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6 Vibrational relaxation
pathways of AI and AII
modes in
N-methylacetamide
clusters

We studied the pathways of vibrational energy relaxation of the
amide I (∼1660 cm−1) and amide II (∼1560 cm−1) vibrational modes
of N-methylacetamide (NMA) in CCl4 solution using two-color fem-
tosecond vibrational spectroscopy. We measured the transient spec-
tral dynamics upon excitation of each of these amide modes. The re-
sults show that there is no energy transfer between the amide I (AI)
and amide II (AII) modes. Instead we find that the vibrational en-
ergy is transferred on a picosecond time scale to a combination tone
of lower-frequency modes. Using polarization-resolved femtosecond
pump-probe measurements we also study the reorientation dynamics
of the NMA molecules and the relative angle between the transition
dipole moments of the AI and AII vibrations. The spectral dynamics
at later times after the excitation (>40 ps) reveal the presence of a
dissociation process of the NMA aggregates, trimers and higher order
structures, into dimers and monomers. By measuring the dissociation
kinetics at different temperatures, we determined the activation en-
ergy Ea of this dissociation to be 35 ± 3 kJmol−1.

6.1 Introduction

The function of proteins is intimately related to their spatial structure and
conformational dynamics. Any deviations of the functional structure, e.g. as
a result of errors occurring during the folding process, can lead to disastrous
consequences. For instance it has been shown that errors in the structure of
particular proteins can cause diseases like Alzheimer and Parkinson [140]. The
structure and conformational dynamics of proteins and polypeptides are closely
connected to the dynamics of their intra- and intermolecular hydrogen bonds.
The hydrogen bonds act to stabilize the conformation and also play an essential
role in the energy dynamics of the protein [125].
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68 Vibrational relaxation pathways in NMA clusters 6.2

To obtain molecular-scale insight into the hydrogen-bond dynamics of com-
plex systems like proteins, it is often advantageous to study simpler molecular
systems that form good model systems for these dynamics. An essential ele-
ment of the structure of proteins is their backbone that consists of linked amide
(-CO-NH-) groups. N-methylacetamide (NMA) is the simplest molecule con-
taining the amide motif and a study of the hydrogen-bond interactions of NMA
can thus give insight in the hydrogen-bond interactions of protein backbones.

The properties of NMA and NMA aggregates have been extensively stud-
ied with different experimental and theoretical methods like infrared spec-
troscopy [29, 36, 63, 67, 95, 119, 137], dielectric spectroscopy [120, 131] and
molecular simulations [1, 18, 75, 100, 106, 158, 176]. These studies addressed
different properties of NMA like its thermodynamical properties [63, 75, 95, 158]
and its vibrational energy dynamics and couplings [18, 36, 137, 176]. In spite
of its apparent chemical simplicity, NMA is quite complex in terms of its vi-
brational spectrum that contains no less than seven different amide vibrational
bands [29, 63, 114, 176]. The fundamentals (residing between ∼400 cm−1 and
∼1720 cm−1) and combination tones of these amide vibrations form a dense
manifold of states. In case the NMA molecules are hydrogen bonded, the vi-
brational spectrum becomes even more complex, as each intramolecular state
becomes dressed with excitations and de-excitations of the coupled intermolec-
ular hydrogen-bond modes.

The reported vibrational studies addressed the properties of NMA-water
systems. So far no results have been reported on the vibrational properties of
NMA· · ·NMA aggregate structures, although NMA aggregates constitute a nice
model system for proteins that fold as a result of hydrogen-bond formation be-
tween the different amide groups of the protein backbone. Here we report on
a polarization-resolved two-color femtosecond spectroscopic study of the vibra-
tional dynamics of hydrogen-bonded NMA aggregates. We study the probability
of energy transfer between the different amide modes of the NMA molecules and
the vibrational energy relaxation pathways. We also study the kinetics of the
formation and breaking of hydrogen bonds of NMA aggregates.

6.2 Experiment

The polarization-resolved two-dimensional experiment employs femtosecond
mid-infrared pulses that are generated with the femtosecond laser system and
frequency conversion processes described in detail in sections 3.1 and 3.2, re-
spectively. In the experiments we used 60 µJ pulses with a central wavelength of
∼6000 nm (∼1650 cm−1), a pulse duration of ∼55 fs and a spectral bandwidth
of ∼400 cm−1.

In the experiment the AI or AII mode is excited with a relatively narrow
band pump pulse and the transient changes in absorption resulting from this
excitation are monitored with a second broadband IR pulse. The narrow-band
pump pulses are obtained by spectrally filtering the generated broadband in-
frared pump spectrum (see figure 6.1) with a home-built Fabry-Pérot filter (see
section 3.3). The spectral bandwidth of the pump pulses used in the experiments
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6.3 Vibrational relaxation pathways in NMA clusters 69

Figure 6.1. Experimental spectra of the probe pulse (dotted) and two pump spectra
when pumping either the amide I or amide II vibration of NMA in CCl4 solution (solid
lines). The dashed line represents the absorption spectrum of a solution of 5 M.

is ∼40 - 50 cm−1 and the pulse energy is ∼6 µJ.

