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In the past one and a half decades there has been a significant methodological and technological
development of two dimensional infrared (2DIR) spectroscopy which unfolds many underlying
physical and chemical processes of complex molecules, especially for biological molecules. Due
to the extreme technical difficulties and non uniform performance of ultrafast laser, so far, the
method is mostly applied to a small spectral region. A rather simple experimental methodology is
presented here which is capable to cover a broad spectral range from 1500 cm~1 to 3500cm~1 to
explore the molecular structure of cyclic amide, 2-Pyrrolidinone via the time-resolved coupling of
CO, CH and NH stretch vibrations. The signature of the coherent as well as incoherent coupling
have been found. The amide-1 band is incoherently coupled to the CH and NH stretch vibrations
and acts as an acceptor mode for the vibrational energy relaxation from the CH and NH stretch

vibrations.

1 Introduction

Many important chemical and biological activities are triggered
by the fast molecular conformational changes in the condensed
phase 1. Molecular vibrational frequencies in condensed phase
are not only sensitive to the molecular bond connectivity but
also sensitive to solute/solvent interactions’. The local and
non-local interactions to the vibrational band of the molecule,
make it extremely difficult to understand the structure and the
fast dynamics of the molecule®12. A significant efforts have
been devoted for last couple of decades to develop tools to
monitor the three dimensional molecular conformations in real
time. Among many powerful techniques, recently developed
two dimensional infrared spectroscopy (2DIR)!3-15  which
has essentially unlimited time resolution on the scale of large
molecular motions, is one of the most promising techniques to
visualize the structural changes in complex molecules16-21,

Since one-and-half decade, there have been a handful of
technical and theoretical developments on the multidimensional
IR techniques?232 and now a days these are routinely using
as a tool for studying the structure and ultrafast dynamics
of biological molecules3340. Most of them are restricted to
investigate spectrally one or few near by vibrational modes of
the molecule, which only provide partial information about
the structure of the molecule. Due to its extremely technical
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difficulties, still the technique is fairly remote to explore the full
molecular picture*!. Additionally laser intensity drops very fast
at low frequency region*?, which limits the applicability of the
technique to disentangle the low frequency bending modes of the
molecule. In a recent work, Zheng’s group able to collect a wide
frequency region using multiple-mode 2DIR spectroscopy“3.
They synchronized a picosecond and a femtosecond amplifier
with the single seed laser to produce narrow pump and wide
probe beam with reasonably high pulse energy. The technique
is fair enough to cover low frequency mode, but due to the
picosecond pump pulse, it has limited application to follow the
fast molecular motion. A rather simple experimental technique
which can cover a fairly wide spectral range (1500cm™! to
3600cm™1) to reveal most of the vibrational band of the
biomolecules using femtosecond pump and probe pulses is
presented in this article. In the experiment collinear pump
pulses pair are used to excite the molecules and probe with a
non-collinear laser pulse, absorptive spectra has been collected 4.

In this work 2-Pyrrolidinone molecule is selected as a model
molecule, which has most of the signature of the protein and the
peptide. Additionally its hydrogen bond characteristic allows one
to study the structural sensitivity with hydrogen bonding, which is
a prominent feature of the biomolecules. Its structure and the hy-
drogen bonded oligomers are presented in Fig. 1. 2-Pyrrolidinone
is a fairly moderate size molecule for reasonably accurate ab initio
calculation>. The C=0 double bond structure serves as model
system for protein back bone amide-I band and the NH bond al-
lows to study the amide-A band in protein and peptide.

Journal Name, [year], [vol.], 1-6 |1



Physical Chemistry Chemical Physics

Fig. 1 Structure of 2-Pyrrolidinone molecule and its hydrogen bonded
oligomers. The dashed line indicates the intermolecular hydrogen
bonding. (a) Monomer, (b) doubly hydrogen bonded dimer (DHBD) (c)
hydrogen bonded molecular chain.

