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Two-dimensional IR spectroscopy reveals a
hidden Fermi resonance band in the azido stretch
spectrum of b-azidoalanine†

Jun Young Park,‡ab Hyeok-Jun Kwon, ‡b Saptarsi Mondal,ab Hogyu Han,*b

Kyungwon Kwak *ab and Minhaeng Cho *ab

Azido stretch modes in a variety of azido-derivatized nonnatural amino acids and nucleotides have been

used as a site-specific infrared (IR) probe for monitoring changes in their conformations and local

electrostatic environments. The vibrational bands of azide probes are often accompanied by complex

line shapes with shoulder peaks, which may arise either from incomplete background subtraction, Fermi

resonance, or multiple conformers. The isotope substitution in the infrared probe has thus been

introduced to remove Fermi resonances without causing a significant perturbation to the structure.

Here, we synthesized and labeled the mid-N atoms of aliphatic azide derivatives with 15N to study the

effects of isotope labelling on their vibrational properties. The FT-IR spectra of the aliphatic azide with

asymmetric lineshape became a single symmetric band upon isotope substitution, which might be an

indication of the removal of the hidden Fermi resonance from the system. We also noticed that the

2D-IR spectrum of unlabeled aliphatic azide has cross-peaks, even though it is not apparently

identifiable. The 1D slice spectra obtained from the 2D-IR spectra reveal the existence of a hidden Fermi

resonance peak. Furthermore, we show that this weak Fermi resonance does not produce discernible

oscillatory beating patterns in the IR pump–probe spectrum, which has been used as evidence of the

Fermi resonance. Therefore, we confirm that isotope labelling combined with 2D-IR spectroscopy is the

most efficient and incisive way to identify the origin of small shoulder peaks in the linear and nonlinear

vibrational spectra of various IR probe molecules.

Introduction

Understanding the conformational changes and dynamics of
proteins is vital as they control biological functions and reactions
inside cells. Depending on their local environments, proteins
could undergo various structural transitions from one conformer
to another, which often dictates their biological activities.
Therefore, many efforts have been made to elucidate protein
conformational changes and dynamics using various spectro-
scopic techniques.1,2 Fluorescence spectroscopy has been widely
employed to study protein conformational changes and the

effects of local environments. In the fluorescence studies, proteins
should be labeled with fluorescent proteins or other organic
fluorophores.3,4 Because the fluorescent signal is highly sensitive
to subtle biophysical changes in equilibrium or non-equilibrium
state, they provide important information on the protein structures
and conformational changes. However, the use of fluorophores
has one crucial drawback. As typical fluorophores are large in size,
they inevitably introduce a perturbation to the native structures of
proteins.

Conversely, IR probes, such as carbonyl (CO), nitrile (–CN),
thiocyanate (–SCN), and azide (–N3) groups, are relatively small
and thereby less perturbative to the native structure when
incorporated into amino acids or proteins.5–8 Furthermore, IR
probes are very sensitive to local environments and useful for
monitoring conformational changes of proteins. Therefore, over
the past two decades, developments of new IR probes which can
be attached to specific position in proteins have become an
important research area. In particular, the frequency region
between 1800–2300 cm�1 is referred to as a ‘‘transparent window’’
because solvent water molecules and protein’s backbone modes
do not absorb IR photons in this frequency range. This transparent
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window is, therefore, considered an optimal frequency range for
linear and nonlinear IR spectroscopic studies of protein structures
and dynamics.9

Azide IR probes have received special attention because of
its large dipole strength. Compared to nitrile stretch modes in
various CN–, SCN–, SeCN–, and generally XCN-derivatized
compounds, the azido stretch mode has approximately 13 times
larger molar extinction coefficient.8 This strong IR intensity
makes the azide group one of the most useful IR probes because
minimal use of proteins tagged with IR probes can reduce the
cost of sample preparation and more impotantly the probability
of protein aggregation. Azide has already been applied to a
variety of studies with nonnatural amino acids and proteins as a
local IR probe.10–16 Specifically, azidohomoalanine (AHA) is
well-known for being a conformationally sensitive IR probe
when introduced into peptides and proteins.17–19 The frequency
of the azide probe in the folded state is quite different from that
of the unfolded state due to the sensitivity of vibrational
frequency to the local environment; e.g., the azide vibrational
frequency in the folded state for NTL9-Met1Aha is 2094 cm�1,
which is blue-shifted to 2113 cm�1 in the unfolded state.17

However, the frequency shift is often not large enough to make
the shifted peak separated from the broad spectrum resulting
from multiple conformers. Moreover, the minor or transient
conformers do not produce a notable peak in the spectrum due
to the small population. As a result, the spectroscopic study of
intermediate states or transient conformers requires complex
fitting analysis to extract the corresponding spectral signatures
from the asymmetric spectrum with one or more weak shoulder
peaks. Often, it was necessary to carry out extensive quantum
chemistry and vibrational analysis calculations to make the
assignment of the hidden peaks convincingly clear.