The pump pulse excites the NMA molecules from the equilibrium ground
state v = 0 to the first excited state, v = 1 of the AI or AII mode. This excitation
is observed as a bleach and stimulated emission at frequencies matching the
v = 0 → 1 transition, and an induced absorption at frequencies matching the
v = 1 → 2 transition. A detailed description of the pump-probe setup used in
the experiment is provided in section 3.3.

The samples are formed by solutions of NMA in CCl4. We study these solu-
tions at 7 different concentrations: 10 mM (molecular ratio NMA-CCl4 1:1000),
30 mM (1:330), 50 mM (1:200), 0.1 M (1:100), 0.2 M (1:50), 0.5 M (1:20) and
5 M. In the study of the vibrational dynamics of the NMA aggregates we used
a highly concentrated sample of 5 M of NMA in CCl4 (see figure 6.2). The sam-
ples were placed between two 2 mm thick CaF2 windows separated by teflon
spacers with thicknesses ranging from 5 µm to 1.2 mm.

For the experiments at elevated temperatures we have used a home-built
sample cell in which the heat source is formed by resistors surrounding the
sample. The two resistive elements are attached to the bottom plate of the
sample holder along the two CaF2 windows. We have sent current through these
elements, thereby heating the elements and the sample. The temperature of the
sample was monitored with a temperature probe attached directly to the surface
of one of the CaF2 windows. During the experiments the experimental setup
was constantly flushed with N2 gas to prevent any influence of the absorption
lines of ambient water vapor on the measured spectra and dynamics.
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70 Vibrational relaxation pathways in NMA clusters 6.3

Figure 6.2. Linear spectra of a 10 mM and a 5 M solution of NMA in CCl4. The
grey circles represent the data points and the thick solid (10 mM) and dashed (5 M)
lines are the result of a global fit. The thin lines represent the four subbands used to
describe the linear spectra at all concentrations.

6.3 Results and discussion

6.3.1 Linear spectra

NMA is dominantly present in a trans conformation [1, 78, 106, 131] meaning
that the C=O and N-H groups reside on the opposite sides of the C-N bond of
the NMA molecule. As a result, NMA aggregates can form chain-like structures
in which the C=O group of each NMA molecule is hydrogen-bonded to the N-
H group of the next NMA molecule in the chain. A solution of NMA in CCl4
thus consists of chain-wise arranged oligomers of different sizes. Information on
the size distribution of these NMA oligomers can be obtained from the linear
vibrational absorption spectra of solutions of NMA of different concentrations
in CCl4. Figure 6.2 shows two linear spectra of the two studied extreme con-
centrations of 10 mM (solid black line) and 5 M (dashed black line) of NMA in
CCl4.

The spectra are clearly asymmetric suggesting that they contain at least
two subbands. The highest concentration spectrum consists of three gaussian
subbands that closely coincide with the three subbands that have been observed
before for pure NMA [67]. At the lowest concentration the spectrum consists
primarily of a single asymmetric band centered at 1690 cm−1 with a tail towards
lower frequencies. We fitted this spectrum with a function which is a product
of two profiles: a gaussian and a lorentzian (centered at different frequencies)
with an 80% contribution of the lorentzian function [33]. This function allows
for a description of the asymmetry of the observed line shape. We used this
latter band in combination with the three gaussian subbands observed at the
highest concentration in a global fit of all seven spectra. In this fit the po-
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6.3 Vibrational relaxation pathways in NMA clusters 71

Table I. Summary of the spectral positions of oligomers.

Species Position [cm−1] FWHM ∆ν [cm−1]
Monomers 1690 ∼26
Dimers 1670 ∼24
Trimers 1655 ∼19
Tetramers 1640 ∼26

sition and spectral widths of the subbands are kept constant throughout the
concentrations and only the amplitudes have been varied. A separate fit at
each concentration showed that the frequency shifts of the four subbands for
all concentrations are small (<3 cm−1) with respect to the separation between
the subbands (∼15 cm−1) and thus can be neglected. Similarly, the widths of
the fitted subbands at each concentration are very similar and differ only by
∼4 cm−1 with respect to the average width of ∼24 cm−1. Therefore, the spec-
tra at all concentrations can be desribed with the same 4 subbands. The fitted
central frequencies of the subbands and their spectral widths are summarized
in table I. The fitted bands used to reconstruct the linear spectra are shown in
figure 6.2 (thin lines).

In agreement with previous experimental and theoretical studies we assign
the four subbands to monomers, dimers, trimers and tetramers [63, 67, 158]. The
absolute positions of the bands differ somewhat between the different studies
because different solvents and molecular dynamics algorithms have been used.
The fitted central frequencies of the bands correspond well to those found in
QCE (Quantum Cluster Equilibrium) simulations [100] and a 2D spectroscopy
study on pure NMA [119].

The precise assignment of the 1640 cm−1 and 1655 cm−1 subbands is a topic
of debate. Krimm at al., based on the polarization resolved Raman spectroscopy,
showed that for neat NMA the presence of the two subbands may be the result of
a frequency splitting (so called noncoincidence effect - NCE) within one subband
due to transition dipole coupling between the NMA molecules involved in an
oligomer [29]. For the present study it is important that both bands represent
trimers and larger oligomers.

