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Chapter 2

Spectral Modeling:
Theory and Methods

We introduce the theoretical background required for linear infrared absorp-
tion and two-dimensional infrared (2D IR) spectral modeling and simulation.
Interpreting experimental spectra of complex molecules such as proteins is a
great challenge, because their structural diversity results in spectra with com-
plex lineshapes. Theoretical models are required to investigate the underlying
physical phenomena. There are existing models which are used to construct
the amide I vibrational Hamiltonian that describes the system of interest. In
this thesis, we show how electrostatic maps and maps based on Ramachan-
dran angles, developed with density functional theory, can be used to extract
frequencies of and couplings between the amide I vibrations from a molecular
dynamics (MD) trajectory. After mapping the MD trajectory to a Hamiltonian
trajectory, the time dependent Hamiltonian is used in the Numerical Integration
of Schrödinger Equation scheme to obtain linear and 2D IR spectra. Character-
istic features of a 2D IR spectrum are discussed emphasizing important factors
such as correlation between molecular structures and spectra and sensitivity of
a 2D IR spectrum to the dynamics in the environment.
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2.1 Introduction

Vibrations in molecules such as peptides and proteins have frequencies in
the infrared region of the electromagnetic spectrum. Linear infrared ab-
sorption and two-dimensional infrared (2D IR) spectroscopy are ideal tools
to apply for investigating molecular vibrational dynamics. ”What is the
methodology to model a linear or a 2D IR spectrum of a peptide?” is the
question that we address in this chapter. This requires that we address the
following issues: ”Which particular vibrations do we investigate and how
do we determine the frequencies of these vibrations? Are these vibrations
coupled? How do we determine the couplings? How does the molecular
vibrational system respond to applied external electric fields generated by
a laser? What is the form of the Hamiltonian that can be used to describe
the vibrational system and how is it used to calculate spectra?” Below, we
answer these questions accordingly.

Frequencies of molecular vibrations are determined by the Potential En-
ergy Surface (PES), on which the nuclei of the molecule move. The PES
is determined by the electronic structure of the molecular system. When a
peptide is solvated, for example in water, the potential energy not only de-
pends on the electronic configuration of the molecule itself, but also on the
forces exerted by the solvent. The vibrational frequencies thus change due
to solvation. The solvent effect on the vibrational frequency is called vibra-
tional solvatochromism. In polar solvents, typically, the electrostatic force
dominates and the vibrational solvatochromism can be well approximated
as the electrostatic effects of the solvent on the peptide.

As mentioned in Chapter 1, in this thesis we focus on the amide I vibration
in proteins and peptides, which is dominated by the backbone CO stretch-
ing vibration. Because of the large transition dipole it exhibits a strong
infrared absorption. In addition, this large dipole leads to the electrostatic
couplings between different CO oscillators in a polypetide chain. The fre-
quencies of and the couplings between the amide I oscillators of a peptide-
configuration can be calculated using quantum chemical methods such as
density functional theory (DFT) [92], which describes the peptide-solvent
system at the electronic level. But, instead of treating the whole system
quantum mechanically, maps (discussed below) developed with electronic
structure calculations of the building blocks of a peptide to determine the
frequencies and couplings for a configuration of the peptide are used. This
is helpful to avoid the computational costs required for the former case.
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The number of structurally unique configurations that a peptide can adopt
depends on its flexibility, i.e. its degrees of freedom and the forces that
drive it to those configurations, originating from the interactions such as
hydrogen bonding, electrostatic interactions, and hydrophobicity in the
peptide-solvent system. To explore the configuration space of a peptide,
molecular dynamics (MD) simulation is generally used. DFT based molec-
ular dynamics, which is also known as Carr-Parrinello molecular dynamics
(CPMD) [93] is an excellent simulation tool for small systems and for short
trajectories (typically picoseconds). But it is computationally expensive
for longer simulation (nanoseconds and longer), therefore, it may not be
an ideal choice for exploring the most part of a peptide’s configuration
space, where longer simulations are needed. On the other hand classical
MD simulation which describes the peptide at the atomic level allows one to
explore the configuration space faster with less computational costs. Thus,
methodologies [78–91] have been developed to map trajectories from clas-
sical MD simulations to trajectories for the frequencies of and couplings
between amide I oscillators. The amide I oscillators can be classified into
structurally distinct units as depicted in Fig. 2.1: primary, secondary and
tertiary amide units. They differ in the number of amide hydrogens (deu-
terium) connected to the amide nitrogen. The primary amide units are
mostly found in side chains and termini of a peptide or a protein. Both the
secondary and tertiary units are found in the backbone, but the later one
appears as the unit preceding proline.

