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Abstract: In this work we report the linear and non-linear IR spectral response characterization of
the CO bonds of %4=828;;8= � sodium salt in �2$ and in �"($ −36 solutions. In order to better char-
acterize the spectral IR features in the CO stretching region, broadband middle infrared pump-probe
spectra are recorded. The role of hydrogen bonds in determining the inhomogeneous broadening
and in tuning anharmonicity of the different types of oscillators is exploited. Narrow band pump
experiments, at the three central frequencies of V − ;02C0<, amide and carboxylate CO stretching
modes, identify the couplings between the different types of CO oscillators opening the possibility to
gather structural dynamic information. Our results show that the strongest coupling is between the
V − ;02C0< and the carboxylate CO vibrational modes.

Keywords: infrared; non-linear infrared; vibrational dynamics; CO stretching

1. Introduction

Infrared spectroscopy and its evolution based on non-linear laser techniques achieved
with ultrashort middle infrared (MIR) pulses are successfully used for the detection and
the characterization of molecular systems with various degrees of complexity. Nonethe-
less their potential in routine analytical diagnosis is not yet well established and this
is especially true for the non-linear techniques [1,2]. The effort to disentangle specific
structural information from complex spectra of complex molecular systems is still a chal-
lenge [3]. Many studies are presently reported on short medium and even large molecular
systems [3,4]. The aim is to disentangle homogeneous pieces of information out of broad in-
homogeneous signals. Inhomogeneity of the solvent cage and distribution of conformations
make hard the task in the linear spectra.

In V − ;02C0< systems, the ring limits internal rotations; therefore, molecules like
?4=828;;8= � containing different groups of carbonyl moieties are a good benchmark to test
the potentiality of linear and non-linear MIR techniques. In the last decades non-linear in-
frared spectroscopy like bidimensional infrared (2DIR) spectroscopy [5,6] has been largely
exploited in the structural dynamic characterization of several molecular systems of in-
creasing complexity. Particular attention has been devoted to the study of peptides [7–12]
thanks to the large sensitivity of the CO stretching mode around 6 μm wavelength. The high
localization of this mode makes it a good probe for molecular conformation analysis. How-
ever, the number and types of CO oscillators, the shape and the position of the related
transitions are really dependent on the size of the molecule, on the structures assumed
in solution and on specific interactions with the surroundings. In order to get unambigu-
ous information from spectra, the choice of the investigated molecular system is crucial.
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On molecules with medium/large size such as oligopeptides self-organization makes the
systems more uniformly structured and it is easier to find spectroscopic studies [6,9,13–17].
However the large number of amino acids make necessary some isotopical substitution:
the investigation becomes quite difficult and expensive. On the opposite, in di- and tri-
peptides different CO oscillators are easily distinguishable by isotope labelling with 13�

or 18$ , but the recorded signals are averaged on several conformations of the molecules
in solution [12]. More straightforward is the data interpretation of bigger oligopeptides
organized in secondary structures. In U −ℎ4;8G4B and V − Bℎ44CB amide units are repeated in
space with almost the same orientation, resulting in restrict possible values for dihedral
angles between amides [18,19]. In V − ;02C0<B, thanks to the constraint imposed by the ring,
the distribution of conformations at equilibrium is limited, reducing the inhomogeneity of
the sample and allowing a more straightforward assignment of the spectral features. It is
worth noticing that the study of these systems might help in the assignment of transitions
and in the analysis of couplings among amides CO in larger proteins, where W− and V− turn
sequences are usually characterized by the presence of a ring such that of prolines. 2DIR
experiments on amino acid sequences containing proline have already been performed [20]
but more insights may be provided by similar systems. This work represents an original
study on a V − ;02C0< system by means of linear and ultrafast non-linear MIR technique.

2. Experimental Section
2.1. Materials

%4=828;;8= � sodium salt, 99% purity, is purchased from Sigma Aldrich, as well as
deuterated solvents, and used without further purification. All solutions are prepared
at 0.1 " concentration, at neutral ?�, in �2$ and �"($ − 36. Since ? 0 of ?4=828;;8= �
is found to be 2.8 [21], at neutral ?� the carboxylic group is present in its anionic form.
Vials of �2$ of 1 mL are used anytime at once in order to avoid proton exchange with air
humidity. The samples for linear and non-linear experiments are prepared by squeezing
a small amount of solution (∼40 μL) between 2 mm thick �0�2 windows separated by a
50 μm teflon spacer. The average absorbance at the peak is 0.5. All experiments are run at
laboratory temperature (22 ◦C).