The fit yields the amplitudes of the sub-bands at each concentration. Assum-
ing that the cross-section per NMA molecule is the same for each sub-band, we
can thus estimate the relative amount of each species at all concentrations. As
shown in figure 6.3, the monomers are most abundant at the lowest concentra-
tion (1:1000), accounting for almost 90% of all NMA present. This distribution
however changes quickly with increasing concentration and at a concentration
of 50 mM all species are almost equally present. At the highest concentration
of 5 M (1:1), the monomers are no longer observable. The resemblance between
our spectrum at the highest concentration and the spectrum reported by Huang
for pure NMA [67], shows that for a 1:1 solution of NMA in CCl4 the oligomer
distribution is similar to that of pure NMA. However, here it should be noted
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72 Vibrational relaxation pathways in NMA clusters 6.3

Figure 6.3. Contribution of different NMA aggregate sizes to the absorption spectra
measured at different concentrations of NMA in CCl4. Closed circles - 1640 cm−1

(tetramers); open circles - 1655 cm−1 (trimers); closed squares - 1670 cm−1 (dimers);
open squares - 1690 cm−1 (monomers).

that the most red shifted band not only contains the NMA tetramers but all
oligomers consisting of four and more NMA molecules.

The distribution of NMA oligomers is very sensitive to the temperature.
Figure 6.4 shows a linear spectrum of 50 mM NMA solution at three differ-
ent temperatures. Upon increasing the temperature, the hydrogen bonds be-
tween the NMA molecules become weaker and break, causing almost all of the
oligomers to dissociate into monomers at about 56◦ C. This sensitivity of the
NMA oligomer size on temperature should be accounted for in the interpretation
of the pump-probe data, as we will discuss in the following.

6.3.2 Vibrational energy relaxation

Exciting the amide I mode
Figure 6.5 shows the transient spectral response in the frequency region of the
AI and AII modes at different delays after excitation of the AI mode. The most
prominent changes are observed at the mode that is being pumped, i.e. the
AI mode. At early delays the AI spectrum shows the characteristic transient
spectral shape of an excited anharmonic vibration with a negative signal at
frequencies around 1660 cm−1 originating from the bleaching of the v = 0→ 1
transition, and a positive signal around 1625 cm−1 due to the induced v = 1→ 2
transition absorption from the v = 1 excited state. With increasing delay time
these signals decay and the shape of the transient spectrum invert. After a few
tens of picoseconds we observe a positive signal on the blue side of the AI absorp-
tion band and a negative signal on the red side of this band. This shape of the
transient spectrum implies a blue shift of the absorption band of the AI mode
and forms a characteristic signature of an increase in sample temperature. The
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6.3 Vibrational relaxation pathways in NMA clusters 73

Figure 6.4. Linear absorption spectra of a solution of 50 mM NMA in CCl4 (1:200)
at three different temperatures.

blue shift of the absorption band reflects the weakening of the hydrogen bonds,
caused by the eventual relaxation and dissipation of the vibrational excitation
of the AI mode into heat. At late delays (>40 ps) we observe an additional small
change of the transient spectrum: both the negative signal around 1650 cm−1

and the positive signal between 1670 - 1680 cm−1 increase somewhat further. In
the frequency region between 1640 and 1650 cm−1 the transient spectra show
a quite irregular structure. This structure is closely connected to the asym-
metric shape of the linear absorption spectrum of the AI mode. This spectrum
shows a significant shoulder at 1640 cm−1 corresponding to the absorption of
the tetrameric (and higher order) aggregates (see figure 6.2, left spectrum). At
early delays, the bleaching of the fundamental transition of the tetramers over-
laps with the induced 1→2 absorption of the smaller oligomers and monomers,
leading to an irregular structure. At later delay times, the heating of the sample
results in a decrease of the concentration of tetramers and an increase of the
concentrations of smaller oligomers and monomers. Again the signals of these
two contributions overlap and produce an irregular structure of the transient
spectrum.

The frequency region near the AII mode shows a very different response
after excitation of the AI mode. At early delays, we observe a negative signal
at the blue side of the spectrum and a positive signal at the red side. Since the
pump spectrum has been tuned to excite only the AI mode, this signal cannot
be due to direct excitation of the AII mode. With increasing delay we observe
a slight increase of both the negative and positive signals. The signal at late
delay times again corresponds to the effect of an increase in temperature, now
on the absorption spectrum of the AII mode. For this mode, a temperature
increase results in a red-shift of the absorption spectrum, which in the transient
spectrum corresponds to a negative absorption change in the blue wing and a
positive absorption change in the red wing of the absorption spectrum.
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74 Vibrational relaxation pathways in NMA clusters 6.3

Figure 6.5. Transient spectra at different delay times following excitation of the
amide I mode of NMA for a solution of 5 M NMA in CCl4.

In figure 6.6 we present delay traces (dots representing the data points)
taken at four frequencies marked on figure 6.5 with vertical grey bars. These
frequencies correspond to the centers of the negative and positive parts of the
signal for the AI and AII modes. For clarity the two traces of the AII mode
were scaled and an offset was added. It is clear from the data that the dynamics
of the two modes are different. The traces corresponding to the AII mode show
slow dynamics (∼10 ps), whereas the data for AI show fast dynamics at early
delays (∼1 ps) and much slower dynamics at later delays (∼10 ps).