We do not consider the primary amide unit in this thesis, but it is impor-
tant to note that recently empirical maps [91] have been reported for this
unit. For the secondary amide unit there are existing maps [78–91] and in
this thesis we use those reported in Ref. 86, 87. For the tertiary amide
unit we develop maps in Chapter 3 in order to study peptides containing
proline. Although not studied further in this thesis, it is worth mentioning
another interesting vibrational band, the amide II band dominated by the
CN stretch vibrations in the amide units [94–96]. Recently, density func-
tional theory based maps [84, 97] have been developed to jointly describe
the amide I and amide II vibrational dynamics of proteins.

The mapping we use in this thesis to extract frequencies from MD tra-
jectories is based on a method analogous to the Stark effect. The Stark
effect describes the splitting (or shifting) of spectral lines of molecules in
the presence of an external electric field, originating due to the electrostatic
interaction between the charge distribution on the molecules and the exter-
nal electric field. Here, for a secondary amide unit (Fig. 2.1) we consider
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Figure 2.1: The structural difference among the primary, secondary and
tertiary amide units: deuterated acetamide (ACED), N-methyl acetamide
(NMA), and N,N-dimethyl acetamide (DMA) are the model systems to rep-
resent them, respectively.

the electric field and its gradient on the C, O, N and D atoms [86] gen-
erated by the surroundings and the frequency is approximated as a linear
function of the field and gradients. For a tertiary amide unit (Fig. 2.1)
the field and gradient are considered on the C, O, N and Cδ atoms [98].
Ramachandran angles (see Fig. 2.2) based nearest-neighbor frequency shift
maps [87, 98] are used to correct these frequencies accounting for through-
bond effects from nearest-neighbor units. The couplings between differ-
ent amide I oscillators are calculated in two ways: (a) couplings between
the nearest-neighbors are calculated using the Ramachandran angle based
scheme [87, 98], (b) couplings between non-nearest-neighbor units are found
using the transition charge coupling scheme [87, 98]. The detailed descrip-
tion of all the models used for determining frequencies and couplings and
the parametrization bases on these models for the tertiary amide units are
discussed in detail in Chapter 3.

Generally in an infrared experiment heavy water (D2O) is used as a solvent
instead of water to avoid the overlapping of the water bending vibration
with the amide I vibration. The peak at 1645 cm−1 in the infrared absorp-
tion spectrum for H2O corresponding to the bending mode shifts to a peak
at 1210 cm−1 for D2O [99]. In this thesis, to reproduce the experimental
conditions MD simulations are also performed in D2O replacing acidic pro-
tons with deuterium. For the same reason, maps for the secondary amide
unit are developed on NMA-D.
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Figure 2.2: Model structures for Ramachandran angles (Φ and Ψ) based
maps for the secondary (a) and tertiary amide units (b and c): Φ and Ψ
are the dihedral angles of the peptide backbone.

Quantum-Classical Molecular System

The molecular vibrational system that we investigate is approximated as a
quantum system surrounded by a classical system. The quantum system
for a peptide-solvent complex is basically a collection of a number (N) of
coupled amide I oscillators and the rest is the classical one. We assume
that the quantum system is affected by the classical system, but the effects
of the quantum system on the classical system are not accounted for. We
approximate an amide I oscillator with three vibrational energy levels (Fig.
2.3) corresponding to the ground state (g), single excited state (e), and
double excited state (f), where the transition frequency between g and e
is ωeg and between e and f is ωfe and between g and f is ωfg. Due to the
presence of anharmonicity (∆), ωfg turns out to be 2ωeg −∆. The consid-
eration of the three-level amide I oscillator is the minimum needed, because
the double excited state is accessed in a 2D IR experiment (discussed later
in detail).