Ultrafast time-resolved IR spectroscopy is an incisive tool
useful for acquiring a molecule-level understanding of the
structural and dynamical changes of the protein.20–29 Femto-
second IR pump–probe and 2D-IR techniques have been successively
applied to the investigations of complicated structural dynamics of
various proteins in solutions.30–34 Especially, 2D-IR spectro-
scopy can enhance the spectral resolution via expanding the
congested spectrum into a two-dimensional frequency domain,
which produces cross-peaks resulting from interactions and
chemical or energy exchanges between vibrational modes. In
addition, the fourth-order dependence of the signal on the
transition dipole moment results in both spectral narrowing
and solvent suppression effects, which also enhances the spectral
resolution further. These advantages of 2D-IR spectroscopy make
it one of the most widely used tools in the investigations of the
conformational dynamics of proteins.

Unfortunately, Fermi resonance producing side peaks in the
IR probe spectrum limits the use of linear and nonlinear IR
spectroscopy with IR probes and makes the interpretation of
experimental results difficult. For example, Tucker et al. have
shown that the multiple transitions in the OCN region of
phenyl cyanate originate from the near-resonanct accidental
anharmonic couplings between few overtone bands and OCN
mode using 2D-IR echo spectroscopy.35 The azido IR spectrum

of an aliphatic b-azidoalanine shows an asymmetric lineshape
with shoulder peaks, but their origin has not been elucidated.
Okuda et al.36 observed various components in the Fourier-
transformed infrared (FT-IR) spectra of Boc-3-azide-Ala-OH
(N3-Ala) and N-Boc-cis-4-azide-L-proline (N3-Pro) salts in water.
They assigned the shoulder peak in the N3 region to the peaks
originating from multiple conformers. However, the small
azido shoulder peak was not detected in their 2D-IR spectra,
which raises the question of whether this peak originates from
different conformers or Fermi resonance.

Here, we report that the 2D-IR spectroscopy of azido-
derivatized alanines provides sufficiently high spectral resolution
exhibiting feeble Fermi resonance peak hidden under the broad
spectral wing of the FT-IR spectrum. More specifically, the azido
stretch peak in the azido-derivatized alanine Ala-N3 (Ac-Ala(N3)-
NHMe) was studied with 2D-IR, which shows the cross-peak
caused by Fermi resonance. On the other hand, Lipkin et al.
have shown that the 15N substitution on the azide is a promising
way to remove accidental Fermi resonance.37 Therefore, we
measured the 2D-IR spectra of the 15N-labeled azide Ala-N15NN
(Ac-Ala(N15NN-NHMe)) to investigate further whether Fermi
resonance is reduced because of the isotope substitution at
the b position of the azide. Finally, we carried out IR pump–
probe measurements to study the effects of isotope labelling on
the vibrational relaxation dynamics of the aliphatic azides.

Experimental methods
A. Materials

Ala-N3 and Ala-N15NN were synthesized and characterized (ESI).

B. FT-IR spectroscopy

For FT-IR measurement, we synthesized the labeled and unla-
beled compounds as described in the Materials. All azide
derivatives were in L form because only L form is active inside
a cell. These compounds were used for the following IR pump–
probe and 2D-IR experiments. Spectra were measured using a
Bruker VERTEX 70 FT-IR spectrometer with a mercury–cadmium–
telluride (MCT) detector filled with liquid nitrogen (N2)
(Billerica, MA). The frequency resolution of the spectrometer
was 1 cm�1, and DMF was used as the solvent. All liquid samples
were placed in a homemade cell with two CaF2 windows of 2 mm
thickness. The path length of the cell was 25 mm using an
appropriate Teflon spacer.