2.2. Instrumental Setup

Stationary IR spectra are recorded on the same sample cell in a Bruker Alpha FT-IR
spectrometer, with a resolution of 2 cm−1. Pump-probe experiments are conducted on
an home-built setup based on the ultra-short emission of a amplified Ti:Sapphire laser
system (Coherent Legend), described in details elsewhere [6,9,12,22–24]. Briefly, the laser
output has pulse duration of ∼40 fs, centred at 800 nm, with repetition rate of 1 KHz
and average power around 3 W. Part of the output power, about 700 mW, is split half
toward a commercial optical parametric generator (Light Conversion TOPAS) to generate
the MIR pump, half toward an home-made OPA in order to create the probe/reference
beams. In the present experiment pump and probe/reference beams cover the same
frequency range with a bandwidth of ∼200 cm−1. However, the system allows us to
perform CF> − 2>;>DA experiments opening the investigation to larger frequency intervals,
covering the MIR region from 3.5 μm to 8.5 μm. Broadband experiments are performed with
spectrally broad pump and probe pulses. A total energy (pump + probe) of 3.5 μJ/pulse
impinges on the sample. 2DIR spectra have been acquired in the frequency-domain,
following the dynamic hole-burning experimental scheme [5]. In this approach the pump
been is narrowed down to ∼15 cm−1 thanks to a Fabry-Pérot filter. Fine piezoelectric
adjustments of the distance between the mirrors of the Fabry-Pérot allow us to tune the
pump central frequency within the proper spectral interval. Probe and reference are
vertically displaced and focused, along with the pump, on the sample by a 30◦ off-axis
parabolic mirror (beam waist of pump and probe are ∼150 μm and ∼100 μm respectively).
The probe and reference beams are then dispersed in a flat field spectrometer (TRIAX 180,
Horiba Jobin-Yvon, Edison, NJ, USA) and detected by a double 32 element MCT array
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detector (InfraRed Associates Inc., Stuart, FL, USA). Transient absorption spectra, in both
broad-pump and narrow-pump excitation, are recorded at increasing delay times between
pump and probe using a motorized translation stage, while for each delay time transient
spectra are acquired with the relative polarization between pump and probe in parallel and
perpendicular configuration. Elements of the MCT array are 0.7 mm wide and separated
by an inactive area of 0.1 mm. With a 100 grooves/mm grating each element collects a
spectrum of ∼6 cm−1 and the separation corresponds to ∼1 cm−1. Therefore, the limiting
resolution factor is given by the dimensions of the array elements. However, in the present
case, bands are at least three times larger than the resolution limit. In other cases, when the
infrared bands are narrower [11], a narrower spectral range is achieved by utilising a more
dispersive grating.

2.3. Signal Acquisition, Data Treatment and Calculations

Linear IR spectra where analysed with standard fitting procedures and programs
(OPUS Bruker). Non linear spectra data where acquired and analysed by a home made
acquisition program. As to this data handling part it is necessary to give a short description
of pump/probe experiments. Pump intensity is constantly monitored to record its fluctua-
tions (normally below 0.05%). If during the acquisition process fluctuations overpass that
threshold, signals can either be renormalized or discarded. Transient signals are obtained as
the ratio between the intensity of the probe with the pump on and off, both renormalized by
reference signal. In this way significant variations of the optical density (OD) measured on
the probe can reach easily values of the order of 0.01<$� . Transient signal are constituted
by positive and negative parts: the formers are due to excited state absorption (a2 ← a1
transitions), the latters are due to ground state bleaching and stimulated emission (a0 ← a1).
Band shape analysis derived by linear spectra is utilized to fit the non-linear data. In ad-
dition by recording intensity of the transient features as a function of the delay between
pump and probe it is possible to measure the dynamics of the CO vibrations. Signal decay
plots are reported by measuring pump/probe in both parallel (‖) and perpendicular (⊥)
relative polarizations. Vibrational relaxation is obtained by the following formula:

Δ�"�( (C) =
Δ� ‖ (C) + 2Δ�⊥ (C)

3
(1)

where the subscript MAS indicates the Magic Angle Signal, i.e., the signal free from any
orientational dynamics, whatever the cause.