We employ a Hamiltonian of a commonly used form [25] to describe the
quantum vibrational system of N coupled amide I oscillators interacting
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Figure 2.3: First three levels of a vibrational quantum oscillator.

with applied infrared laser electric fields:

H(t) =
N∑
i=1

[
ωi(t)b

†
ibi −

∆i(t)

2
b†ib
†
ibibi

]
+

N∑
i,j

Jij(t)b
†
ibj

+

N∑
i=1

~µi(t) · ~E(t)

[
b†i + bi

]
(2.1)

Here, b†i and bi are the Bosonic creation and annihilation operators for
the amide I vibration on the site i. ωi(t) and Jij(t) are the fluctuating
frequency of site i and coupling between site i and site j, respectively,
which are extracted from MD trajectories using the maps mentioned earlier.
The anharmonicity, ∆i(t) is set to the experimentally determined value, 16
cm−1 [25]. The last term describes the interaction of the applied infrared
laser field ~E(t) with the amide I site through the transition dipoles ~µi. The
transition dipole moments between the single excited state and ground state
(µeg) and between the double excited state and single excited state (µfe)
are extracted from MD trajectories using the electrostatic maps [86, 98].

For spectral modeling we use methods based on time-dependent perturba-
tion theory and nonlinear response theory describing the system-field in-
teractions. We use the Numerical Integration of the Schrödinger Equation
(NISE) scheme [100–102] to obtain response functions required to calculate
linear infrared absorption and 2D IR spectra. In the remainder of this chap-
ter, we discuss the interaction between the system and the external field
and how the NISE scheme can be used to calculate spectra. At the end, we
discuss how to interpret the characteristic features of a 2D IR spectrum.
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2.2 Light-Matter interactions: induced polarization

When a continuous wave (CW) laser field interacts with the system it
induces polarization, which can be described with the following expansion
[103].

P (t) = P (1)(t) + P (2)(t) + P (3)(t) + P (4)(t) + · · ·
= ε0(χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + χ(4)E4(t) + · · · )(2.2)

Here, χ(1) is the linear susceptibility, whereas χ(2), χ(3), χ(4), · · · are the
non-linear contributions. In a system with inversion symmetry such as
an isotropic medium, the polarization changes sign if the electric field is
reversed, therefore the terms of even order in the electric field must vanish.
Therefore, the even order susceptibilities χ(2), χ(4), · · · are absent for such
systems.

The macroscopic polarization is given by the ensemble average of the ex-
pectation value of the transition dipole.

P (t) = 〈〈Ψ(t)|µ|Ψ(t)〉〉E (2.3)

where 〈· · · 〉E denotes for the ensemble average. The wavefunction Ψ(t)
is the solution of the time-dependent Schrödinger equation for a system
interacting with the external electric field. Now, the nth order polarization
induced by n external electric fields can be defined as

P (n)(t) =

m=n∑
m=0

〈〈Ψ(n−m)(t)|µ|Ψm(t)〉〉. (2.4)

To give an expression for Ψm(t) let us introduce the interaction picture,
where the wave function ΨI(t) is related to the wavefunction Ψ(t) in the
Schrödinger picture via unitary operation: ΨI(t) = U †(t, t0)Ψ(t). Here,
U †(t, t0 is the time evolution operator which is responsible for the time evo-
lution of the wavefunction: Ψ(t) = U †(t, t0Ψ(t0). The mathematical expres-
sion for this operator is given in the next section. The Hamiltonian in the
interaction (HI(t)) picture is obtained from the unitary transformation of
the Hamiltonian in the Schrödinger picture: HI(t) = U †(t, t0)H(t)U(t, t0).
Now, the wavefunction, ΨI(t), can be expressed as the solution of the
Schrödinger equation in terms of a Dyson series, where the mth order term
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is Ψm
I (t) [104].

