD-RIKES excites the sample relatively far from reso-

nance, the static value of the polarisability is considered to be a good approximation. 

The signal was then calculated to be proportional to S F . 2 80( ) 7.29 10PA α −∝ ∆ = 2 4m
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 µ 
(D) 

µeffective 
(D) 

I x 1045 
(kg m2) 

(α’)2 x 1088 (F2 m4) 

PF6 0 0    0 
Tf2N 0.59 0.59 17   1.7 10-5 
bmim 5.9 1.8   1.3   0.25 
TfO 4.4 4.4   3.78   1 
[bmim] [TfO]    23 
Polarisability anisotropy 
of the imidazolium ring 

     7.3 108 

Table 2: Dipole moment, effective dipole moment, and moment of inertia are listed for the three 
anions and the imidazolium ring. The polarisability derivative squared has been calculated and 
ordered by increasing value for the three components to the signal: (i) signal due to polarisabil-
ity that result from the presence of a permanent dipole moment for the three anions, and the 
imidazolium ring, (ii) signal due to the libration of the dipole between an anion and a cation for 
[bmim][TfO], and (iii) signal coming from the polarisability anisotropy of the imidazolium ring. 

The signal attributable to the polarisability that result from the presence of a per-

manent dipole moment is both a function of the magnitude of the permanent dipole 

moment and the moment of inertia of the molecule performing the librational motion 

(see Eq. (4.13)). The charge distributions for [TfO], [Tf2N] and [bmim] have been 

obtained from high-level density-functional theory. Table 2 lists the dipole moment, 

the effective dipole moment, the moment of inertia, and the predicted OHD-RIKES 

signal of the three anions and the imidazolium ring. The dipole moment and moment 

of inertia were calculated with respect to the center of mass of the molecule. For the 

cation, only librational motion of the imidazolium ring has been considered, and 

therefore only the dipole moment on the ring was taken into consideration. The ef-

fective dipole moment vector is defined as the component of the dipole vector per-

pendicular to the rotation axis. The imide ion [Tf2N] has two different minimum en-

ergy geometries, with C1 and C2 symmetry respectively.46 Hartree-Fock calculations 

of the potential energy surface show that the C2 configuration is the most stable with 

about 85% of the molecules in that state at room temperature. The values listed for 

Tf2N in Table 2 have been calculated for the C2 configuration. Finally, the signal 

coming from libration of the dipole moment between an anion and a cation has been 

calculated using 
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2 2

4
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with mA and mB the respective masses of the anion and cation. 

Table 2 lists the predicted relative signal strength in the final column. The signal 

due to libration of the anion varies greatly with the value of the permanent dipole 

moment, from zero signal for [PF6] to a maximum signal for [TfO] set as reference. 

The signal strength of the cation ring due to the polarisability anisotropy is found to 

be 109 times larger than the signal that result from the presence of a permanent dipole 

moment. This shows that OHD-RIKES is blind to any dynamics of the anion. This is 

confirmed by the analysis of the spectra: The same number of Brownian oscillators 

can be used to represent the librational band of both [bmim][PF6] and [bmim][TfO]. 

As the PF6 ion has high symmetry, this shows that the anion does not influence the 

overall shape of the OHD-RIKES spectra and confirms that the signal is a measure-

ment of the cation dynamics through the libration of its polarisability anisotropy. 

 
Figure 9: Schematic of the out-of-plane librations of the imidazolium ring occurring in the three 
preferred positions of the anion (1), (2), and (3). In these positions of the anion the librational 
frequency is 30, 65, and 100 cm-1 respectively and the probability of finding the anion in these 
positions according to the analysis of the OHD-RIKES spectrum is 15, 25, and 60% respectively. 

Figure 9 is an attempt to represent the librational motion of the imidazolium ring in 

the three configurations previously described. For simplicity, only the libration 

around the hydrocarbon chain axis is represented. Libration will occur at defined fre-

quencies corresponding to the relative position of the anion with respect to the 

cation. The signal amplitude is proportional to the average number of anions in a par-

ticular position. According to the amplitude fit parameters, 60% of the anion popula-

tion lies on the CH bond between the two nitrogen atoms of imidazolium ring. This 

configuration gives rise to libration of the cation at about 100 cm-1. Another 25% of 
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the anion is positioned on the opposite side of the ring leading to libration of the 

cation around 65 cm-1. The remaining 15% is split on either side of the cation and is 

associated with libration of the ring at circa 30 cm-1. 

It is possible to draw some basic conclusions regarding the average time that an 

anion spends in any one of the three positions. The inhomogeneity in the sample is 

reflected by the three librational bands at 30, 65, and 100 cm-1 corresponding to a 

particular position of the anion with respect to the cation. The three peaks are sepa-

rated by approximately 30 cm-1 and they are resolved in the spectrum rather than 

merged into a single peak. This indicates that if the anion can change its position 

relative to the cation, this must occur on a timescale longer than 1 ps. This number is 

consistent with recent simulations of the mean-square displacement of the ion as a 

function of time.40, 47 They show typically an initial rapid increase of the displace-

ment attributed to rattling in the local cage and a slow asymptotic linear region corre-

sponding to diffusion. In the case of [bmim][PF6], the rapid increase stops at around 

2 ps47 followed by a slow diffusion where the average ion moves only about 2 Å per 

nanosecond,42 showing that the lifetime of the ion in its environment is quite long. 

The damping rate γ corresponds to a dephasing rate and is proportional to the rate of 

cage fluctuation.  

Finally, it should be acknowledged that the fits to the experimental spectra are not 

perfect suggesting a certain degree of inhomogeneity. In the two-body collision 

model introduced by Bucaro and Litovitz,26 the shape of the spectrum is modified at 

high frequencies to a degree depending on the shape of the intermolecular interaction 

potential. This introduces a form of inhomogeneity to the spectra that is not included 

in our fit. Other forms of inhomogeneity, such as slow distortions of cage shape and 

concomitant spectral diffusion of the Brownian-oscillator frequencies, are also not 

included in our fitting model. In spite of this simplification, the fits are good, giving 

us full confidence in the method. 

 The minor variations in frequency of the librational modes described above is hard 

to explain with the crude description of our model. Previous studies reveal that both 

hydrogen bonded interaction and the interaction with the ring system may be present 

in the liquid and should therefore be considered in a more sophisticated model. Per-
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haps our experimental results will encourage a new theoretical analysis of the low 

frequency dynamics in ionic liquids. 

4. 5. 1Features at higher frequencies 

In our OHD-RIKES setup, we can observe molecular frequencies as high as 

600 cm-1 in the spectra with a good signal-to-noise ratio. Figure 10 shows the OHD-

RIKES spectra in that window for the five samples studied. In the previous section it 

was shown that the low frequency part of the spectra (< 200 cm-1) is due to the libra-

tional and diffusive motions of the cation. In Figure 10 it can be seen that there are 

Raman bands due to intramolecular vibrations in the anion, as well as the cation, 

over a very broad range of frequencies starting at a frequency as low as 120 cm-1. 