Ab-initio calculations are performed with the Gaussian03-C01 program-package at the
DFT B3LYP /6-311 ++ G (d, p) level of theory. The effects of the solvent (�2$ and �"($)
are taken into account using the polarizable continuum model (PCM) implemented in
Gaussian03. [25] Once the vibrational frequencies have been calculated, the IR spectra are
reconstructed imposing a Lorentzian line-shape for each transition with area proportional
to the calculated intensity.

3. Results and Discussion
3.1. FT-IR Spectra

In Figure 1 the experimental FTIR spectra of Penicillin G in �2$ and �"($ −36 are
reported. The scheme of the molecular structure is also given with numbering of the CO
bonds. Spectra are characterized by the presence of three intense bands. Additionally a
fourth weaker band below 1550 cm−1 is observed in �"($ −36. Upon deuteration of the
N-H bond occurring in �2$ the coupling between CN stretching and CND bending is lost:
the amide II (A2) band around 1500 cm−1 downshifts.
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Figure 1. Penicillin G molecule (A) and its IR spectra (B) in �2$ (blue line) and in �"($ −36 (black
line). Assignments are given: (1) V − ;02C0< �$ stretching; (2) �<834� ; (3) asymmetric stretching of
carboxylate group. A large red shift of �<834�� (A2), out of the frequency window, is observed upon
proton exchange in �2$ .

Assignment of Penicillin IR bands is obtained by comparing the experimental FTIR
spectrum with previous spectra [26] and with the spectrum obtained from ab-initio calcula-
tions. The comparisons between experimental and calculated spectra in �2$ and �"($

are reported, respectively in Figures 2 and 3. Calculated frequencies are corrected by a
factor 0.98 providing the exact matching between the experimental and calculated value
of V − ;02C0< vibrational mode. Experimental and calculated frequencies are reported
in Table 1.

Table 1. Experimental and calculated FT-IR frequencies (cm−1) of the three investigated vibrational
modes and their assignment.

J2U JSYU − d6 Sode

. Kxp . Ialc . Kxp . Ialc

1762 1762 1767 1767 V − ;02C0< carbonyl stretching
1640 1655 1674 1674 amide I
1601 1580 1615 1588 carboxylate asymmetric stretching
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We observe that bands are narrower and more symmetric in �"($ −36 in comparison
to those observed in �2$ . In this latter case H-bonding (D-bonding) produces inhomoge-
neous broadening due to different distributions of �2$ molecules around the oxygen atoms.
The downshift effect of Amide I and carboxylate moiety in �2$ is much larger than that
of V − ;02C0< CO as a consequence of the differences in hydration of the carbonyl groups.
The low frequency parts of the three bands are ascribed to multiple hydrogen bond while
the high frequency part is due to molecules which are only bonded to one �2$ molecule.

Figure 2. Experimental (black) and calculated (red) IR spectra of Penicillin G in �2$ .

Figure 3. Experimental (black) and calculated (red) IR spectra of Penicillin G in �"($ .

Concerning the �2$ spectra, the band experimentally observed at 1761 cm−1 is associ-
ated with the stretching of the CO bond of the V − ;02C0<: it is the most localized mode, due
to the constraint given by the ring, and therefore the highest in energy. The peaks at 1640
and 1601 cm−1 are associated with Amide I and asymmetric stretching of the carboxylate,
respectively. Calculations provide the following results:1655 and 1680 cm−1 associated
with Amide I and asymmetric stretching of the carboxylate, respectively. Calculations for
DMSO spectra are in better agreement with the experiment. The band at 1767 cm−1 is
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associated with the stretching of the CO bond of the V − ;02C0<, while that at 1674 cm−1

to Amide I mode and at 1588 cm−1 the asymmetric stretching of the �$$− group. It is
worth to mention that DFT calculation takes into account only the electrostatic interactions
between solute and solvent and not the hydrogen bonds that each carbonyl forms with one
or two molecules of water. Furthermore, even the electrostatic contribution is underesti-
mated since the cavity in which the solute is housed is very large in order to have good
convergence margins in geometry optimization. The frequencies of the normal modes are
calculated in harmonic approximation and do not take into account the intramolecular
couplings. However, given the approximation of the computational method, the agreement
between experimental and calculated IR spectra is very good.