Exciting the amide II mode
In figure 6.7 we show the transient spectral response of both the AI and AII
modes after excitation of the AII mode. At frequencies corresponding to the
excited AII mode, we observe a bleaching signal of the fundamental 0→1 tran-
sition and an induced absorption of the 1→2 transition at early delays. This
signal appears to shift towards higher frequencies with increasing delay time.
After about 10 ps, the AII spectrum does not change anymore, meaning that
the AII mode has reached an equilibrated thermal state. At the AI mode fre-
quencies, we observe a small signal at early delays (<1 ps) with a shape similar
to the spectral shape observed at 2.5 ps in case the AI mode was excited (see
figure 6.5). The latter signal is followed by the ingrowth of the thermalization
signal. Similarly to the case when we pumped the AI mode, we again observe
minor spectral changes at later delays in the center and blue side of the AI
mode spectrum. No spectral changes at late delays are visible for AII mode.

Figure 6.8 presents delay traces at four frequencies marked with thin, grey
vertical bars in figure 6.7. The two traces corresponding to the AI mode show
a steady ingrowth in time and are very much alike. The traces corresponding
to the AII mode show much faster dynamics at early delays. At later delays
(>4 ps) the dynamics become much slower.

Interpretation
After excitation of the v = 1 state of the AI mode, the bleaching of the 0→1
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Figure 6.6. Time traces at four different frequencies corresponding to four grey ver-
tical bars shown in figure 6.5. The time traces at 1547 and 1580 cm−1 have been
multiplied by 6 and offset was added for clarity.

transition and the induced absorption of the 1→2 transition of the AI mode
rapidly decay with a time constant of ∼1 ps (figure 6.6). This rapid decay is
followed by a much slower rise of a spectral signature that corresponds to a ther-
mal difference spectrum. Hence, the vibrational relaxation of the v = 1 state
of the AI mode does not directly lead to a heating effect. This heating effect
is delayed, indicating that the excitation energy resides in a non-thermal in-
termediate state before thermalization occurs. The thermal difference spectrum
shows a slow further evolution at time scales >40 ps.

After excitation of the AI mode, the AII mode directly shows a response
that has the signature of an anharmonic shift. Due to the excitation of the AI
mode, the frequency of the (unexcited) AII mode decreases, leading directly to
an increased absorption in the red wing and a bleaching in the blue wing of
the AII mode. There is no response of the AII mode rising with the vibrational
lifetime of the AI mode, indicating that the vibrational relaxation of the AI
mode does not involve energy transfer to the AII mode. At later times, the
transient spectrum of the AII mode shows a small increase with the same time
constant that is observed for the rise of the thermal difference spectrum in the
frequency region of the AI mode.

Based on these observations we model the data using a four state consecutive
model. Each state has an associated spectrum and the time evolution of these
spectra is described with rates k1, k2 and k3. The occupation of each of the
states in time is described by a set of rate equations:

d

dt




N1(t)
N2(t)
N3(t)
N4(t)


 =




−k1 0 0 0
k1 −k2 0 0
0 k2 −k3 0
0 0 k3 0







N1(t)
N2(t)
N3(t)
N4(t)


 . (6.1)



i

i

“thesis” — 2011/12/20 — 10:26 — page 76 — #76 i

i

i

i

i

i

76 Vibrational relaxation pathways in NMA clusters 6.3

Figure 6.7. Transient spectra at different delay times following excitation of the
amide II mode of NMA for a solution of 5 M NMA in CCl4.

These rate equations are solved using a method described elsewhere [156]. The
transient spectra at all delay times are the sum of the time-dependent popula-
tions times the associated spectra:

∆α(t, ν) =
∑
n

Nn(t)σn(ν) . (6.2)

The fitted lifetimes for the consecutive states are shown in table II.
The results of the fits are represented as lines in figures 6.5 and 6.6. From

the fits we extracted the spectra associated with the different states, as shown
in figure 6.9.

The black line in figure 6.9 is the transient spectrum associated with the
first level, i.e. the excited v = 1 state of AI. This spectrum shows a bleaching
of the 0→1 transition and an induced absorption of the 1→2 transition. In the
frequency region of the AII mode this spectrum shows an increased absorption
in the red wing and a bleaching in the blue wing. These spectral changes show
that the excitation of the AI mode leads to a direct anharmonic red shift of the
frequency of the AII mode. The red side of the induced 1→2 transition of the
AI mode overlaps with the blue wing of the AII mode. As a result, the dynamics
at frequencies around 1580 cm−1 (figure 6.6) are quite complicated.