Curves (b), (c), and (d) in Figure 10 represent ionic liquids with the same anion 

[Tf2N]- and present an identical feature at ≈300 cm-1 as well as a sharp peak at 

120 cm-1 attributed to the anion CSN and CSO bending modes.48 The [TfO]- anion 

(curve (e) in Figure 10) shows two sharp lines at 300 cm-1 very distinct from those in 

(b), (c) and (d). Table 3 lists the observed vibrational frequencies for all five samples 

along with the calculated low frequency Raman band of the corresponding anion and 

their intensity. The calculations presented here have been obtained using Gaussian 

98, revision A.9. It is not within the scope of this chapter to consider the high fre-

quency intramolecular vibrations in ionic liquid in detail and the assignment of the 

calculated vibrational frequencies presented here will be discussed elsewhere.  
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Figure 10: OHD-RIKES spectra up to 600 cm-1 for a) [bmim] [PF6], b)[omim] [Tf2N], c) 
[bmmim] [Tf2N], d) [bmim][Tf2N], e) [bmim][TfO]. 
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Observed frequencies 

(cm-1) 

Calculated Raman frequency (intensity) 

[omim]

[Tf2N] 

[bmmim] 

[Tf2N] 

[bmim]

[Tf2N] 

[Tf2N] (C2 rotamer). 

 

119 

 

170 

210 

 

 

278 

287 

296 

 

 

119 

 

167 

209 

 

247 

277 

286 

296 

 

 

119 

 

170 

210 

 

257 

278 

287 

297 

 

 

106.7 (1.14) 

 

153.7 (0.3533) 

189.7 (0.0509) 

195.7 (0.1093) 

218.4 (0.0287) 

264 .6 (6.7742.) 

277.6 (3.213) 

 

298.3 (5.8024) 

 

[bmim][Pf6] [Pf6] 
 

262 
 

 
289.2 (0) 

 
[bmim][Tf] [Tf] 

 

211 

 

256 

 

192.5 (0.0547) 

 

296.9 (4.3195) 

Table 3: Observed vibrational frequencies (cm-1) of the five room-temperature ionic liquids 
studied along with the calculated Raman frequency and intensity of their respective anion. 
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4. 6 Conclusion 

Using the OHD-RIKES technique, we have measured the intermolecular dynamics 

of a series of five ionic liquids at room temperature: [bmmim][Tf2N], [bmim][PF6], 

[bmim][Tf2N], [bmim][TfO], and [omim][Tf2N]. Because of its relatively straight-

forward implementation and of its high signal-to-noise ratio, OHD-RIKES has been 

a widely applied method of capturing the ultrafast dynamics of a sample. Typical 

analysis involves conversion of time-domain data to a spectrum by deconvolution, 

followed by a fit of the spectrum using analytical line-shape functions. The latter 

may range from fully homogeneously broadened (such as the Brownian-oscillator 

model) to fully inhomogeneously broadened (Gaussian distributions) or models that 

can interpolate between the two (such as the Kubo line-shape theory).  If the inho-

mogeneous broadening can be accessed using such analysis, its origin stays mostly 

unknown.  Here the spectrum has been successfully fitted to a number of homogene-

ously broadened Brownian oscillators. As pointed out previously,7 this may not give 

rise to the most perfect fit as a Gaussian and a Lorentzian line shape have different 

“tails.” However, the tail region is where the systematic error in the experiment is 

largest since any time-delay error can masquerade as part of a line shape. In this 

study, the Brownian-oscillator model has been proven to fit the OHD-RIKES spectra 

of organic and ionic liquids very well and to lead to a better understanding of the 

data. 

 All five samples have been fitted with three oscillators around 30, 65, and 100 cm-

1 corresponding to out-of-plane libration of the cation imidazolium ring with the an-

ion in three possible positions. Recent experimental and computer simulation studies 

on the structure of ionic liquids39, 40, 42, 47  shows that the relative position of the anion 

with respect to the cation is stable for a time on the order of 2 ps in the liquid phase 

and allowed us to assign those modes. According to the amplitude fit parameters, 

60% of the anion population lies on the CH bond between the two nitrogen atoms of 

imidazolium ring. This configuration gives rise to libration of the cation at about 

100 cm-1. Another 25% of the anions is positioned on the opposite side of the ring 

leading to libration of the cation around 60 cm-1. The remaining 15% is split on ei-

ther side of the cation and are associated with libration of the ring at circa 30 cm-1. 
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Thus, the analysis of the spectrum in terms of Brownian oscillators has led to an im-

proved understanding of the structure of the ionic liquids studied. The OHD-RIKES 

spectra of the various ionic liquids show more variation at frequencies above about 

150-200 cm-1 where the Raman bands of intramolecular modes are observed. The 

OHD-RIKES technique allows us to reach frequencies as high as 600 cm-1.  

OHD-RIKES is sensitive to the polarisability anisotropy. As such, it captures the 

dynamics of the cation because of its strong intrinsic polarisability, but is insensitive 

to any motion due to the anion. Infrared-absorption or terahertz49 spectroscopy would 

be a complementary technique for its signal scales with the dipole moment of the 

molecule.8 Another limitation of the OHD-RIKES technique is its incapability to dis-

tinguish between inhomogeneous and homogeneous contributions to the Raman line 

shape. Higher order Raman techniques could in principle make such as distinction. 
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5. 1 Introduction 

Conformational changes in proteins, by definition, involve the vibrational normal 

modes of the macromolecule. There are thousands of modes in a typical protein, 

ranging from high-frequency well-defined localized modes to very low frequency 

delocalized modes. In many if not most cases, protein functionality involves confor-

mational changes of the molecular structure. It is useful to make a distinction be-

tween two classes of motions 1: Promoting motions take place on the timescale of 

biochemical reactions (e.g., milliseconds), are diffusive, and influence the activation 

free-energy barrier by changing the tertiary structure. Dynamical motions determine 

the probability of barrier crossing in the transition state, take place on a femtosecond 

to picosecond timescale, and involve changes in the secondary structure and individ-

ual residues. Here we are concerned with the dynamical motions, which can be ob-

served spectroscopically. 

Recent theoretical work has shown that picosecond fluctuations in the secondary 

structure are crucial in determining reaction rates in proteins. For example, it has 

been calculated 2 that ligand binding to an enzyme causes softening of low-frequency 

delocalized modes. Similarly, instantaneous normal-mode calculations on enzymes 3 

show the presence of collective modes with large amplitude around the active site. 

Structural fluctuations around the active site on a picosecond timescale have been 

shown 4 to be a mechanism for an enzyme to achieve substrate specificity. The pico-

second “flickering” between the α- and PPII-helix conformation of hydrated helices 

is thought 5 to be important for enzyme activity and protein folding. However, ex-

perimental verification of these results is lacking. 

It is not necessarily useful to think of conformational changes in terms of vibra-

tional normal modes. For example, if these modes were to exchange energy with the 

heat bath quickly or were highly anharmonic, the normal-mode picture would be in-

effective. Experimental evidence indicates that a normal-mode picture is useful for 

understanding dynamical motions. For example, it has been shown 6 that the lifetime 

of vibrational excitations of collective modes at 115 cm-1 in bacteriorhodopsin ex-

ceeds 500 ps. Numerous ligand-dissociation experiments 7, 8 in heme proteins have 
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shown coherent excitation of low-frequency vibrational modes (40-160 cm-1), indi-

cating a strong coupling with the reaction. Photon-echo studies 9 have shown that 

charge rearrangement on an antigen is coupled to a number of low-frequency modes 

in the antibody it is bound to. Studies of photoactive yellow protein 10 have found 

evidence for “protein quakes,” that is, processes involving conformational changes 

triggered and driven by a local structural “fault.” 