3.2. Broadband Pump/Probe Experiments

The linear data requires a clear and adequate view on the nature of the vibrational
states under study: degree of delocalization of the excitation, orientation of the transition
dipole moments, anharmonicity. In this respect, non-linear MIR spectroscopy represents
a powerful tool for probing such properties. On one hand, it allows us to disentangle
the homogeneous and inhomogeneous contributions to the band profile; on the other
hand, it provides the femtosecond time resolution to access the dynamical properties of
the system [5,6]. In Figure 4 the transient broad-pump/broad-probe spectra are reported.
The central FTIR frequency of each transition corresponds to the absorption a1 ← a0
and should correspond to the minima central frequencies in the Δ$� transient spectra.
However the presence of the excited state absorption bands, shifted by anharmonicity to
lower frequency values, move to higher values the minima central position in respect of
that of the FTIR bands. Therefore it is important to use linear spectral data to fit non-liner
spectra. The distance between the maximum and the minimum of each spectral feature
can be roughly taken as an estimate of the vibration anharmonicity Δ. The correct value
is obtained starting from linear spectra: the minimum of the negative peak is derived
from the linear spectra, while the maximum of positive peak is calculated as a fitting
parameter. By comparing linear and transient spectra differences in relative intensities
between the three CO modes are observed. These effects are easily explained as due
to two factors: anharmonicity and inhomogeneous broadening acting differently on the
three modes and being also different in the two solvents. A general observation is that
lesser the anharmonicity bigger the compensation effect between the positive and negative
signal which reduces the intensity of both the positive and negative features. However,
also inhomogeneous broadening produces a similar effect. In fact broader is the line
width, in comparison to anharmonicity, larger is the compensating effect between the
negative and the positive bands. From this qualitative considerations it is possible to
conclude that the vibrational mode involving the V − ;02C0< CO is less anharmonic than the
other two vibrational modes and its anharmonicity increases from �"($ to �2$ solution.
Anharmonicity is always larger in �2$ than in �"($ . This effect has been observed in
other systems and ascribed to hydrogen bond [9,27,28]. The fitting of the broadband
spectrum in �2$ (Figure 4 on the left) of the V − ;02C0< and of the Amide I provide an
anharmonicity of 27 cm−1. In �"($ −36 the V − ;02C0< has an anharmonicity of 14 cm−1,
while the amide I and the carboxylate around 20 cm−1.
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Figure 4. Transient broadband parallel spectra in �2$ (on the left) and in �"($ − 36 (on the right). The black dot lines
represent simulations of the transient spectra obtained by summing the linear IR spectrum with its reversed one, shifted by
the averaged value of anharmonicity (27 cm−1 for �2$ and 20 cm−1 for �"($ −36).

3.3. Vibrational Relaxation

Broad-pump broad-probe spectra are recorded up to 10 ps in parallel and perpen-
dicular polarization. The signal at the magic angle, calculated following Equation (1),
gives access to the vibrational lifetime: the excited state absorption (ESA) decay time and
the ground state recovery (GSR) (from the bleaching/stimulated emission signals) time
constants. In �2$ only V − ;02C0< CO kinetics are reported (Figure 5). The Amide I and the
carboxylate CO are largely overlapped among them and superimposed to a weaker �2$

signal around 1600 cm−1, which make unfeasible the estimation of the lifetime due to a
strong thermal signal.

Both the ESA and the GSR decay signals of the V − ;02C0< fits are bi-exponential.
It is difficult to provide a physical meaning to the bi-exponential nature of the decay.
We observe that on the FTIR spectrum the band shape is Gaussian with a bandwidth of
37 cm−1 (FWHM) resulting from a inhomogeneous broadening mechanism correspond-
ing to a distribution of central frequencies originating from the inhomogeneity of the
surroundings.