The v = 1 state of the AI mode relaxes with T1 = 0.85 ± 0.1 ps to a
non-thermal intermediate state which has the spectrum represented by the red

Table II. Summary of the dynamic parameters of 5 M NMA in CCl4

Excited Probed T1 [ps] T2 [ps] T3 [ps] τr [ps]
AI AI/AII 0.85±0.1 10±1 ∼85 ∼6
AII AI/AII 0.6±0.1 9±1 ∼40 ∼7



i

i

“thesis” — 2011/12/20 — 10:26 — page 77 — #77 i

i

i

i

i

i

6.3 Vibrational relaxation pathways in NMA clusters 77

Figure 6.8. Time traces at four different frequencies corresponding to four vertical
grey bars shown in figure 6.7.

line. This spectrum shows very little response in the frequency region of the
AI mode, meaning that the absorption spectrum of the AI mode starting from
the non-thermal intermediate state is very similar to the absorption spectrum
of the AI mode before the excitation. In the frequency region of the AII mode,
the transient spectrum of the non-thermal intermediate state is quite similar to
that associated with the excited v = 1 state of AI.

The non-thermal intermediate state relaxes with T2 = 10 ± 1 ps to the
third level that corresponds to a local hot state. In the frequency region of the
AI mode, an increase in temperature leads to a blue shift of the absorption
spectrum, corresponding to an absorption decrease in the red wing of the AI
absorption spectrum and an increase in the blue wing of this spectrum. For the
AII mode an increase in temperature results in a red shift, and the associated
transient spectrum thus shows an increased absorption in the red wing and a
decreased absorption in the blue wing of the AII absorption band. The transition
from the non-thermal intermediate state to the local hot state leads to a small
increase of the induced absorption in the red wing of the AII mode. This increase
shows that the heating effect induces a somewhat larger redshift of the AII
mode than the anharmonic coupling with the AI mode and the non-thermal
intermediate state. The local hot level relaxes with T3 = 85 ± 10 ps to the final
fully equilibrated state of which the transient spectrum is represented by the
green line. This complete equilibration only leads to observable spectral changes
in the frequency region of the AI mode.

The data are very well modeled with a frequency independent T1 of the
AI mode. This shows that there is no significant variation of the excited state
lifetime over the different subbands that correspond to different oligomers.

Excitation of the v = 1 state of the AII mode leads to a similar relaxation
scheme as is observed after excitation of the AI mode. The extracted lifetimes are
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Figure 6.9. Extracted transient spectra corresponding to the four different states
reached in the excitation and vibrational relaxation of the amide I vibration of NMA.
For comparison the transient spectrum directly following excitation of the amide II
mode is shown (dashed black line).

shown in table II. The result of the fit is shown with the solid lines in figures 6.7
and 6.8. The transient spectra that describe the spectral dynamics are illustrated
in figure 6.10. The black line represents the transient spectrum associated with
the excitation of the v = 1 mode of AII. This spectrum shows a bleaching
of the 0→1 transition and an induced absorption of the 1→2 transition. It
is noteworthy that the frequency difference between these two transitions is
substantially larger (by ∼10 cm−1) than the difference between the positive
and negative signals originating from the anharmonic shift of the AII absorption
frequency induced by the excitation of the AI mode (see inset in figure 6.9). This
notion confirms that the transient spectral shapes observed in figure 6.9 in the
frequency region of the AII mode are not due to ultrafast energy transfer from
the excited v = 1 state of the AI mode to the v = 1 state of the AII mode.

The transient spectrum associated with the v = 1 state of the AII mode
does not show a strong response in the frequency region of the AI mode. The
transient spectrum (black line) indicates the presence of a small anharmonic
red shift of the AI absorption frequency upon excitation of the AII mode.

The v = 1 state of the AII mode relaxes with T1 = 0.65 ± 0.1 ps to a non-
thermal intermediate state. The spectrum associated with this state (red line
in figure 6.10) is similar to the transient spectrum observed for the non-thermal
intermediate state in the relaxation of the AI mode. This suggests that the non-
thermal intermediate state is composed of the same vibrational excitations in
both cases. The non-thermal intermediate state relaxes to the local hot state
with T2 = 9.5 ± 1 ps. This time constant is quite similar to the relaxation time
constant of the non-thermal intermediate state in the relaxation of the AI mode,
supporting the idea that the non-thermal intermediate state is the same in both
cases. The local hot state relaxes to a fully equilibrated state with T3 = ∼40
ps. The transient spectrum of the local hot state and fully equilibrated state
are also quite similar to what was observed after excitation of the AI mode.
The transition to the fully equilibrated state again only leads to changes in the



i

i

“thesis” — 2011/12/20 — 10:26 — page 79 — #79 i

i

i

i

i

i
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Figure 6.10. Extracted transient spectra corresponding to the four different states
reached in the excitation and vibrational relaxation of the amide II vibration of NMA.
For comparison the transient spectrum directly following excitation of the amide I
mode is shown (dashed black line).

spectrum in the frequency region of the AI mode.
Figure 6.11 summarizes the observed relaxation pathways upon selective

excitation of either AI or AII mode.