Ψm
I (t) =

(
− i

~

)m ∫ t

t0

dτm

∫ τm

t0

dτm−1 · · ·∫ τ2

t0

dτ1H
I(τm)HI(τm−1) · · ·HI(τ1)ΨI(t0) (2.5)

Here, τ1, τ2, τ3, · · · are the time points at which the system interacts
with the fields. Ψm

I (t) in the interaction picture turns into Ψm(t) in the
Schrödinger picture, Ψm(t) = U(t, t0)Ψm

I (t). Introducing a new set of vari-
ables that describes the intervals between these time points, i.e. t1 = τ2−τ1,
t2 = τ3 − τ2, · · · , tn = τn − τn−1, the nth order polarization can be written
in an integral form [104]:

P (n)(t) =

∫ ∞
0

dtn

∫ ∞
0

dtn−1 · · ·
∫ ∞

0
dt1S

(n)(tn, tn−1, · · · , t1)

× E(t− tn)E(t− tn − tn−1) · · ·E(t− tn − tn−1 − · · · − t1). (2.6)

Where, S(n)(tn, tn−1, · · · , t1) is the nth order response function. Later we
give the expression for the linear response function (S1(t1)) and third-order
response function (S3(t3, t2, t1)) required for linear absorption and 2D IR
spectral calculations, respectively.

2.3 Numerical Integration of Schrödinger Equation

In practice, to obtain spectra, first the time-dependent Schrödinger equa-
tion is solved numerically. To do that, we assume instantaneous interaction
of the laser electric field and the system, tuned to be resonant with the
change of one excitation number, i.e. the electric field vanishes after it ex-
cites or de-excites the system. This is analogous to using short laser pulses
in experiments (typical pulse duration <100 fs), we thus ignore the effects
from the finite pulse width. The Hamiltonian of the system with N amide I
oscillators can be decomposed into different blocks. When the electric field
vanishes there is no coupling between the states with different excitation
number, therefore, only the block diagonals exist in the Hamiltonian and
the block corresponding to ground state block (Hgg), single excited state
(Hee) and double excited state (Hff ) can be separately treated.
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The time-dependent Schrödinger equation for the individual block diago-
nals reads:

∂

∂t
Ψ(t) = − i

~
H(t)Ψ(t). (2.7)

where Ψ(t) represents the wave function at time t. To solve the above
equation a site basis set is used considering that the excitations are localized
on the amide I sites. We consider the site basis state φi = b†i |g > to expand
the wave function as follows:

Ψi(t) =
∑
j

φjcji(t) (2.8)

where, cji(t) are the expansion coefficients. A matrix differential equation
is obtained by inserting Eq. 2.8 in the Schrödinger equation (Eq. 2.7).

∂

∂t
C(t) = − i

~
H(t)C(t) (2.9)

To solve the above equation, numerical integration is performed for the
short time steps (∆t) during which the Hamiltonian can be considered as
constant. Then the coefficient matrix after a single step turns out to be:

C(∆t) = exp

[
− i
~
H(0)∆t

]
C(0)

= U(∆t, 0)C(0) (2.10)

where U(∆t, 0) is the time evolution operator which is responsible for sys-
tem’s evolution from time 0 to time ∆t. A general expression of evolution
of the coefficient matrix for N number of time steps is given by

C[N∆t] = U(N∆t, (N − 1)∆t)C[(N − 1)∆t]

=

[m=N∏
m=1

U(m∆t, (m− 1)∆t)

]
C(0) (2.11)

The property of the time evolution operator is used in Eq. 2.11.

U(t2, t0) = U(t2, t1)U(t1, t0) (2.12)

Adding superscript indices to U , i.e. Uff , U ee, and Ugg, we distinguish the
time evolution for the double excited, single excited, and ground state block
of the Hamiltonian. These time evolutions do not mix as the corresponding
blocks in the Hamiltonian are decoupled in the absence of the field.
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Figure 2.4: Double-sided Feynman diagram for the linear response function
used for the calculation of a linear infrared absorption spectrum. The arrow
pointing towards a diagram indicates excitation, whereas, the arrow pointing
away from a diagram indicates de-excitation.

2.4 Linear infrared absorption and 2D IR spectra

In case of a linear infrared absorption experiment, the interaction between
the laser field and the vibrational quantum system through the transition
dipole moment, µeg, leads to the creation of a coherent superposition of
the single excited and the ground state. The system in this coherent super
position then evolves with time. At the end the system goes back to the
ground state. For simplicity and to have a pictorial understanding of these
phenomena, double-sided Feynman diagrams [104] for the corresponding
evolution of the density operator can be used. Fig. 2.4 represents a double
sided Feynman diagram describing the linear response. In the diagram
vertical lines represent the time evolution of the ket (depicted on the left
side) and the bra (depicted on the right side) and the time increases in the
upward direction. Arrows represent the interactions between the field and
the system, either exciting the system (pointing towards) or de-exciting
system (pointing away), the dashed arrow on the left side represents the
final emitted signal.