Thus, low frequency (1-200 cm-1) collective vibrational modes form part of the re-

action coordinates of the functional motions of active proteins. The obvious next step 

is determining the nature of these collective modes experimentally. X-ray crystallog-

raphy and NMR can measure static structure or at most temperature factors but pro-

vide no information about modes, and therefore dynamics and function. Recent ul-

trafast time-resolved two-dimensional IR techniques have been applied to the amide I 

region of small peptides and proteins 11-14 allowing the observation of the coupling 

between the different amide oscillators in the molecule. The dynamical vibrational 

motions involved in protein activity take place on a (sub)picosecond timescale and 

therefore correspond to the microwave to far-infrared range. Infrared spectroscopy, 

especially in the 1-200 cm-1 or terahertz range 15, suffers from strong water absorp-

tion that makes meaningful study of hydrated biomolecules very difficult. 

Intramolecular vibrations have been investigated at an early stage with Raman 

spectroscopy on dry films of proteins 16. The technique used here is optical hetero-

dyne-detected Raman-induced Kerr-effect spectroscopy or OHD-RIKES 17. This 

technique has proven to be superior to IR and Raman spectroscopy at low frequen-

cies (<400 cm-1) and its high signal-to-noise ratio allows a detailed analysis of the 

spectra. In recent work 18, we have shown for the first time that OHD-RIKES can be 

used to study low-frequency modes in proteins and peptides.  

Here we will describe the application of OHD-RIKES to the study of the low-

frequency vibrational spectra of a number of model systems. In the first half, the in-

fluence of the secondary structure on the low frequency modes will be discussed by 

comparing the spectra of the dimer di-L-alanine (ALA(2)) with the α-helical peptide 

poly-L-alanine (PLA). In the second half, the spectra of four globular proteins will be 

discussed, two predominantly α-helical: lysozyme and α-lactalbumin, and two 
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mainly β-sheet: pepsin and β-lactoglobulin. Comparison of the OHD-RIKES spectra 

with previous Raman and inelastic neutron-scattering (INS) spectra and theoretical 

work, will allow a partial assignment of the low-frequency spectra. 

 
 

5. 2 Experimental 

Because of the relatively large signal produced by the solvent, the study of proteins 

or peptides in solution using OHD-RIKES requires a large amount of biological ma-

terial, typically 0.2 g for 0.5 ml solvent. The peptides di-L-alanine (ALA(2)) and 

poly-L-alanine (PLA) have been studied in dichloroacetic acid (DCA) while four 

globular proteins have been studied in water. The solubility properties of peptides 

chains decreases with the number of amino acids. While the dimer ALA(2) is soluble 

in water, PLA has low solubility in aqueous and organic solvents but does dissolve 

well in organic acids such as dichloroacetic acid (DCA) and trifluoroacetic acid 

(TFA) 19. Up to 0.1 g of dry protein could be dissolved in 0.5 ml of TFA. The bulky 

CHCl2 group of the DCA molecules prevents the breaking and unfolding of the α-

helical peptide 20, 21. Therefore, the configuration of PLA in DCA is α-helical with 

3.6 residues per turn as confirmed by Raman optical-activity measurements 22. PLA 

(mol. weight 1-5 kDa, ≈ 30 residues) was obtained from ICN Biomedicals and 

ALA(2) from Sigma-Aldrich. Both have been used without further purification. The 

globular proteins lysozyme, pepsin, β-lactoglobulin and α-lactalbumin have been 

obtained from Sigma-Aldrich and were studied close to their saturation concentration 

of 0.25 g of dry protein in 0.5 ml of double distilled water. Filtering of the samples 

with syringe filters (0.22-µm pore diameter, Millipore) was found to be essential to 

prevent light scattering. The OHD-RIKES measurements were performed with the 

set-up described in chapter 2. 
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5. 3 Data analysis 

Analysis of the OHD-RIKES data proceeded as described in Chapters 3 and 4. 

Here data were recorded from -1 ps to 5 ps. Examples of the signals in the time do-

main are given in Figure 1. A sharp peak corresponding to the electronic response of 

the sample arises at time zero, followed by the librational ultrafast dynamics in the 

first picosecond, and a subsequent slow exponential tail attributed to diffusional 

processes. Before transformation to the frequency domain, careful manipulation of 

the raw time-domain data is required in order to maximize the signal-to-noise ratio as 

well as the physical accuracy of the spectrum. Because the spectrum is obtained by 

Fourier transformation of the OHD-RIKES time-domain signal, any noise present in 

the long-time tail of the signal (due to a decrease of the signal strength at long de-

lays) is observed in the low frequency part of the spectrum. This can be avoided by 

applying a window function to the data 23. Here the OHD-RIKES signal was multi-

plied with a Gaussian function ( )( )2 2
0( ) / 2w t exp t t σ= − − , where  is the zero time 

delay, 

0t

/ 2 2σ τ= and 4 psτ = . This procedure results in an effective spectral resolu-

tion of 9 cm-1 FWHM. A valid spectrum is only obtained if the time reference (zero 

delay between pump and probe pulses) of the autocorrelation and OHD-RIKES sig-

nals are identical. Because the autocorrelation and birefringence signals have to be 

measured separately, their respective zero delay position is slightly shifted, if only by 

a few femtoseconds typically. It is therefore necessary to match the reference time of 

the two signals. This has been done empirically by correcting the zero delay of the 

signal (±5 fs) in order to obtain a spectrum that is positive from 0 cm-1 to the highest 

possible frequency while at the same time minimizing any background. However, 

this is still the greatest potential source of systematic errors and becomes progres-

sively worse at higher frequencies (larger than a few hundred wavenumbers). 
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Figure 1: OHD-RIKES experimental time-domain data of the four globular proteins studied 
and pure water. The amplitude of the pure-water data has been scaled proportionally to the 
known water content of the samples. 

Once the spectrum has been obtained by deconvolution, two points must be taken 

into account prior to analysis: the normalization of the spectra and the solvent contri-

bution to the signal. The amplitude of an experimental OHD-RIKES spectrum is 

somewhat arbitrary, mostly because of small power fluctuations of the laser and mi-

nor misalignments of the setup due to temperature fluctuations. In order to compare 

the relative amplitudes of the different spectra, it is necessary to normalize the signal. 

In the time domain, the signal at zero delay is purely electronic. It has been found 

that the electronic response in pure DCA is the same as in solutions of peptides in 

DCA. As a normalization procedure, the electronic responses were forced to be 

equal. Similarly, it has been found that the electronic response of water is on average 

80% of that in solutions of proteins in water. Again, this has been used for 

normalization.  