Discussion
The AI mode shows much stronger changes in its transient spectral response
during the vibrational relaxation than the AII mode. This stronger response
can be explained from the fact that the frequency shifts of the AI mode at dif-
ferent stages of the relaxation have opposite signs. The excitation of the v = 1
state leads to a red shifted 1→2 induced absorption of the AI mode, whereas
the relaxation to the local hot state and the final equilibrated state lead to a
blue shift of the absorption of this mode. For the AII mode, heating and thus
the final thermalization process of the relaxation results in a red shift of the
absorption spectrum [67, 100, 119]. Hence, for this mode, both the transient
spectral response directly after excitation of its v = 1 state, and the final re-
sponse resulting from the thermalization are formed by red shifts. In addition,
the non-thermal intermediate state also induces an anharmonic red shift of the
absorption spectrum of the AII mode. Hence, at all stages the transient re-
sponse of the AII mode is similar, making the changes in the transient spectral
response during the relaxation relatively small. Nevertheless, there are changes
in the spectral response during the relaxation as the transient spectral response
of the 1→2 induced absorption of the AII mode is not the same as the change
in spectral response resulting from the heating of the sample.

We observe quite similar relaxation mechanisms following excitation of the
AI and the AII mode. In neither case we observe direct energy transfer between
the AI and AII modes. The observed spectral signatures at early delays indicate
the presence of an anharmonic coupling between the excited and the unexcited
mode, in both cases leading to a red shift of the absorption spectrum of the
unexcited mode. One possible reason for the lack of energy transfer between
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80 Vibrational relaxation pathways in NMA clusters 6.3

Figure 6.11. Energy level diagram and vibrational energy relaxation pathways of
NMA upon excitation of the amide I mode (left panel) and excitation of the amide II
mode (right panel).

AI and AII modes could be the formation of NMA clusters. The presence of
hydrogen bonds in these clusters strongly increases the density of potentially
accepting vibrational states. Hence, the relaxation of the excited v = 1 states
to combination tones of lower-energy intra- and intermolecular vibration can be
very efficient, thus preventing the energy transfer between the v = 1 states of
the AI and AII modes.

There have been a few earlier experimental [36, 137] and theoretical [18, 57,
176] studies of the energy dynamics of the amide modes of NMA. DeFlores et al.
[36] reported the occurrence of rapid vibrational equilibration between the AI
and AII modes for hydrogen bonded NMA (NMA in D2O and in DMSO). These
results were confirmed by results of molecular dynamics (MD) simulations [18],
which found the population exchange time between the modes to be ∼0.5 ps.
Interestingly, in two other MD simulation studies no energy transfer between
the v = 1 states of the AI and AII modes was found. Instead, independently of
which mode is excited (AI or AII), the vibrational energy is found to be directly
transferred to lower frequency modes and then to the solvating bath [57, 176].
Clearly, these latter results are very much in line with the present experimental
data.

The transient spectra shown in figures 6.9 and 6.10 contain some clues as
to the nature of the non-thermal intermediate state. The fact that the occupa-
tion of this state leads to significant spectral changes in the frequency region
of the AII mode, suggests that this state must comprise excitations of vibra-
tional modes that are quite strongly anharmonically coupled to the AII mode.
Similarly, the fact that the intermediate state has less effect on the AI mode
suggests that the latter mode is of quite different character. The contributions
of the different local modes of NMA to the amide normal modes have recently
been determined with potential energy distribution calculations (PED),both for
isolated NMA and hydrogen bonded NMA [29, 63, 114, 176]. Since the AI mode
is dominated by the C=O stretch vibration (∼80%) [106, 107, 114, 176], the
non-thermal intermediate state likely does not contain much of this vibrational
character. We can thus exclude the amide IV (∼615 - 630 cm−1) mode con-
taining about 40% of C=O rocking mode character and the amide VI (∼605 -
630 cm−1) mode containing about 80% of C=O out-of-plane bending mode
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character. The AII mode is of strongly mixed character and thus there are quite
a few low-frequency modes (AIII, AV-AVII) that can efficiently couple to it. It
is therefore likely that the non-thermal intermediate state represents excitations
in modes other than the AIV and the AVI modes. The most feasible is the AIII
mode, which, as shown in the MD simulations can act as a vibrational energy
acceptor for either excited AI or AII modes [176].

The second time scale T2 of ∼10 ps found in the relaxation processes is
assigned to the equilibration time between the non-thermal intermediate state
(particular low-frequency modes excited) and the thermal excitation of the di-
rectly surrounding solvent molecules. A similar value of ∼9 ps was found for
the equilibration time between an excited dye molecule and tetrachloroethy-
lene [34] which is similar to the carbon-tetrachloride which is used as a solvent
in our experiments. In the present study we observe that the thermalization is
not complete after the relaxation process with T2 of ∼10 ps. We observe an
additional equilibration step with time constant T3 representing the transition
from a local hot state to the truly thermally equilibrated state of the solution
(dashed line in figure 6.12). In this state the distribution of NMA clusters has
completely adapted to the increased temperature in the focus.

The final equilibration process is observed to have a much stronger influ-
ence on the absorption spectrum of the AI mode than on the AII mode. This
observation can be explained from the influence of the hydrogen-bond interac-
tion on the spectrum of the two amide modes. The NMA molecules are hydro-
gen bonded via their N-H (hydrogen-bond donor) and C=O (hydrogen-bond
acceptor) groups. A change in the strength of the hydrogen-bond interaction
will thus most strongly influence the spectral response of the amide vibrations
that possess strong N-H stretch or C=O stretch vibrational character. The AI
mode possesses very strong C=O stretch vibrational character, and thus the
weakening of the hydrogen-bond, as will occur in both the second and third re-
laxation process, will have a strong influence on the absorption spectrum of this
mode. In contrast, the AII modes possesses neither strong N-H stretch nor C=O
stretch vibrational character, thereby making this mode much less susceptible
to changes in the hydrogen-bond interaction.