The bi-exponential decay can be taken as the simplest curve fitting of a more complex
decay due to a large distribution of CO families. Similar time constant values for ESA
and GSR lifetimes are obtained (see Table 2) and are the marker that vibrational relaxation
processes due to other intermediate states are too fast or ineffective in �2$ . A much proper
way to extract a meaningful value of the time constant is to report its average, calculated as:〈

g
〉
=
�1g1 +�2g2

�1 +�2
(2)

where �1 and �2 are the relative weights of the two exponentials. The averaged lifetime
of the V − ;02C0< signal in water is 0.9 ± 0.1 ps (see Table 2). This is a typical value of CO
lifetimes in water [12,14–18] and must ascribed to the fast modulation of hydrogen bond
formation and break, allowing a fast efficient relaxation pathway.

In �"($ −36 all CO resonances are well separated in frequency and their linewidth
is narrower, so that it is possible to extract vibrational lifetime g for each transition at magic
angle. As in water, a bi-exponential function has been utilized to fit data (see Table 2).
DMSO is more than twice viscous than water at room temperature: slower dynamics than
in water are expected. This means that modulation of solvent cage is slower. An averaged
vibrational lifetime of 1.5 ps for all three bands is obtained. The slow and the fast component
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have the same weight, as shown by the pre-exponential factors. All dynamics present
a contribution at long time scales, evaluated to be around the 5% of the intensity of the
signal. In the fitting process the values before 200 fs are not considered because affected by
cross-phase modulation [29]. An averaged vibrational lifetime of 1.5 ps for all three bands
is calculated. The slow-down of ground state recovery (GSR) could be ascribed to the
presence of and intermediate state between the vibrational excited and the ground state.

Figure 5. Bi-exponential decay of excited state absorption and ground state recovery of V − ;02C0<
CO in �2$ . Fitting is done starting from 200 fs. In the first 200 fs cross phase modulation phenomena
due to temporal overlap between pump and probe occur.

Table 2. Excited state absorption (ESA) and ground state recovery (GSR) lifetimes in �2$ and
�"($ − 36. A thermal contribution of 0.05/0.1 m optical density (OD) is measured in �"($ − 36.
Time values of the exponentials are in 5 B.

J2U JSYU − d6

# − lactam # − lactam Amide I Carboxylate

ESA
1.1 exp(-t/550) 0.2 exp(-t/324) 0.3 exp(-t/490) 0.9 exp(-t/136)

0.4 exp(-t/1750) 0.3 exp(-t/2040) 0.3 exp(-t/2125) 1.2 exp(-t/2195)〈
g
〉

= 0.9 ± 0.1 ps
〈
g
〉

= 1.4 ± 0.1 ps
〈
g
〉

= 1.3 ± 0.1 ps
〈
g
〉

= 1.3 ± 0.1 ps

GSR
1.5 exp(-t/550) 0.4 exp(-t/512) 0.5 exp(-t/580) 0.5 exp(-t/154)

0.5 exp(-t/1850) 0.4 exp(-t/2940) 0.5 exp(-t/2100) 1.3 exp(-t/2200)〈
g
〉

= 0.9 ± 0.1 ps
〈
g
〉

= 1.7 ± 0.1 ps
〈
g
〉

= 1.3 ± 0.1 ps
〈
g
〉

= 1.6 ± 0.1 ps

3.4. Evaluation of the Coupling Constants

CO oscillators have almost the same vibrational frequency within ±6%. Therefore it
must be expected that these oscillators are coupled. The amount of coupling is modulated
by the distance and the relative orientation according to the transition dipole coupling
(TDC) model [5]. In narrow pump/broad probe spectra it is possible to evaluate the
coupling constant by measuring the relative intensity of the peaks appearing in the non-
linear spectra when only one of the oscillators is excited. If a coupling occurs an excitation
transfer takes place and a signal appears at the proper frequency (cross peak). All coupling
constants are evaluated with parallel polarization and at 200 fs pump-probe delay time.
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It must be stressed that pump pulses are narrow (15 cm−1) and this correspond to a pulse
duration of almost 1 ps. In order to analyse the data, the coupled anharmonic normal mode
picture [5,7] is applied. Briefly, in this model modes are highly localized and weak coupling
constants are expected around 10–20 cm−1. The localization limit is respected when the
frequency separation between IR modes named

〈
: | and

〈
; | is higher than their coupling

constant V:; and than their diagonal anharmonicity ΔY:: and ΔY;; . These latter values
are extracted from the spectra of Figures 6 and 7. Equation (3) connects the off-diagonal
anharmonicity ΔY:; to the intensities of the two diagonal peaks and of the off diagonal one.