In principle, the low-frequency vibrational spectra of the peptides and proteins can 

be obtained by simply subtracting the pure solvent spectrum in proportion. However, 

the solutes may be expected to interact with the surrounding solvent thereby locally 

changing the solvent properties. Recent studies have shown that hydration water is 

confined by a protein substrate and behaves differently from bulk water 24, 25. An ine-

lastic neutron-scattering (INS) experiment on crystallized lysozyme 26 has revealed 

that the water molecules close to a protein can be divided into two populations. The 

first mainly corresponds to the first hydration shell, in which water molecules diffus-
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ively reorient themselves five to tenfold slower than in bulk solvent, and diffuse by 

jumping between hydration sites with a long-range self-diffusion coefficient reduced 

by about a factor of five compared to bulk solvent. The second group corresponds to 

water molecules further away from the surface of the protein in a second incomplete 

hydration layer with a long-range translational diffusion coefficient reduced by about 

a factor of fifty. Therefore, OHD-RIKES spectra that result from the subtraction of 

their bulk solvent component include motion of the protein as well as motion of the 

solvent molecules interacting with the surface of the protein. The solvent subtraction 

has been done in proportion to the relative amount of peptide/protein by weight in 

the sample. The solute-solvent ratio for the peptide and protein samples was 20:80 

and 33:66 respectively. Thus, the ALA(2) and PLA spectra have been obtained by 

subtracting 80% of the pure DCA spectrum and the protein spectra by subtracting 

66% of the pure water spectrum. For convenience, the resulting spectra will be re-

ferred to as “solvent free” (SF) in the text. 

A protein such as lysozyme consists of about a hundred residues corresponding to 

a thousand-odd atoms each with three translational degrees of freedom. Although in 

principle this should result in 3N-6 or thousands of normal modes, in practice the ul-

trafast (50 fs-5 ps) response can be modeled by a small number of low frequency 

harmonic modes much like is seen in liquids 27, 28. The reason for this is fast and 

weakly coupled fluctuations that damp the modes and cause the vibrational lines to 

be homogeneously broadened and overlapping. The result is that the spectrum ap-

pears to consist of a relatively small number of homogeneously broadened modes 

that determine the ultrafast dynamics. Three parameters describe each mode: the fre-

quency of the mode, its damping rate, and its amplitude.  

The data from the OHD-RIKES experiments have been analyzed in the same fashion 

as in the previous two chapters, in terms of the Brownian-oscillator model. The ex-

perimental low-frequency spectra (up to 200 cm-1) of the globular proteins have been 

fitted with up to five Brownian-oscillator functions as given by Eq.(4.2). As the ex-

perimental spectra have been fitted to such a large number of functions using such a 

large number of parameters, a proper analysis of the uncertainties in the parameters 

is essential. All data have been fitted using a nonlinear least-squares fitting program 
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based on the simplex algorithm 23. The resulting fit parameters and associated uncer-

tainties are presented in Table 1. 

The indicated uncertainties in the parameters are only due to “lack of fit” and do 

not include any systematic errors. The uncertainties in the fit parameters are 68.3% 

joint-confidence intervals 29 and therefore take into account uncertainties resulting 

from correlations between the parameters. 

5. 4 Results 

Here we will present the OHD-RIKES spectra of a number of peptides and pro-

teins in solution. The spectra of the dimer ALA(2) and the peptide PLA in DCA have 

been studied to determine the effect of secondary structure on the low-frequency vi-

brational spectra. The spectra of four globular proteins in aqueous solution have been 

studied to determine whether different types of secondary structure (e.g., α-helical, 

random coil, etc.) give rise to different spectra and whether any spectral features cor-

responding to tertiary structure can be observed. 

5. 4. 1 Polypeptides 

Figure 2 presents the spectra of ALA(2) and PLA in a solution with DCA after 

subtraction of the bulk solvent spectrum (solvent-free, SF). Figure 2 (c) compares the 

spectra of SF PLA and SF ALA(2) and shows the (double) difference spectrum. 

It is observed for both the SF ALA(2) and SF PLA spectra that their low-frequency 

vibrational band covers a large range of frequencies with amplitude at frequencies as 

high as 200 cm-1 compared to an upper limit of about 100 cm-1 for most organic sol-

vents. This suggests a relatively strong interaction between solvent and solute mole-

cules as has been observed, for example, in highly polar ionic liquids (see Chapter 4). 

What could be the reason for such strong interactions in these solutions? The domi-

nant species of alanine in aqueous solution is the zwitterionic form. Zwitterion for-

mation in aqueous solution occurs by means of the ionization of the carboxylic-acid 

and amino groups and the same process, although perhaps more slowly, is likely to 

occur in DCA. The zwitterionic solutes are expected to interact strongly with each 

other and with the aqueous environment. In addition, hydrogen bonding can occur 
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between the solutes and the solvent in both aqueous solution and solution with DCA. 

Together, the strong coulombic and hydrogen-bond interactions are the main reason 

for the broad low-frequency band observed in SF ALA(2) and SF PLA. This hy-

pothesis is supported by the similar OHD-RIKES spectra of ALA(2) in aqueous and 

DCA solution (See Figure 3). The oscillatory features seen in Figure 2 between 200 

and 300 cm-1 are the result of intramolecular Raman bands in DCA shifting to lower 

frequency on addition of peptide. These band shifts are likely due to the perturbation 

of hydrogen bonds through the carboxylic groups in DCA affecting the low fre-

quency intramolecular modes involving the heavy chlorine atoms 30. 

The low-frequency band of SF PLA displays a peak at 60 and a shoulder at 140 

cm-1. Polarized Raman and infrared spectra of oriented films of α-helical PLA 31 re-

veal a number of bands around 100 cm-1 that have been assigned to delocalized 

backbone torsions in some cases mixed with hydrogen-bond stretching 32. In com-

parison, the low-frequency band of SF ALA(2) presents a single featureless band. 

Figure 2 (c) shows that the spectra of SF ALA(2) and SF PLA match above 100 cm-1 

and that extra amplitude appears in the case of PLA below 100 cm-1. As both sam-

ples contain an equal concentration of solute by weight, this strongly suggests (but 

does not prove) that the SF PLA spectrum is the combination of a signal proportional 

to its primary structure (alanine) that would be identical to the ALA(2) spectrum, 

with a signal proportional to its secondary structure (α-helix). In this interpretation, 

the (double) difference spectrum in Figure 2 (c) represents the component of the SF 

PLA spectrum that originates in the secondary structure. 
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Figure 2: OHD-RIKES spectra of ALA(2) and PLA in a solution with DCA. (a) The spectra of 
bulk DCA (red) and a solution of ALA(2) in DCA (black) and the difference spectrum (purple) 
obtained by subtracting the appropriate fraction of the bulk solvent spectrum from the spec-
trum of the solution. (b) Idem, for PLA. (c) The difference spectra for ALA(2) (red) and PLA 
(black) from panel (a) and (b) and the double difference spectrum (purple). 
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Observations using the Raman optical-activity technique have suggested 5 that 

residues in disordered loop regions of molten globule-like states “flicker” between 

close lying regions of the Ramachandran surface at a rate of about 1012 Hz. This is 

approximately the rate for hydrogen-bond rearrangements in bulk water but interest-

ingly it is also approximately the peak of the double difference spectrum in Figure 2 

(c). 
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Figure 3: OHD-RIKES spectra of ALA(2)-obtained after subtraction of the bulk solvent spec-
trum in aqueous and DCA solution. 