C. IR pump–probe spectroscopy

A Ti:Sapphire oscillator (Tsunami) and regenerative amplifier
(Spitfire) (Spectra-Physics, Inc.; Santa Clara, CA) were used to
generate an 800 nm pulse with a power of B1 W. An AgGaS2

crystal was employed to generate a mid-IR pulse with a repetition
rate of 1 kHz in an optical parametric amplifier (OPA). The
mid-IR pulse was separated by a beam splitter into a pump and
probe beam with an intensity ratio of 9 : 1. The time delay was
controlled using a motorized linear stage in the probe beamline.
Both the pump and probe beam were temporally and spatially
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overlapped on the sample. The pump–probe signal was dispersed
by a monochromator onto a 32-element MCT array detector
(B2 cm�1 per pixel resolution). The relative polarization of the
probe beam was controlled using a rotating polarizer. To measure
isotropic relaxation dynamics, we measured two polarization
conditions for the probe and pump beams, parallel (S8) and
perpendicular (S>).38 We used a homemade cell of 25 mm path
length consisting of two CaF2 windows of 3 mm thickness and a
Teflon spacer. Population relaxation, P(t), (vibrational lifetime),
was calculated using the following equation:

P(t) = (S8 + S>)/3 (1)

D. 2D-IR vibrational echo spectroscopy

A mid-IR pulse centered at 2110 or 2060 cm�1 was split into
three pulses of approximately the same power. These three
beams were focused onto the sample in BoxCARS geometry.
Beam 3 (k3) was fixed in time and chopped at 500 Hz. In 2D-IR
vibrational echo spectroscopy, the temporal overlap of the three
pulses leads to the generation of a third-order echo signal in
the phase-matched direction (�k1 + k2 + k3). This signal is
heterodyne-detected by overlapping with a local oscillator.
A monochromator dispersed the combined beam onto a
32-element MCT array detector (B2 cm�1 per pixel resolution).
We denote the times between beam 1 and beam 2, and between
beam 2 and beam 3, as t and Tw, respectively. The 2D-IR spectra
were obtained as a function of Tw.

Results and discussion
A. FT-IR spectra of the azide probes

We measured the FT-IR spectra of the azide derivatives in DMF
(Fig. 1). DMF was selected as a solvent due to the lack of protic
hydrogens that can bring undesired complexity into the FT-IR
spectrum by making a hydrogen bond with the azide group.

The azido stretch mode has a frequency of 2103.0 cm�1

(Ala-N3), and its spectrum exhibits the extended wing toward
the high-frequency side as shown in Fig. 1(a). This asymmetric
lineshape can be explained with the overlap of two spectral
components centered at 2103.0 and 2127.0 cm�1 (the detailed
fitting results can be found in Table 1). The high-frequency peak
is not visible in the spectrum without fitting because of its low
intensity as well as much broader linewidth (70.7 cm�1)

compared to that of the main low-frequency peak with a line-
width of 25.5 cm�1. Although such an asymmetric lineshape
with a weak shoulder band has been observed in many FT-IR
studies using azide as an IR probe, its assignment has not been
clearly made yet. A few possibilities could be considered. Firstly,
it could originate from different conformers with slightly different
structures and solvation environments. Secondly, the error
in the background solvent subtraction may produce the
uneven baseline because the spectrum of the blank cell filled
with solvent and buffer sometimes differs from that of the
protein solution due to the change in the solvation structure.
A certain number of solvent and buffer molecules are excluded
from the light–matter interaction volume due to the occupation
of proteins. Also, solvent–protein or buffer–protein interactions
could affect the spectrum so that the solvent background
spectra with and without proteins are different from each
other. Thus, one needs to interpret the small peaks after back-
ground subtraction cautiously. Finally, there is a chance of Fermi
resonance, which increases the complexity of the vibrational
spectrum by introducing a shoulder peak or overlapping band
in the FT-IR spectra due to anharmonic couplings between
fundamental vibrations and overtones or combination bands
of other modes. Usually, those overtone and combination bands
are silent in the FT-IR spectrum because their transition dipoles
are much smaller than that of the fundamental transition.
However, when the frequency difference gets smaller, the Fermi
resonance-enhanced overtone or combination bands appear in the
spectrum, which makes the assignment of FT-IR peaks difficult.

One of the useful methods to avoid Fermi resonance is
through isotope labelling because it does not perturb the structure
but just shifts the vibrational frequency of the fundamental
transition significantly. As a result of the increased energy
difference, the fundamental vibrational transition and other
overtone or combination transitions become decoupled, and the
Fermi resonance effect disappears or is significantly reduced.
Here, we applied isotopic labelling to azide where one of the
N atoms is labeled with heavy isotope 15N. In this study, we
selectively labeled the b-position of the mid-N atom of azide group
because a larger peak-shift is expected than other positions.37 If
the origin of the shoulder peak is Fermi resonance, the shoulder
peak must disappear upon isotope labelling. Fig. 1 shows the
FT-IR spectrum of Ala-N15NN, which shows an absorption band
fitted well with a single Voigt function centered at 2062.0 cm�1.
We have also measured the FT-IR spectra of both unlabeled and
labeled azide in water as well to understand how the vibrational
property gets changed depending upon the nature of the solvent.