The linear response function takes the form [100]:

Slinear = −

(
i

~

)
〈〈g|µge(τ2)U ee(τ2, τ1)µeg(τ1)|g〉〉E . (2.13)

The linear absorption spectrum can be obtained taking Fourier transform
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of the response function.

I(ω) =

∞∫
0

dt1S
linear exp[−iωt1]Γlinear(t1) (2.14)

Here, t1 = τ2− τ1. Γlinear(t1) is the relaxation factor which accounts for an
ad hoc vibrational life time T1 for the single excited state.

Γlinear(t1) = exp(−t1/2T1) (2.15)

The imaginary part of I(ω) is the linear absorption spectrum.

For a 2D IR experiment (left panel in Fig. 2.5), three laser pulses separated
by short delay times interact with the system. t1 is the delay time between
the first two lasers, t2 is the delay time between the 2nd and 3rd one, and t3 is
the delay time after the 3rd interaction. Thus, there are four absolute time
points, τ1, τ2, τ3 and τ4, where, t1 = τ2 − τ1, t2 = τ3 − τ2, and t3 = τ4 − τ3.
The first pulse creates a coherent superposition of the ground state and a
single excited state. The system evolves then in this superposition during t1.
The second pulse either de-excites the system back into the ground state, or
creates a single excited population state, or creates a coherent superposition
of two single excited states followed by the time evolution during t2. The
third laser pulse brings the system into either a coherent superposition
between the ground state and a single excited state or between a single and
a double excited state. Finally a time domain emitted signal, S(t1, t2, t3),
is obtained. If this is Fourier transformed with respect to t1 and t3 the
frequency domain signal, S(ω1, t2, ω3), can be obtained, where ω1 and ω3

represent the frequency axes of a 2D spectrum.

Three processes [104, 105] occur connected with the field-system interac-
tions in a 2D experiment as indicated in Fig. 2.6: ground state bleaching
(GB), stimulated emission (SE), and excited state absorption (EA). GB
reflects the phenomenon that once the system is excited out of the ground
state, it is impossible to excite another ground state to a single excited
state again. Thus, GB differs from SE and EA during t2, when the single
excited population state evolves in both SE and EA, whereas the system
is back to the ground state in GB. The difference between EA and SE is
observed during t3; the double excited state is accessed in EA, but not in
SE. GB, SE, and EA have been accounted for in the two directions of signal
detection: ~kI = − ~k1 + ~k2 + ~k3 and ~kII = ~k1 − ~k2 + ~k3, where, ~k1, ~k2, and
~k3 are the wave vectors of the incident fields. ~kI and ~kII correspond to the
rephasing and non-rephasing double sided Feynman diagrams, respectively
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Figure 2.5: The 2D IR set up, where three interactions occur between the
system and the laser field separated by short delays (left). 2DIR spectrum is
schematically depicted, where peak A and peak B on the diagonal correspond
to two coupled vibrations, the off-diagonal cross peaks (peak C and peak D)
arise due to their coupling. Red indicates stimulated emission and ground
state bleaching, whereas, blue indicates excited state absorption (right).

[35]. In the rephasing diagram the phase of the coherent oscillation during
t3 is opposite to the phase of the coherent oscillation during t1, producing
an echo signal which is not observed in the non-rephasing diagram.

The non-linear response functions which are needed to obtain 2D IR spectra
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read [100]:

S
~kI

GB(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ2)µeg(τ2)µge(τ4)

U ee(τ4, τ3)µeg(τ3)〉〉EΓ(t3, t2, t1)

S
~kI

SE(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ3)µeg(τ3)µge(τ4)

U ee(τ4, τ2)µeg(τ2)〉〉EΓ(t3, t2, t1)

S
~kI

EA(t3, t2, t1) =

(
i

~

)3

〈〈µge(τ1)U ee(τ1, τ4)µef (τ4)Uff (τ4, τ3)µfe(τ3)

U ee(τ3, τ2)µeg(τ2)〉〉EΓ(t3, t2, t1)