The amplitude of the OHD-RIKES spectrum scales with the square of the deriva-

tive of the polarisability tensor. 28 Therefore, the extra amplitude below 100 cm-1 ob-

served in SF PLA must be due to either an additional mode or modes that change the 

polarisability along their vibrational coordinates or due to an overall increase in the 

polarisability in the helical conformation. As discussed above, ALA(2) in solution 

most likely occurs in the zwitterionic form resulting in a large concentration of bare 

charges. In the case of PLA, only the ends of the chain can be ionized, decreasing the 

concentration of bare charges compared to ALA(2). A further difference is that α-

helical PLA has a large number of intramolecular hydrogen bonds at the expense of 

intermolecular hydrogen bonds with the solvent molecules. However, it is difficult to 

see how these differences in the concentration of bare charges or the number of in-

tramolecular hydrogen bonds could explain the extra amplitude below 100 cm-1.  
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In ALA(2) in solution, the permanent dipole-moment vectors of the peptide bond 

are randomly oriented in space. On the other hand, PLA forms a regular α-helical 

structure allowing vectorial addition of the peptide permanent dipole-moment vectors 

resulting in a large total permanent dipole moment and a considerable local electric 

field 33, 34. No data are available concerning the effect such a strong field might have 

on the polarisability of individual amino-acid residues. However, considering the de-

localization of the π-bond in the amide link in amino acids, we surmise that a strong 

electric field can modify the electronic properties of amino-acid residues and induce 

a greater anisotropy in the polarisability of individual residues. An increased anisot-

ropy in the polarisability implies increased amplitude in the OHD-RIKES (and Ra-

man) spectrum for librational modes. Furthermore, the polarisability will depend on 

the local electric field, which in turn depends on the secondary structure. Therefore, 

any vibrational mode that changes the secondary structure will also be Raman active. 

This picture is consistent with the assignment of low frequency modes in PLA to de-

localized backbone torsions mixed with hydrogen-bond stretching 32. It is also con-

sistent with the picture that solvent molecules can form transient hydrogen bonds 

with the helix causing a “flickering” between close lying secondary structures 5. In 

summary, it appears that the formation of secondary structure implies the emergence 

of extra amplitude in the vibrational spectrum below 100 cm-1. The remaining ques-

tions are whether it is possible to distinguish different types of secondary structure 

from the low-frequency OHD-RIKES spectra and whether tertiary structure results in 

additional features. 

5. 4. 2 Globular Proteins 

The OHD-RIKES spectra of four globular proteins in aqueous solution have been 

investigated. The four proteins have been chosen based on their predominant secon-

dary structure: lysozyme and α-lactalbumin are mostly α helical and β-lactoglobulin 

and pepsin are mostly β pleated. However, each of these four proteins has a mixture 

of secondary-structure types as can be found by analyzing data from the protein data 

bank 35. The ratio α-helical / β-pleated / random coil is for lysozyme 43:5:52 36, for 

α-lactalbumin 33:17:50 37, for pepsin 13:59:28 38, and for β-lactoglobulin 6:45:49 39. 
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Figure 4: Raw OHD-RIKES spectra of the four globular proteins lysozyme, α-lactalbumin, β-
lactoglobulin, and pepsin in aqueous solution, along with the spectrum of water scaled in pro-
portion to the sample water content. 

Figure 4 shows the “raw” OHD-RIKES spectra of the four globular proteins in 

aqueous solution from 0 to 800 cm-1 together with the spectrum of pure water scaled 

according to the experimentally determined water content (one-third protein and two-

thirds water by mass). At the highest frequencies (about > 600 cm-1), the spectra start 

to curve upwards or downwards due small residual zero time-delay errors or minor 

pulse-width fluctuations. It can be seen that the spectra of α-lactalbumin and pepsin 

approach the spectrum of water around a frequency of 400 cm-1, validating the pro-

cedure of subtraction of the bulk solvent spectrum in order to obtain the SF spectrum. 

However, the spectra of lysozyme and β-lactoglobulin only approach the water spec-

trum at about 700 cm-1. Simple subtraction of the bulk water spectrum not only 

leaves a plateau in the spectra of lysozyme and β-lactoglobulin between 300 and 600 

cm-1, but also a clear shoulder at 170 cm-1 that is at exactly the same frequency as 

one of the peaks of the water spectrum. This has led us to believe that the lysozyme 

and β-lactoglobulin samples contain more water than initially thought, possibly be-

cause of the different solubility properties and the different amounts of protein-bound 

water. Lysozyme and α-lactalbumin have an almost identical structure 37, however, 

their different solvent exposed side chains give them altered solubility properties. It 

is known that proteins can have between 0.2 and 0.7 g of strongly associated (bound) 
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water per g protein 40. At large concentrations of protein, a small difference in bound 

water concentration can have a significant effect on the raw spectrum. Consequently, 

the water content of the samples was “re-evaluated” and subtracted individually for 

the four protein samples. This has been done empirically by scaling the water spec-

trum in order to minimize the background of the SF spectrum. The resulting spectra 

are shown in Figure 5. The validity of the data above about 300 cm-1 should be re-

garded with a certain degree of suspicion. 

All four SF protein spectra in Figure 5 show a similar broad band with maximum 

amplitude at around 80 cm-1. Lysozyme and β-lactoglobulin on the one hand and 

pepsin and α-lactalbumin on the other show a common appearance. This shows that 

there is no clear and direct relation between the proportion of the various types of 

secondary structure in a protein and its low-frequency OHD-RIKES spectrum. In 

other words, a protein with large α-helical content can give rise to an OHD-

RIKES/Raman spectrum that appears similar to that of a protein with large β-pleated 

sheet content. The broad band peaking around 300 cm-1 in the samples of lysozyme 

and β-lactoglobulin in Figure 5 is difficult to explain. In all likelihood, this band is 

simply the result of an artifact of the bulk-solvent spectrum subtraction procedure 

combined with zero time-delay errors. Finally, the main difference between the two 

sets of spectra is the appearance of larger amplitude around 30 cm-1 in pepsin and α-

lactalbumin. This difference, which cannot be explained as an artifact of the experi-

ment, is again not related to the proportion of secondary structure and must therefore 

depend on other properties of the protein. 
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Figure 5: OHD-RIKES spectra of the four globular proteins studied after subtraction of the 
hand-scaled water spectrum. The curves have been shifted vertically for clarity. The spectra 
have been fitted with the Brownian-oscillator model as described in the text. 

Figure 5 shows the four SF spectra of the proteins between 0 and 200 cm-1 accom-

panied by fits to a multiple Brownian-oscillator model. Fitting these spectra is non-

trivial and fraught with pitfalls because the spectra are relatively unstructured, have a 

fair amount of random noise, and contain systematic errors because of zero time-

delay errors, subtraction artifacts, and small “ripples” originating as artifacts from the 

Fourier-transform procedure. Therefore, one is forced to put constraints on the pa-

rameters in order to get meaningful results. Each Brownian oscillator (See Eq.(4.2)) 

has three parameters: an amplitude, a frequency, and a damping rate. The damping is 

a result of the coupling between the Brownian oscillator and the “bath.” In Kubo re-

laxation theory 41, 42, the damping rate is described by two parameters: the character-
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istic timescale of fluctuations of the bath τ  and the strength of the coupling to the 

bath∆ . In the fast-modulation or homogeneous-broadening limit, the relaxation rate 

is given by 2γ τ= ∆ . In the case under consideration here, the “bath” is the protein it-

self and therefore it is reasonable to assume that the timescale of bath fluctuations is 

the same for all Brownian oscillators. In addition, it is quite reasonable to assume 

that the coupling to the bath will be the same for similar types of motions. Therefore, 

if the broad band observed in the spectra between 0 and 150 cm-1 is caused by similar 

librations and vibrations of the peptide backbone, one should be able to fit these to a 

number of Brownian oscillators with identical damping rates. Clearly, this is a con-

tentious assumption but it is the only way the data can be fitted to theory with some 

degree of accuracy. 