6.3.3 Thermalization dynamics

To investigate the thermalization processes following vibrational relaxation in
more detail we performed a few additional experiments. In one experiment, we
excited both the AI and AII modes with an intense broadband, high-energy
pump pulse. We probe the AI mode, as this mode shows the strongest effects of
the thermalization dynamics. As shown in figure 6.5, we observe a slow signal
ingrowth in the center and blue wing of the AI absorption band in the delay time
range between 30 ps and 100 ps. We fit the data with the same 4 level consecutive
relaxation model that we used in the modeling of the 2D experiments. The
two final extracted spectra are shown in figure 6.12. For comparison we also
include a differential linear spectrum (solid thick line in figure 6.12) of the
sample measured at two different temperatures. The differential linear spectrum
shows a very good correspondence with the final thermal spectrum, thereby
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Figure 6.12. Spectra of the local hot state (dotted line) and final equilibrated state
(dashed line) of NMA measured after broad-band infrared excitation of the amide I
and amide II vibrations of NMA for a solution of 5 M NMA in CCl4. The thick solid
line represents the differential linear absorption spectrum obtained by subtracting
linear absorption spectra at different temperatures. The thin solid line represents the
linear absorption spectrum at 300 K.

confirming that the fourth state in the relaxation model indeed corresponds to a
fully thermally equilibrated state. It is known from linear infrared spectroscopic
studies that NMA clusters dissociate into smaller sizes upon an increase in
temperature. We therefore attribute the change in the spectral response to the
dissociation of NMA aggregates into smaller forms. The positive absorption
signal at 1670 - 1680 cm−1 is thus caused by the production of non-hydrogen
bonded NMA and the bleach at ∼1650 cm−1 reflects the disappearance of NMA
dimers, trimers and larger oligomers.

In a second experiment, we studied the dependence of the thermalization
dynamics on the nature of the excited NMA oligomer. In this experiment, we
have selectively excited either dimers or tetramers and higher-order clusters
with a spectrally narrow pump (∆ν = ∼10 cm−1) centered at 1675 cm−1 or
1630 cm−1, respectively. We found the time evolution and the spectral changes
to be exactly the same. This observation shows that at the stage of the local
hot state the energy is already quite delocalized over different NMA clusters.
Hence, the last relaxation process with time constant T3 does not represent an
energy redistribution process but rather a repositioning of the NMA molecules,
i.e. the partial dissociation of the NMA aggregates.

In a final experiment, we measured the relaxation dynamics at different ini-
tial sample temperatures, again using an intense broadband infrared excitation
pulse. We observe that the lifetimes of the excited v = 1 and non-thermal inter-
mediate states do not change with temperature. At all temperatures we obtain
T1 = 1.1 ± 0.1 ps and T2 = 12 ± 1 ps. However, the time constant T3 of
the transition from the local hot state to the final fully equilibrated state is
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Figure 6.13. Arrhenius plot of the time scale T3 of the final relaxation process after
broad-band infrared excitation of the amide I and amide II vibrations of NMA for a
solution of 5 M NMA in CCl4.

observed to be strongly temperature dependent. These time constants are used
to determine the activation energy of the dissociation process, using Arrhenius
law:

ln(k) = ln(A)− Ea

R
·
( 1
T

)
, (6.3)

where k is measured dissociation rate, A is a pre-exponential factor, R is the gas
constant and Ea is the activation energy. Figure 6.13 shows the dependence of
the dissociation rate on the temperature. The slope of the fitted linear function
gives the activation energy for the dissociation process Ea = 35 ± 3 kJmol−1.

The activation energy for the dissociation process represents the energy bar-
rier to move two hydrogen-bonded NMA molecules apart and will be similar to
the binding energy of the hydrogen bond with which the two NMA molecules
are connected. In a strongly interacting solvent the activation energy could be
somewhat lower than the binding energy of the hydrogen bond if the disso-
ciation of the hydrogen bond would directly allow new favorable interactions
between the NMA molecules and the solvent. However, in a weakly interact-
ing solvent like CCl4 this effect will be negligible, and thus Ea will be close
to the hydrogen bond binding energy. The value of Ea of 35 ± 3 kJmol−1

is in excellent agreement with previously reported values that are obtained
from infrared measurements [129] (∼33 - 38 kJmol−1) and dielectric measure-
ments [120] (31.5 kJmol−1). In view of the cooperativity of the hydrogen-
bond interaction, the hydrogen-bond binding energy EH will depend on the
size of the oligomer and the position within the NMA oligomer. Using infrared
spectroscopy Herrebout et al. finds average hydrogen-bond binding energies of
31.8 kJmol−1, 35.3 kJmol−1 and 37.3 kJmol−1 for dimers, trimers and tetramers,
respectively [63]. Very similar values are reported in molecular orbital simula-
tions [158] and molecular dynamics simulations [75] (dimer: 29 kJmol−1, trimer:
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Figure 6.14. Anisotropy decays for the amide I mode (open circles) and amide II
mode (black circles) following excitation of the amide I mode of NMA for a solution
of 5 M NMA in CCl4.