S
~kII

GB(t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ4)U ee(τ4, τ3)µeg(τ3)µge(τ2)

U ee(τ2, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1)

S
~kII

SE (t3, t2, t1) = −
(
i

~

)3

〈〈µge(τ2)U ee(τ2, τ3)µeg(τ3)µge(τ4)

U ee(τ4, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1)

S
~kII

EA(t3, t2, t1) =

(
i

~

)3

〈〈µge(τ2)U ee(τ2, τ4)µef (τ4)Uff (τ4, τ3)µfe(τ3)

U ee(τ3, τ1)µeg(τ1)〉〉EΓ(t3, t2, t1) (2.16)

The vibrational lifetimes, T1 is included in an ad hoc style in the relaxation
factors Γ(t3, t2, t1):

Γ(t3, t2, t1) = exp

[
− t3 + 2t2 + t1

2T1

]
(2.17)

The rephasing and non-rephasing signal in the frequency domain are ob-
tained performing 2D Fourier transforms of the sum of the time domain
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Figure 2.6: Double-sided Feynman diagrams for the nonlinear response
functions used in 2D IR spectral calculations. An arrow pointing towards
a diagram indicates excitation, whereas, an arrow pointing away from a
diagram indicates de-excitation.

signals for GB, SE, and EA:

S
~kI (ω3, t2, ω1) =

∫ ∞
0

∫ ∞
0

[S
~kI

GB(t3, t2, t1) + S
~kI

SE(t3, t2, t1) +

S
~kI

EA(t3, t2, t1)] exp[−i(ω3t3 − ω1t1)]dt3dt1

S
~kII (ω3, t2, ω1) =

∫ ∞
0

∫ ∞
0

[S
~kII

GB(t3, t2, t1) + S
~kII

SE (t3, t2, t1) +

S
~kII

EA(t3, t2, t1)] exp[−i(ω3t3 + ω1t1)]dt3dt1

(2.18)

The 2DIR spectrum for a particular t2 is the sum of the rephasing and
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non-rephasing signals:

I(ω3, t2, ω1) =
[
S
~kI (ω3, t2, ω1) + S

~kII (ω3, t2, ω1)
]

(2.19)

Throughout this thesis we only consider the imaginary part of I(ω3, t2, ω1),
which is denoted as the absorptive 2DIR spectrum [106].

2.5 What does a 2D spectrum portray?

Characteristic features

In Fig. 2.5 we made a schematic representation of a 2D spectrum where
two three-level systems are coupled. The diagonal peaks (red) represent GB
and SE and arise when the systems are in the same coherent super position
during t1 and t3. The cross peaks (red) arise from the same diagrams,
when the system is in the coherent superposition between one single excited
state and the ground state during t1 and in the coherent superposition
between the other single excited state and the ground state during t3. All
blue peaks represent EA. From the double sided Feynman diagram for
EA it is clear that the system is in a coherence between a double excited
and a single excited state during t3. The transition energy of the double
excited state (ωfg) is slightly smaller than twice the transition energy of
the single excited state (ωeg). The difference between these energies is
known as anharmonicity of a site vibration (∆ = 2ωeg − ωfg). EA peaks
in a 2D spectrum are typically shifted below the GB and SE peaks by the
anharmonicity. If the anharmonicity is zero the EA peaks fall on top of
the GB and SE peaks, therefore, no detectable signal is left as EA has
opposite sign of GB and SE and the transition dipole moment µfe is

√
2

times the transition dipole moment µeg in the harmonic approximation of
the vibrational system.

Structure-spectrum correlation

In Chapter 1 we have mentioned that 2D IR spectrum is sensitive to hy-
drogen bonding structures and it can distinguish between the secondary
structures of proteins such as the α-helix and the β-sheet. One of the main
purposes of this thesis is to establish correlation between protein structure
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and it spectrum. Using classical MD simulations we explore the configura-
tion space of a number of peptides and we divide the configuration space
into clusters, i.e. structurally distinct sub-ensembles. Then, we determine
spectroscopic features of these clusters to find out how distinct these are
from each other. For example, in Chapter 5 we show that different types
of turn structures exist for a β-hairpin peptide (Trpzip2) and for each type
of structure, spectra of amide units in the turn have unique features. In
Chapter 6, we show how the side chain orientation of a cyclic peptide af-
fects the peptide structure and therefore it spectrum. Finally in Chapter
7, we show a direct correlation between the spectrum of an elastin like
peptide and the number of hydrogen bonds formed between the amide unit
preceding proline and the peptide or solvent (Fig. 2.7).