2 Experimental procedures

Femtosecond regenerative/multi-pass Ti:Sapphire amplifier
(Integra-C, Quantronix) is used to obtain an initial femtosecond
pulses at 800nm. The output of the Integra-C is 100fs transform-
limited 2.5mJ pulses at a 1kHz repetition rate. The amplified
beam is split into two beams (40:60) and used to pump two
traveling-wave optical parametric amplifiers (TOPAS, Light
conversion). Along with the non-collinear difference frequency
generator (NDFG, Light conversion) one of the TOPAS creates
tunable (from 2.8 um to 12 ym) pump beam and other TOPAS
produces independently tunable (from 2.8 ym to 12 ym) probe
beam, providing a combination that will permit to perform
the two colour experiment in a broadband spectral range. The
shot-to-shot IR instability is less than 1% and the long term
stability is such that data can be collected continuously for
several days.

The pump beam is split into two beams (pulse-I and pulse-II)
to produce two pump pulses for two dimensional echo exper-
iment in pump-probe geometry (see Fig.2). Both the pump
pulses are reflected back from two retroreflectors placed on
two independently computer controlled translation stages which
creates the time delay between different pulses. The pulse-I
passes through two calcium fluoride (CaF,;) wedges, placed
in such a way that the pulse-I travels in the same direction
after transversing through two wedges. One of the wedge is
placed on a computer controlled translation stage to create a
desirable phase difference from second pump pulse (pulse-II).
Both the pump pulses are then overlapped by using a zinc
selenide (ZnSe) beam splitter, so that they can propagate
collinearly and then focuss on the sample by an off axis parabolic
The probe pulse (pulse-III) is also focussed on the
sample using the same off axis parabolic mirror and crosses
the pump pulse inside the sample with a small angle (about 12 °).

mirror.

2-Pyrrolidinone (C4H7NO) is purchased from Sigma-Aldrich
with 99.9% purity and dissolved in CCly (99.9%) with out
any further purification. The concentration of the sample is
optimized to 20% by volume to perform the experiment across
the broad spectral region with a reasonable signal strength. The
sample is held in between two CaF, plates separated by a 15u
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Fig. 2 Schematic diagram of the experimental setup for 2DIR
spectroscopy in pump-probe geometry. The beam geometry is depicted
in inset.

teflon spacer. The peak absorption of the sample is ~ 30 % at the
NH stretch vibrational band region. All the experiments have
been performed at room temperature (21 °C). The whole system
is purged with dry air to remove the water vapor from the system.

To produce and detect the echo signal one of the pump pulses
(Pulse-II) is chopped by a 500Hz optical chopper from New
Focus. The vibrational echo signal is created inside the sample
due to the interections of three excitation pulses and emitted in
the same direction as the probe beam. The probe beam itself
acts as a local oscillator (LO) in the self-heterodyne-detection
of the echo signal. The signal is spectrally resolved using the
Horiba Jobin Yvon iHR320 spectrometer and is detected by a
64 elements MCT double array (from Infrared Systems Develop-
ment). O to 31 elements are used to detect the reference signal
and 32 to 63 elements are used to detect the echo signal. At each
monochromator setting, both the arrays detect 32 individual
wavelengths. The reference signal is used to compensate the
shot-to-shot fluctuation of the IR pulse.

The phase-resolved, heterodyne detected, vibrational echo is
measured as a function of the monochromator frequency, wn,
and two time variables, T and Ty that are defined as the time
between the first and second interactions and the second and
third interactions, respectively. In the experiment, T variable is
scanned in 1fs to 3fs time steps depending upon the spectral
region of interest. The phase of the echo electric field is scanned
relative to the fixed local oscillator electric field, resulting in an
interferogram measured as a function of the 1 variable. The
interferogram contains the amplitude, sign, frequency and phase
of the vibrational echo electric field as it varies with 1. By the
Fourier transformation, this interferogram is converted into the
frequency variable cr.

The measured signal is the square of the sum of the vibrational
echo electric field, S the pump-probe signal of the pulse-I and
pulse-II and the local oscillator electric field. The pulse-II is
chopped at a rate of 500 Hz, then subtracting the chopped signal
from the unchopped signal, practically the local oscillator electric
field and the pump-probe signal from the pulse-I are removed.
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After the Fourier transformation of 7, the low frequency pump-
probe signal of the pulse-II is separated from the high frequency
echo spectra.