ΔY:; = Δl;
�:;√
�:: �;;

(3)

Δl; is the bandwidth of the probed transition [7].
V:; can be derived by Equation (4). The intrinsic anharmonicity of the coupled states

Δ is taken as the average value of the two modes anharmonicity: Δ = (Δ11 + Δ22)/2

ΔY:; = −4Δ
V2
:;

(Y: − Y; )2
(4)

Figure 6. Narrowband experiment in �2$ : the dot line show the scaled intensities to the most
intense signal recorded when the V − ;02C0< at 1762 cm−1 is excited. In order to highlight cross peaks
(black arrows) the spectrum has been 20 times enlarged. The presence of the cross peak due to the
coupling between the V − ;02C0< and the carboxylate is clearly visible while the cross peak with the
amide I mode is hidden in the noise.

The coupling between two transitions is symmetric. It means that coupling constants
are expected to be V:; = V;: . Since the overlap of Amide I and carboxylate transitions in �2$

makes unfeasible a selective excitation, only the couplings observed by exciting V − ;02C0<
have been characterized. The cross peak with Amide I is hardly noticeable from noise while
that due to the coupling with the carboxylate is clearly observed (see Figure 6). The value
of the coupling applying Equations (3) and (4) are reported in Table 3. In �"($ −36 signals
are twice more intense (see Figure 7) and the separation between bands allows us to acquire
both V:; and V;: values of couplings to provide a more accurate averaged value.
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Table 3. Experimental values for coupling constant V (in cm−1) evaluated in the weak coupled
anharmonic mode model (see text).

J2U JSYU − d6

V − ;02C0</Amide I 6.7
V − ;02C0</carboxylate 9.2 19
Amide I/carboxylate 8.3

Figure 7. Cross peaks in the CO stretching region of Penicillin G in DMSO-d6. Excitation frequencies
are centred at 1767 cm−1, 1678 cm−1 and 1622 cm−1. Black arrows indicate the position of cross peaks
(four times enlarged).

In both solvents the strongest coupling is found to be between the V − ;02C0< and
the carboxylate CO stretching mode. Such result is an indication that the most abundant
conformation is that where a more close proximity of V-lactam CO to one of the two
oxygens of the carboxylate is favoured. Preliminary results from ab-initio calculations
show that the molecular structure reported in Figure 1 is one of the stable configurations in
respect to carboxylate rotation. The two CO bonds are almost coplanar and parallel thus
maximising their mutual interaction. In order to derive distances we must carry on more
accurate calculations in order to determine the transition dipole moment strength.
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4. Conclusions

The CO stretching of carboxylate, V − ;02C0< and Amide I vibrational modes in peni-
cillin G sodium salt are characterized in terms of inhomogeneous broadening and anhar-
monicity by linear and non-linear MIR spectroscopic techniques. Hydrogen bonds in �2$

affect differently the linewidth and anharmonicity of the three modes. The V − ;02C0< mode
is the least broadened (34 cm−1) with an anharmonic constant of 27 cm−1 in �2$ . Such
value reduces to 14 cm−1 in �"($ −36 showing that hydrogen bond plays a fundamental
role in modulating the anharmonicity of the mode. In both solvents V − ;02C0< CO vibration
has a smaller anharmonicity than that of the other modes involving CO stretching. Narrow
band pump experiments at the three central frequencies of the V-lactam, Amide I and
carboxylate CO stretching modes allow us to measure the coupling constants between the
three CO oscillators. Results show that the strongest coupling is between the V-lactam and
the carboxylate CO vibrational modes probably as a consequence of a higher probability to
have the two oscillators in a pseudo-parallel configuration. The present results reinforce
the ideas that non-linear MIR techniques are the right tools to gather structural dynamic
information at the picosecond time scale. As stated in the introduction of Hamm and Zanni
book [5], a 2DIR spectrometer is still far to be a routine instrument and performing such
experiments requires “a very broad skill set”. However, we believe that working on specific
model systems such penicillin G will allow us to identify the subtleties hidden in these
experiments and will help to transform these spectroscopic techniques into routine tools
for molecular dynamics investigation.
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