Amplitude ω (cm-1) γ (cm-1) 
pepsin 

18±5 
132±30 
258±60 

28±3 
65±6 
100±4 

87±17 
idem 
idem 

α-lactalbumin 
24± 6 
72±15 
291±63 

33±3 
62±5 
98±2 

95±12 
idem 
idem 

β-lactoglobulin 
0.18±0.12 

24±8 
135±26 
111±32 

7±2 
48±5 
83±5 
110±5 

7±5 
75±7 
idem 
idem 

lysozyme 
0.2±0.1 
32±4 

162±16 
154±13 

6±1 
45±2 
82±2 
112±2 

5±3 
58±5 
idem 
idem 

Table 1: Amplitude, frequency, and damping parameters of the Brownian oscillators listed with 
their respective uncertainties for the four proteins studied. 

Table 1 shows the parameters of the fits shown in Figure 5. The spectra of pepsin 

and α-lactalbumin could be fitted with three Brownian oscillators. In the case of pep-

sin, a damping rate for the three oscillators of 87 ± 17 cm-1 was found, in the case of 

α-lactalbumin, a damping rate of 95 ± 12 cm-1 was found. The fit to the spectra of β-
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lactoglobulin and lysozyme required four Brownian oscillators. Keeping the damping 

rate of all four oscillators the same resulted in an unsatisfactory fit. It appears that the 

lowest frequency component in these two spectra is of a different origin, perhaps dif-

fusion of solvent exposed side chains. Therefore, the lowest frequency component 

was fitted to a Brownian oscillator with an independent damping rate. The damping 

rate for the remaining three Brownian oscillators was found to be 75 ± 7 cm-1 for β-

lactoglobulin and 58 ± 5 cm-1 for lysozyme. Therefore, except for the diffusive com-

ponent in two spectra, all four spectra exhibit the same behavior and can be fitted to 

three Brownian oscillators with similar damping rates of about 80 cm-1. This consis-

tency provides some confidence in the validity of these fits. The biggest question re-

mains for now, however: Whether the three oscillators found in each case have any 

physical meaning and, if so, to what type of motion in the protein they can be as-

signed to. 

5. 5 Discussion 

As indicated earlier, the “solvent-free” OHD-RIKES spectra presented here repre-

sent vibrational motion of both the protein/peptide itself as well as motion of solvent 

molecules close to and perturbed by the solute. Hydration water around a protein ex-

hibits dynamical properties distinctly deviating from those of the bulk liquid and 

these motions play an important role in regulating protein dynamics and functional-

ity. Other techniques, such as Raman Optical Activity, Inelastic Neutron Scattering 

(INS), and computer simulations have been used to probe and describe the motions 

occurring in the protein and at the interfacial region with the solvent. 

A simulation of the globular protein cytochrome c 43 has shown that the protein 

bulk and interfacial regions have different dielectric properties. Collective motion of 

the charged protein side chains, which undergo large-amplitude diffusive motion, 

makes the largest contribution to the permittivity at frequencies below 25 cm-1, and 

motions of the backbone at frequencies as high as 60 cm-1. It is tempting to assign the 

lowest frequency Brownian oscillators in the fits to the OHD-RIKES spectra to dif-

fusive collective modes involving the side chains, and the higher frequency oscilla-

tors to motions of the protein backbone. The effective resolution in our spectra is 
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about 9 cm-1 and therefore very low frequency diffusive motions will not appear in 

the spectra. 
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Figure 6: The solvent-free OHD-RIKES spectrum of lysozyme in aqueous solution and OHD-
RIKES spectra converted to depolarized Raman spectra. The dashed lines show the depolarized 
Raman spectra obtained by converting OHD-RIKES spectra of lysozyme in aqueous solution 
with and without the solvent spectrum subtracted. The “raw” Raman spectrum is fully consis-
tent with earlier Raman spectroscopic studies on lysozyme 16 and shows the earlier observed 
band at 75 cm-1. 

The OHD-RIKES spectra can be compared with depolarized Raman and INS spec-

tra by dividing them by the Bose thermal-occupation factor 44 (See Eq.(4.1)). Figure 

6 shows the depolarized Raman spectra obtained by conversion of the OHD-RIKES 

spectrum of lysozyme and SF lysozyme. In previous studies of the low-frequency 

Raman spectrum of lysozyme 16, two peaks at 25 and 75 cm-1 were observed in the 

crystalline state whereas only a bump at 75 cm-1 was observed in aqueous solution. 

The disappearance of the 25-cm-1 band in solution suggested that this mode was ei-

ther a lattice vibration (a phonon mode) rather than a mode of the protein itself or 

heavily overdamped in solution. The depolarized Raman spectrum obtained by con-

version of the OHD-RIKES spectrum of lysozyme in water solution shown in Figure 

6 exactly reproduces the spontaneous Raman scattering result 16. However, the SF 

OHD-RIKES spectrum of lysozyme converted to a depolarized spontaneous Raman 

scattering spectrum, does show a peak at both 25 and 75 cm-1. This shows that the 

25-cm-1 mode neither is a lattice mode nor is it overdamped. 
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A number of INS studies have been performed on proteins such as myoglobin 45, 

lysozyme 45, and β-lactoglobulin 44 in which the low-frequency vibrational density of 

states has been measured. All of these spectra exhibit a broad band centered at 

around 25 cm-1 that is usually referred to as the “boson peak.” The INS spectrum is 

proportional to the density of states of vibrational modes involving hydrogen atoms 
44, 46. A depolarized spontaneous Raman-scattering spectrum is also proportional to 

the vibrational density of states (involving any type of atom) but multiplied by the 

square of the derivative of the polarisability tensor 28. Therefore, the spectral depend-

ence ought to be the same in both types of spectra. In INS, it is straightforward to 

obtain a solvent-free spectrum by using D2O as the solvent (the scattering cross sec-

tion for D is ten times lower than for H). Hence, a SF OHD-RIKES spectrum con-

verted to a depolarized Raman spectrum is directly comparable to the equivalent INS 

spectrum. It is clear that the peak in the SF Raman spectrum at about 25 cm-1 corre-

sponds directly with the boson peak in INS. In fact, the argument is stronger. The 

low-frequency INS spectrum of β-lactoglobulin 44 has been fitted to a Lorentzian 

 with a center frequency of ω( )
12 2

0ω ω σ
−

 − +

 0 = 3 meV (24 cm-1) and a width of 

σ = 3.8 meV (21 cm-1). Figure 7 compares this fit to the INS data converted to an 

OHD-RIKES representation by use of the Boltzmann factor in Eq.(4.1) with the two 

lowest frequency Brownian-oscillator components of the fit to the SF OHD-RIKES 

spectrum of β-lactoglobulin shown in Figure 5. Considering the uncertainties in-

volved in fitting the OHD-RIKES spectra (see above), the correspondence in Figure 

7 is surprisingly good. 