The crucial requirement for the broadband 2DIR spectroscopy
is sufficient laser power in a broad spectral range, which is pos-
sible with a careful choice of the pump laser power for the white
light generation in OPA. The optimal pump power along with
careful choice of the crystal angle provides a nearly uniform
power IR laser beam in a broad spectral range. Another advance-
ment of this spectroscopic setup is the use of translating CaFp
wedge along with high resolution delay stage which provides a
perfect phase matching conditions between different laser pulses.
These two simple modifications makes the spectrometer efficient
to collect the 2DIR spectra of biological molecules over a broad
spectral region.

3 Results and Discussions

Two dimensional vibrational echo spectra, taken in the pump-
probe geometry is presented here. The broad band echo spectra
in Fig. 3 is constructed by nine quadrants, representing all the
combinations of CO, CH and NH bands. The quadrants are sepa-
rated by the dashed lines. The white gap in the spectra indicates
broken frequency axis. The red colour contour represents the
positive peak and the negative peak is represented by the blue
colour contour. The quadrants are named with pump first and
then probe, e.g., NHCO indicates the coupling between the NH
and CO vibrational band when pump laser pulse is set at the
NH vibrational region and probe laser pulse is set at the CO
vibrational region. The spectra is normalized to the highest
intense peak. In Fig. 3, the spectra is normalized with respect to
the carboxyl (C=0) band, which has the highest intensity. All
the experiments are performed at room temperature (21 °C).

Figure 3 displays the broad band two-dimensional vibrational
echo spectra of 2-Pyrrolidinone in carbon tetrachloride (CCly)
at population time Ty, = 200fs. One dimensional FTIR spectra
of 2-Pyrrolidinone is plotted along with the 2DIR spectra for
better understanding of the peak positions and their identifi-
cation. The spectral range covers the amide-I band (mainly
C=0 stretch vibrational band at 1700 cm™1) and the NH stretch
vibrational band4> at 3250cm~1. Since the pulse width of the
IR light is approximately 100fs, as measured by three beam
cross-correlation of a non-resonant solvent sample, it is expected
that at population time 200fs, there would be no contribution
from the non-resonant signal. There is a very strong positive peak
(red peak) at the lower left side (wr = wm = 1700 cm™1) of the
broadband spectra. This positive peak is caused by the ground
state bleaching and stimulated emission of the CO double bond
vibration. The peak is stretched out along the diagonal due to the
inhomogeneous broadening. The broadening is a typical feature
for such rather short waiting time*®. A negative peak (blue
peak) appears little lower (w; = 1700cm ™2, wn = 1680cm™1)
to the diagonal CO stretch vibrational peak, which is caused by
the excited state absorption of the amide-I stretch vibrational
band. This peak is also inhomogeneously broadened due to the
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early waiting time. The positive and the negative peaks are
separated by 5w =~ 20cm ™! only, as a result, some part of them
are overlapped and the peak shapes are deformed. Since water
molecules can not be removed completely from the air, some of
the IR light is absorbed by them at around 1700 cm~1 (which is
close to the carbonyl stretch vibrational bond), resulting a gap in
the CO vibrational band.
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Fig. 3 Two dimensional infrared vibrational photon echo broad band
real spectra along with the FTIR spectra of 2-Pyrrolidinone in CCl, at a
population time T, = 200fs at room temperature. Two dimensional data
have been normalized to the largest peak. The red contours are
positive-trending and the blue contours are negative-trending. The
horizontal axis is the Fourier transformed 1-axis (w;-axis) and the
vertical axis is the monochromator axis (wm-axis). The linear FTIR
spectra are scaled differently for two different spectral regions.

The next diagonal peak appears in the CH stretch vibration
region (w; = wym = 2880cm™1), which corresponds to the
ground state bleaching and the excited state emission of the
symmetric CH stretch vibration4’. This peak is much weaker
than the amide-I peak. An asymmetric CH stretching mode is
also appeared at the diagonal at wr = wm = 2955 ecm™1, which is
rather less intensed. These two peaks are identified as equatorial
(2880cm™1) and axial (2955cm™1) CH stretch vibrations of
the two CH bonds adjacent to the NH group?®. Both the peaks
are stretched out along the diagonal due to the inhomogeneous
broadening. A negative peak, parallel to the diagonal, is observed
at around (o = 2960cm ™1, i = 2810cm™ 1), caused by the
excited state absorption of the symmetric and asymmetric CH
stretch vibration bond. This negative peak is stretched out paral-
lel to the diagonal and leading to the inhomogeneous broadening.