36 kJmol−1 and tetramer: 39 kJmol−1).

6.3.4 Anisotropy dynamics

The polarization resolved pump-probe experiments were used to construct the
anisotropy parameter R(t, ν). Figure 6.14 presents time traces of the anisotropy
at the central frequency of the AI mode (open circles) and the central fre-
quency of the AII mode (closed circles), both after excitation of the AI mode.
The anisotropy of the AI mode thus reflects the reorientation of the AI transi-
tion dipole moment. The anisotropy of the AII mode reflects the relative angle
between the transition dipole moment orientations of the two modes. In case the
AII mode is excited we observe the same anisotropy dynamics for the excited
and unexcited mode (not shown).

The anisotropy of the excited AI mode decays with a time constant of
τor = ∼6 ps. This time constant represents the reorientation time of this mode,
averaged over all oligomers. This reorientation time is relatively long for a weakly
interacting solute-solvent system like NMA-CCl4. However, the NMA molecules
are hydrogen-bonded to each other which will strongly slow down their reori-
entation. A similar value of ∼6 ps has been reported previously for NMAD
(deuterated NMA) in D2O [60].

The anisotropy of the AII mode is close to zero at all delay times. The
anisotropy shows the following dependence on the relative angle θ between the
transition dipole moments of the excited and probed mode:

R =
1
5

(3 cos(θ)2 − 1) . (6.4)

From equation 6.4 it follows that the observed AII anisotropy can be zero
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only at all delay times for θ very close to the ’magic angle’ (54.7◦). The ob-
served anisotropy traces thus imply that the average angle between the tran-
sition dipole moment orientations of AI and AII amounts to 55◦ ± 3◦. This
angle agrees with the angle found previously for both bonded and non-bonded
NMA [36]. Hence, upon clustering/hydrogen bonding of the NMA molecules
the angle between the transition dipole moment orientations of the AI and AII
modes does not change, which indicates that the contributions of the differ-
ent local modes to these amide modes is not strongly affected by the hydrogen
bonds between the NMA molecules.

6.4 Conclusions

We studied the vibrational absorption spectra and energy relaxation dynamics
of N-methylacetamide (NMA) aggregates in carbon-tetrachloride (CCl4) us-
ing linear and two-color femtosecond infrared spectroscopy. We measured in-
frared spectra over a large concentration range ranging from 10 mM to 5 M.
With increasing concentration, the absorption spectrum of the amide I mode of
NMA is observed to shift towards lower frequencies, indicating the formation of
hydrogen-bond clusters. The spectra at all concentrations can be decomposed
into four subbands that correspond to NMA clusters of different sizes: monomers
(1690 cm−1), dimers (1670 cm−1), trimers (1655 cm−1) and tetramers + higher-
order oligomers (1640 cm−1).

We observe similar vibrational relaxation pathways following excitation of
the amide I and amide II vibrations. In a first relaxation step, the energy is
transferred from the excited v = 1 state of either vibrational mode to a non-
thermal intermediate state. For the amide I mode this process has a time con-
stant T1 of 0.85 ± 0.1 ps, for the amide II mode T1 = 0.65 ± 0.1 ps. We do not
observe energy transfer between the amide I and amide II modes. The interme-
diate state is formed by a combination tone of excited lower-energy vibrational
states, and appears to be quite similar in character for amide I and amide II
excitation, as evidenced by the similarity in the effects of the occupation of
this state on the absorption spectra of the amide I and amide II modes. In
both excitation schemes, the occupation of the intermediate state has a much
stronger (anharmonic) effect on the absorption spectrum of the amide II mode
than on the absorption spectrum of the amide I mode, which shows that this
state comprises local vibrational modes that are much more strongly coupled to
the amide II mode than to the amide I mode. The intermediate state relaxes in
a second process with a time constant T2 = ∼10 ± 1 ps to a local hot state. In
this state the energy has been equilibrated over the NMA aggregates and the
neighboring solvent molecules. In a third and final relaxation process with time
constant T3 = 40-100 ps, a full equilibration of the sample in the focus takes
place. In this latter process the NMA clusters partly dissociate, thus forming
the equilibrium aggregate size distribution that corresponds to the new, higher
temperature. The measurement of the rate of this final process at different tem-
peratures yields the activation energy of the dissociation of the NMA clusters
Ea = 35 ± 3 kJmol−1. This energy corresponds to the average binding energy
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of a hydrogen bond between two NMA molecules.
We also studied the reorientation time of the NMA molecules and the relative

orientation of the transition dipole moments of the amide I and amide II modes
using polarization-resolved femtosecond pump-probe measurements. We found
that the average reorientation time of the NMA molecules equals 6 ps. The
relative angle between the transition dipole moment orientations of the amide
I and amide II modes θ(AI,AII) is 56◦ ± 3◦.