All published INS spectra of globular proteins 44, 45 show the Boson peak at ap-

proximately 25 cm-1. It is logical to assume that the Boson peak in INS corresponds 

with the lowest frequency Brownian oscillator out of the triplet used to fit the OHD-

RIKES spectra shown in Figure 5. The OHD-RIKES spectra converted to spontane-

ous Raman spectra show an additional peak (corresponding to two additional 

Brownian oscillators) at around 80 cm-1. These two additional modes are not ob-

served in INS spectra. The signal strength in INS is proportional to the density of 

states of vibrational modes that involve motion of the hydrogen atoms, whereas Ra-

man scattering scales with the density of states times the square of the polarisability 
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derivative. Therefore, it is concluded that the modes around 80 cm-1 do not involve 

significant motion of hydrogen atoms or that they involve hydrogen motion with a 

large polarisability derivative for a small density of states. This largely excludes in-

volvement of large amplitude delocalized motion of the secondary structure and 

strongly suggests that the dynamics responsible for the broad peak around 80 cm-1 

involves mostly motion of the protein backbone. This would be in agreement with 

previous computer simulations of the permittivity of cytochrome c 43. 
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Figure 7: Dashed line: A fit to the INS spectrum of β-lactoglobulin 44 converted to an OHD-
RIKES representation by use of the Boltzmann factor Eq. (4.1). Solid line: The two lowest fre-
quency Brownian-oscillator components of the fit to the SF OHD-RIKES spectrum of β-
lactoglobulin shown in Figure 5. 

INS experiments can discriminate between the dynamics of polar residues on the 

surface of a protein and the nonpolar residues in its core by using deuterium-

exchange. Additionally, the technique can separate diffusive overdamped motions 

from underdamped vibrations by varying the degree of hydration and temperature in 

the sample. An INS study of lysozyme and myoglobin 45 shows that at room tem-

perature the amplitude of the diffusive region strongly depends on the level of hydra-

tion implying the involvement of overdamped motion of the solvent-exposed side-

chains. This is consistent with the data presented here that show a low frequency 

spectrum largely independent of the type of secondary structure of the protein. A re-

cent study of β-lactoglobulin 44 suggests that the solvent-exposed side chains of the 

protein undergo overdamped diffusive libration resulting in a low frequency compo-
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nent around 10 cm-1 whereas the nonpolar groups follow an underdamped libration at 

higher frequency around 25 cm-1.  

The low-frequency spectrum could also have an origin in strong hydrogen-bond in-

teraction between the protein and water. As discussed above, Raman optical-activity 

measurements have suggested 5 that individual residues in disordered loop regions of 

molten globule-like states cluster in different secondary structure regions, and that 

they “flicker” between these regions at rates ~1012 s-1 (about 30 cm-1). It has been 

proposed that the same dynamical behavior could occur in certain regions of native 

folded proteins. According to simulations 4, such fast fluctuations could occur close 

to the active site of an enzyme. From the point of view of the protein functionality, 

the flickering of residues close to the active site could drive a rapid switching of the 

protein gate that is required for the proper functioning of conformational gating as a 

mechanism for enzyme specificity. 

5. 6 Conclusion 

A typical chemical reaction takes place on a timescale of about a picosecond. 

Therefore, motion of a protein occurring on a similar timescale (corresponding to the 

frequency range 0-200 cm-1) will affect protein activity. In order to investigate the 

dynamic motions on that timescale and its relation to structure, three model systems 

of increasing complexity have been studied with OHD-RIKES spectroscopy. The 

two peptides di-L-alanine and poly-L-alanine have been chosen to study the influ-

ence of primary and secondary structure. Four globular proteins have been chosen to 

study the possible influence of secondary and tertiary structure. The spectra of di-L-

alanine and poly-L-alanine have shown a common feature above 100 cm-1. Below 

100 cm-1 extra amplitude is present in the PLA spectrum suggesting an origin in the 

secondary structure. Possible explanations for this extra amplitude include (i) vibra-

tional motion in the helix becoming Raman active through the polarisability anisot-

ropy induced by the electric field associated with the helical structure and (ii) fast 

(~1 ps) flickering between secondary-structure regions. 

A set of two mostly α-helical proteins, lysozyme and α-lactalbumin, has been 

compared to a set of two mostly β-sheet proteins, β-lactoglobulin and pepsin. The 

 121



four globular proteins present very similar spectra. This shows that there is no clear 

signature of the type of secondary structure at low frequency (below 200 cm-1). Three 

main features could be isolated. At very low frequency (below 10 cm-1), a purely dif-

fusive component is observed in two of the samples studied. Between 20 and 40 cm-1 

a shoulder, recognized as the boson peak seen in INS spectra, accounts for heavily 

damped librational motion of solvent-exposed side chains and perhaps the flickering 

between different regions of the secondary structure around the active site. Finally, a 

peak centered around 80 cm-1 that does not appear in INS spectra and may be associ-

ated with delocalized backbone torsions not involving motion of the hydrogen atoms 

to a great degree. 

In conclusion, OHD-RIKES spectroscopy has proven to be a reliable technique for 

the study low frequency vibrational dynamics of biological system. This type of Ra-

man spectroscopy is especially powerful when spectra can be compared with those 

obtained from INS and other spectroscopies. Further improvements in the signal-to-

noise ratio of the OHD-RIKES experiments will allow a further disentanglement of 

the low frequency spectra of proteins. 
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6. 1 Summary 

Since its observation1 in 1964 the optical Kerr effect has been used to investigate 

molecular dynamics with improvements that closely follow lasers technology. Pico-

second measurements were possible as early as 1971.2 Then the advent of ultrafast 

laser systems in the early eighties opened up new perspectives for OHD-RIKES 

spectroscopy with femtosecond resolution.3, 4 Gradually, shorter pulses and higher 

stability permitted the study of a wider range of liquids. Current technology allows 

one to carry out measurement with 20fs time resolution on samples exhibiting rela-

tively weak Kerr signals such as proteins and polypeptides.5 The aim of the work 

presented in this thesis was to probe the ultrafast collective motions taking place in 

samples of different nature and to tentatively assign those dynamics. Experiments 

have been carried out on three systems: organic solvents, ionic liquids, and proteins 

that encompass a wide rage of interactions.  

The analysis of the low-frequency infrared and Raman spectra of organic solvents 

using the same set of harmonic oscillators strongly suggested that the modes present 

between 20 and 200 cm-1 are both IR and Raman active. This result can be explained 

by the librational nature of those modes whose large amplitude motions are likely to 

occur along inertial axes that are neither parallel to the eigenvectors of the po-

larisability tensor nor to the permanent dipole-moment vector. The main interest of 

this result is that the dielectric response of the sample becomes accessible via Raman 

spectroscopy, which at present is easier and far more precise than THz absorption 

measurements. 

Compared to common organic solvents, ionic liquids show sharp features at low 

frequency that suggest homogeneously broadened vibrational motions. All five in-

vestigated samples have been fitted with three oscillators around 30, 65, and 100cm-

1. Correlation between the low-frequency Raman spectra and structural information 

from neutron-scattering experiments has allowed the assignment of those modes to 

out-of-plane libration of the cation imidazolium ring with the anion in three preferred 

positions. The successful analysis of the Raman spectrum of ionic liquids using the 
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Brownian-oscillator model gave us confidence to pursue the study of biological sam-

ples. 