A very broad and strong positive peak appears on the diagonal
at the amide-A stretch vibrational region. This positive peak is
caused by the ground state bleaching and excited state emission
of the hydrogen bonded amide-A4>48 stretch vibration (w; = tm
= 3225cm~1). Since at the normal thermal condition, hydrogen
bonded chains are randomly distributed in size and different size
chains possess different amide-A vibrational frequencies, as a re-
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sult a very broad spectral distribution is observed 4951, Amide-A
band from the shorter chains are appeared at the higher wave
number where as from the longer chains, peaks are more in red
side of the spectrum. A very weak but never the less a observable
peak is appeared on the diagonal at (wr = wn = 3106 cm™1).
This peak is due to the ground state bleaching and the excited
state emission of the amide-A band from doubly hydrogen bonded
dimers (DHBD). A detail of this broadband spectra is explained in
a separate paper®. A negative peak (blue peak at around c; =
3310cm™L, wm = 3180cm™1) is observed at the NH stretch vi-
brational region. The negative peak is due to the excited state
absorption of the hydrogen bonded NH stretch vibrational mode.
This negative peak is stretched out parallel to the diagonal and in-
homogeneously broadened. A deformation of this negative peak
is observed due to the overlap of a positive peak (cw; = 3200 cm ™1,
wm = 3106 cm~1) which arises at the lower frequency side of this
negative peak (explain later).
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Fig. 4 Energy relaxation from the excited state of the CH/NH vibrational
band to the excited state of the CO vibrational band which leads to the
incoherent coupling peak in the 2DIR spectra.

Apart from the diagonal peaks, several interesting cross peaks,
which are the hallmarks of the 2DIR spectroscopy, are observed
in the broad band spectra. In the lower right portion of the
spectra, there are two very low intensed positive peaks. They
correspond to the coupling between the CH and CO stretch
vibrations (cw; = 2880cm ™1, wom = 1710cm™1) and the coupling
between the NH and CO stretch vibrations (w; = 3220cm™1,
Wm = 1710cm™1). Just bellow to these two positive peaks, there
are two negative peaks at (w; =2880cm ™!, wm = 1680cm™1)
and (wr =3220cm ™1, wm = 1685cm™1). These peaks are due to
the excited state absorption of the CO vibrational bond, which
are incoherently coupled with the CH and the NH vibrational
band respectively (see Fig.4). The higher intensity of the
CH-CO cross peak than the NH-CO cross peak indicates that
the CO vibrational band has stronger coupling with the CH
vibrational band than the NH vibrational band. In general
cross peaks form a square pattern along with the corresponding
diagonal peaks, as a result it is expected to observe a cross
peak at the CO pump and the CH/NH probe region (upper left
of the spectrum). The question arises why only the CO probe
region exhibits the cross peaks but not in the CO pump and the
CH/NH probe region? The possible explanation is the incoherent
coupling20->2: where energy flow from the higher frequency CH
and NH vibrational mode to the lower frequency CO vibrational
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mode. Since the CH and the NH vibrational bands are higher
in energy than the CO vibrational band, the energy relaxation
is only possible from the CH and NH to the CO vibrational
band, not on the other way (see Fig.4). As a result pumping at
the CO and probing at CH or NH does not give any coupling peak.

A handful of structural information have been observed in the
CH and the NH stretch vibrational region. There is a small square
feature (blue dotted square in Fig.3) at the CH vibrational re-
gion, which indicates that the axial and equatorial CH stretching
modes are coherently coupled to each other and leading to a pos-
itive cross peak at (w; = 2880 em™L, wn = 2955cm™1). A sim-
ilar positive cross peak is expected at the opposite corner of the
square, but the peak is covered by the strong negative peak due
to the excited state absorption of the CH stretch vibrational band.
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Fig. 5 Coherent coupling peak of the CH and NH vibrational band. The
spectra is normalized to the highest peak in the CHNH spectral region.