Figure 2.7: (a) Simulated 2D IR spectra of an elastin like peptide
(GVGVPGVG) peptide as a function of peptide-peptide hydrogen bond num-
ber. The indices on the spectra (for example 2/0) indicate the number of
hydrogen bonds: the first one is the number of hydrogen bonds between the
amide unit preceding proline and the peptide itself. The second one is the
same between that amide amide unit and the solvent. (b) Simulated 2D IR
spectra of the same peptide as a function of peptide-peptide vs. peptide-
solvent hydrogen bonds. Contours are plotted between -1 to +1 with a 0.1
spacing between the contours. The low frequency peak corresponding to the
amide unit preceding proline is seen to split off the main band for increasing
number of hydrogen bonds.



2.5: What does a 2D spectrum portray? 27

Spectral dynamics

The second time delay t2, which is known as the waiting time (also called
delay time in pump-probe spectroscopy), can be used to determine the un-
derlying dynamics of the system [101, 107–111]. This is done by varying
the waiting time and for every waiting time a 2D spectrum is obtained.
A change in the peak shape of the spectrum is observed, it spreads in the
anti -diagonal direction with the increase of t2 (Fig. 2.8). This happens
because of the following reasons [108]. A 2D spectrum is basically a cor-
relation spectrum that describes the correlation between the frequency at
which the system is excited (pump frequency) during first time delay and
the frequency at which the system is probed (probe frequency) during the
third time delay, where t2 is the delay between excitation and probing. If
t2 = 0, i.e. the system is probed directly after the excitation and it is not
allowed to relax, a strong correlation is observed between the pump and
probe frequencies resulting in a diagonally elongated peak. In this case
the small broadening in the anti -diagonal direction is attributed only to
the dynamics during t1 and t3. As t2 increases, the system gets time to
relax, the correlation between the pump and probe frequencies starts to
decay and therefore, the 2D peak elongates in the anti -diagonal direction.
When the waiting time is long enough such that there is no correlation
between these frequencies, the peak becomes round. The shape change
actually reveals how fast the vibrational frequency fluctuates, faster fluc-
tuation causes faster correlation loss, which therefore, results in quicker
anti -diagonal broadening [108]. The frequency fluctuations depend on the
dynamic environment; faster dynamics in the environment results in faster
frequency fluctuations. Thus, the correlation times of the frequency fluc-
tuations do reveal the nature of the dynamic environment. In Chapter 4,
several analysis methods will be discussed, which can be used to extract
correlation times from the shape change of a 2D spectrum with the wait-
ing time. In Chapter 5, we show that even with t2 = 0 and considering
dynamics during only t1 and t3 it is possible to distinguish between the
spectrum of a solvent exposed amide I oscillator with fast fluctuating envi-
ronment and the spectrum of an oscillator that is hydrogen-bonded within
the peptide. The 2D peak for the former one is more broadened in the
anti -diagonal direction than the later one.

Although we do not consider this further in the thesis, it is important to
note two important applications of waiting time dynamics of the 2D spec-
trum: chemical exchange and population transfer. Waiting time dynamics
can be used to investigate chemical exchange where a reversible process is
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Figure 2.8: Waiting time dynamics as schematically depicted in 2D spectra.

observed between the reactant and product states. For example, the cross
peak intensity of a 2D spectrum increases with the increase of the waiting
time for a model system moving in a double well potential [112]. An exam-
ple of chemical exchange happening in a real molecular system is formation
and dissociation of phenol-benzene complex, this results in growth of the
cross peak intensity in the 2D spectra of this system [113]. The popula-
tion transfer between vibrational states [46, 114, 115] is another situation
where the intensity of the cross peak also grows. For example, a 2D IR
simulation study of a β-hairpin, trpzip2, in aqueous solution, reveals the
population transfer between two dominant vibrational excitonic bands [46].
This causes the growth of the cross peak intensity between these two peaks
and decay of the diagonal peaks upon increasing the waiting time.