Two peptides and four globular proteins were chosen to investigate the possible in-

fluence of secondary and tertiary structure on the low frequency part of the spectra. 

The spectra of di-L-alanine and poly-L-alanine appeared to be different below 

100cm-1. Extra amplitude was found in the poly-L-alanine spectrum suggesting an 

origin in the secondary structure. Increasing the structural complexity by studying a 

set of four globular proteins with two predominantly alpha-helical and two mostly β-

sheet shows that there is no clear signature of the type of secondary structure at low 

frequency. However, three main features were isolated. At very low frequency (be-

low 10cm-1), a purely diffusive component is observed in two of the samples studied. 

Between 20 and 40 cm-1 a shoulder, recognized as the Boson peak seen in inelastic 

neutron-scattering spectra, accounts for heavily damped librational motion of sol-

vent-exposed side chains. Finally, a peak centred around 80 cm-1 that does not appear 

in INS spectra may be associated with delocalised backbone torsions. 

Overall, OHD-RIKES spectroscopy is a very valuable technique to probe the low 

frequency dynamics of simple as well as very complex molecules. However, to un-

derstand chemical reactions, the interaction between solvent molecules and the react-

ing solute might be of greater interest. Below our preliminary results of a new kind 

of pump-probe spectroscopic technique are presented, which is sensitive to the sol-

vent-solute interactions. 

6. 2 Dipole-induced Kerr-effect spectroscopy 

The dipole-induced Kerr-effect spectroscopic technique (DIKES) uses a pump la-

ser electronically resonant with a chromophore. The consecutive rearrangement of 

solvent molecules around the reacting solute molecule is monitored using a probe 

pulse that is off-resonant with both the solvent and the solute electronic transitions. 

The details of the experimental set-up are given chapter 2. In order to capture the 

solvation dynamics, the solute has to meet two criteria. First, the chromophore has to 

present a large change in its dipole moment upon photoexcitation so that the sur-

rounding solvent molecules interact strongly with its static field. Second, after excita-

 128



tion, the molecule must return to its ground state on a timescale much longer than the 

relaxation of the solvent. Coumarin 153 (C153), with a massive change in dipole 

moment of 8D upon photoexcitation and a ground state recovery as long as 5ns, is 

the ideal candidate. 

 The experiment was performed on C153 in a solution of benzyl alcohol. The dye 

was excited with a pump pulse centred at 400nm and the molecular dynamic probed 

at 800nm (see chapter 2 for experimental details). Figure 1 shows the “classic” 

OHD-RIKES signal of pure benzyl alcohol (black curve) along with the DIKES sig-

nal of C153 in benzyl alcohol for increasing concentration of dye molecules (col-

oured curves). It is observed that the negative amplitude of the signal increases with 

solute concentration. To understand the negative amplitude of the data it is necessary 

to bring to mind the nature of the signal. OHD-RIKES measures the anisotropy in the 

refractive index with pump on versus pump off. In the case of DIKES this is equiva-

lent to comparing the refractive index anisotropy difference of the solution with the 

solute in its excited state versus ground state. Negative amplitude of the signal im-

plies that the refractive index of the photo-selected distribution is reduced compared 

to the non-excited distribution. 
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Figure 1: DIKES on solution of C153 at different concentration in benzyl alcohol. The black 
curve corresponds to the signal of pure benzyl alcohol. 
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Analysis of the signal proceeds as follow. The pure solvent relaxation signal 

(OHD-RIKES) was fitted to a triple exponential decay with decay times of 35fs, 

380fs and 6.5 ps corresponding to the instantaneous electronic response, inertial dy-

namics and diffusive relaxation respectively. An extra exponential with negative am-

plitude was required to analyse the DIKES signal that was successfully fitted by set-

ting the pure solvent decay component as fixed parameters and their respective am-

plitudes as free parameters (Figure 2). The decay time of the extra negative compo-

nent was found on the order of 70 ps comparable to measurements6 of rotational re-

laxation of C153 in diverse viscous solvents. Analysis of the amplitude reveals that 

the instantaneous electronic response increases by a factor five from OHD-RIKES to 

DIKES signal. This is easily explained by the strong electronic contribution of C153. 

More importantly, the ratio of the inertial over the diffusive component changes from 

12 to 1 showing an important increase in diffusive behaviour upon interaction with 

the dye. Unfortunately, our low time resolution (~300fs) prevented us from carrying 

out an analysis in the frequency domain. 
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Figure 2: DIKES on a solution of C153 in benzyl alcohol fitted to four exponential-decay. 
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Recently, similar experiments were conducted in chloroform and acetonitrile with 

much higher time resolution ~25 fs.7 The data reported confirm that the long time 

decay of the negative signal only depends on the solvent and should be attributed to 

the reorientational diffusion of C153. After subtraction of the reorientational compo-

nent and deconvolution of the signal, the spectra revealed an amplitude dependence 

on solute concentration. A line shape analysis shows an increase of the spectra 

mostly in the low frequency component in the case of chloroform and nearly from 

the entire low frequency region in the case of acetonitrile. Further analysis confirmed 

a coupling to the solute that depends on the solvent. For chloroform, the coupling 

was mostly due to diffusive reorientational motion of the solvent molecules in the 

field of C153. However, in the case of acetonitrile, the coupling was due to interac-

tion-induced effects suggesting an increase in the density of solvent molecules 

around the solute upon photoexcitation. 

6. 3 Future work 

Continuation of the work presented in this thesis can be taken in different direc-

tions. Below, some of the possible technical enhancements and new experiments are 

summarised. 

6. 3. 1Ionic liquids 

OHD-RIKES applied to ionic liquids has proven to be a valuable technique to 

probe the dynamics of the cation. However, the experiment was blind to motion of 

the anion. The study of ionic liquids could be pursued with THz spectroscopy. In 

principle, THz measurements could lead to a direct measurement of the timescale on 

which the anion hops from one preferred configuration to another around the cation. 

Our present model of ionic liquid dynamics should eventually be tested by probing 

a chemical reaction. Electron transfer in, for example, betaine could be envisaged in 

the first instance. The betaine molecule experiences a large reduction of its dipole 

moment upon photoexcitation at 800nm. Signature of the thermal electron-transfer 

reaction should be visible by probing the absorption-bleach decay of the sample us-

ing a very similar set-up as the OHD-RIKES experiment but using much lower repe-

tition rate to avoid thermal lensing.  
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6. 3. 2Proteins 

The study of biological samples using OHD-RIKES is currently limited by the 

high concentration of peptide or protein required to obtain a sufficiently high signal 

compared to the surrounding solvent. This problem could be overcome by combining 

OHD-RIKES with the sensitivity enhancement provided by Surface-Enhanced Ra-

man Spectroscopy (SERS).8 It would permit the use of OHD-RIKES at significantly 

lower concentrations, increasing the range of biomolecules that can be studied.  

A second limitation of OHD-RIKES for the study of biological samples comes 

from the lack of structure of the spectra that renders the disentanglement of different 

contribution to the signal difficult. Raman Optical Activity (ROA)9 is sensitive to the 

chirality of the vibrational modes under study. As many secondary-structure ele-

ments of biomolecules are chiral (e.g., the α-helix). Development of a “low fre-

quency” ROA technique could be a very incisive tool for determining the molecular 

origin of the various collective modes. 
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