Another cross peak region is the coupling between the CH and
the NH vibrational modes. Apparently there is no prominent
cross peak feature is observed at the CHNH coupling region in
Fig.3. An unclear cross peak is only observed at around (w; =
2880cm ™1, wy = 3180cm™1). But when the spectra is zoomed
and scaled to the highest peak only in the CHNH spectral region,
a clear cross peak pattern is observed (see Fig.5). A positive
peak centered at around (w; = 2880 em™, wm=3250cm V) is a
clear indication of the coherent coupling between the symmetric
CH and the NH vibrational band. The asymmetric CH vibrational
band may not couple or has a very small coupling with the
NH vibrational band, as a result no observable cross peak is
arised due to the asymmetric CH vibration. The positive peak
is elongated vertically but due to the negative cross peak at
around (w; = 2880cm™ 1, wy = 3180cm™1), the lower portion
of the positive peak is deformed. The vertical elongation of
the positive peak indicates that the symmetric CH band always
coupled with the NH vibrational band irrespective of the chain
size. The negative cross peak at around (w; = 2880cm™2, wn =

This journal is © The Royal Society of Chemistry [year]
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3180cm1) is due to the coupling between the excited state CH
and the NH vibrational band. It is expected that, there should
be another positive peak at the NHCH coupling region due to
coherent coupling between the NH and the CH vibrational band.
But another strong positive broad peak (explain later) covers the
NH-CH coherent coupling peak and is not appeared in the 2D
plot.

There is a rather strong positive peak at the NHCH coupling
region around (wr = 3250cm ™1, wm = 2955cm™1). This peak
is due to the combination of two processes, (i) the coherent
coupling between the NH and the CH vibrational band and (ii)
the incoherent coupling due to the energy relaxation from the
high frequency NH vibrational band to the lower frequency CH
vibrational band. Since the NH vibrational band is higher in
energy than the CH vibrational band, energy flow is possible
from the NH to the CH vibrational band not the other way, as
a result there is no incoherent coupling peak is observed at the
CHNH coupling region. The higher signal strength at the upper
portion of this vertically elongated positive peak indicates that
energy flow is favorable to the asymmetric CH vibrational band
rather than to the symmetric vibrational band.

An another characteristics square feature (red doted square)
is observed to the lower frequency side of the broad amide-A
band. A reasonably strong peak is observed at the one corner
of the square at around (w; = 3106cm™1, wn = 3200cm™1)
and the corresponding other cross peak is observed at around
(wr = 3200cm™ L, wm = 3106 cm™—1). This square feature leading
to the hydrogen bond breaking and making mechanism®>3
of 2-Pyrrolidinone molecular chain. In one process one of
the hydrogen bond from a DHBD breaks and makes another
hydrogen bonding with a long chain. In an other process, two
2-Pyrrolidinone molecules together break the hydrogen bonding
from one end of the long chain and make a doubly hydrogen
bonded dimer. This hydrogen bond making and breaking process
is bi-directional and stabilized with the temperature.

4 Conclusions

An experimental methodology is presented to collect the broad-
band 2DIR spectra of the biological molecules to understand
its structure in detail. As a model molecule the cyclic amide,
2-Pyrrolidinone in CCly solvent has been studied in detail. The
amide-I, amide-A and the hydrogen bonding of 2-Pyrrolidinone,
give a clear structural motif of the biological molecule.

A large number of characteristics diagonal and cross peaks are
discussed in this article which provide a detail structural informa-
tion of the molecule. It is well known that due to its large dipole
moment the amide-I band remains isolated from the rest of the
vibrational bands of the molecule, but the incoherent coupling
peaks at the amide-I probe region indicates that energy relax-
ation can be possible from the higher energy CH and NH vibra-
tional bands to the lower energy CO vibrational band. The square
feature in the CH vibrational region gives an indication that the

This journal is @ The Royal Society of Chemistry [year]
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symmetric and asymmetric CH vibrational bands are coherently
coupled. Energy relaxation is also observed from the NH to CH
vibrational band which leads to a strong positive incoherent cou-
pling peak at NHCH coupling region. It is observed that single
hydrogen bonded oligomers account for the most prominent fea-
tures in the amide-A region of the vibrational 2DIR spectra. The
doubly hydrogen bonded dimer is reflected by relatively weak di-
agonal peak, which is partly covered by the dominating peak of
the oligomers chains. The square feature in the red side of the
amide-A band indicates the hydrogen bond making and breaking
mechanism between the hydrogen bonded dimers and oligomers.
Over all the spectra discussed here provide a significant amount
of structural information to understand the molecular structure
of the biological molecules in detail.
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