Fig. 1 Structures and Fourier-transformed infrared (FT-IR) spectra of (a)
Ala-N3 and (b) Ala-N15NN in DMF.

Table 1 Fitting results for FT-IR spectra of azide derivatives in DMF (Fig. 1)

Ala-N3 Ala-N15NN

Peak 1 o00 (cm�1) 2103.0 2062.0
FWHM (cm�1) 25.5 22.9
Area 28.4 20.5

Peak 2 o0 (cm�1) 2127.0
FWHM (cm�1) 70.7
Area 7.9
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The fitting of the spectra of azide in water using the Voigt function
is shown in Fig. S2 (ESI†), and the fitting parameters are tabulated
in Table S2 of the ESI.† The asymmetric spectral shape of
unlabeled azide and the symmetric line shape of the labeled
azide in water indicates that the azide behaves similarly in water
as compared to the DMF due to isotope substitution. Based on
these results, the origin of the shoulder peak is believed to be
Fermi resonance. Even though the isotope labelling is an
efficient way to check the origin of small side peak, it requires
additional synthetic procedures with cost and time.

B. 2D-IR spectroscopy of the azide probes

2D-IR spectroscopy even without employing isotope labelling
provides direct evidence on the existence of Fermi resonance
band through the appearance of the cross-peaks. In fact, 2D-IR
spectroscopy has been implemented on numerous occasions to
find correlations between vibrational modes observed in various
steady-state FT-IR spectra. Although a careful analysis of the
2D-IR spectrum can reveal the Fermi resonance directly,39–42 the
previous 2D-IR study mainly focused on the model system
showing much stronger Fermi Resonance peak. When the two
peaks have nearly the same intensity due to strong mixing of the
transition dipoles, a cross-peak from the vibrational coupling
appears at an early waiting time. However, no 2D-IR spectro-
scopic study for elucidating the origin of very weak spectral
features, which have been frequently observed in many azido-IR
spectroscopic studies of biological systems, has reported before.

Fig. 2 shows the 2D-IR vibrational echo spectra of the azido-
derivatized alanine Ala-N3 at Tw = 0 ps. The 2D-IR spectrum
consists of a positive peak originating from ground-state bleach
and stimulated emission (Fig. 2; red) and a negative peak
from excited-state absorption (Fig. 2; blue). The negative
peak is red-shifted from the positive conjugate peak due to
anharmonic shift, which is about 30 cm�1 in the case of the
azido stretch mode.

The 2D-IR spectrum of the Ala-N3 (Fig. 2(a)) shows an
indication of cross-peaks, but they are not clearly discernible.
To confirm the existence of cross-peaks, we examined the 1D
slice spectrum along the ot axis at the om frequency indicated as a
dotted line in each 2D-IR spectrum. Fig. 3 compares the FT-IR
spectrum and the 1D slice spectrum obtained from the 2D-IR
spectrum to emphasize the increased spectral resolution of 2D-IR

from the spectral narrowing effect. As a result, the spectral feature of
the hidden Fermi resonance peak becomes more apparent as a
shoulder peak rather than the extended wing structure.

In addition to the spectral narrowing effect, it should be
emphasized that the observation of cross-peak is possible
because it borrows transition dipole strength from the strong
fundamental absorption. As stated above, in a weak coupling
case, there is a very small increase in transition dipole strength
due to small mixing between strong fundamental transition
and weak overtone/combination transitions. In 2D-IR spectrum, the
intensity of cross-peak is proportional to the product |mA|2 � |mF|2

where mA is the transition dipole of azide stretching band and
mF is that of Fermi resonance peak. Since we have mAc mF, the
intensities of two diagonal peaks and a cross-peak have the
following order, |mA|4

c |mA|2 � |mF|2
c |mF|4. Thus, even if

the diagonal peak from Fermi resonance is not observed, the
cross-peak can appear. Furthermore, the inhomogeneity produces
the diagonally elongated spectrum along the diagonal line, which
will overlap with a small diagonal peak from Fermi Resonance
at early waiting times. The slice spectrum obtained along the
diagonal line is also presented in Fig. 3(a) to show that there is
no detectable feature from Fermi resonance in a diagonal line.

Ala-N3 has a shoulder peak at a high frequency (Fig. 3(a)).
After isotope labelling, the shoulder peak disappears like that
in the FT-IR spectrum (Fig. 3(b)). The disappearance of the shoulder
peak suggests that Fermi resonance is present in Ala-N3, but due to
the significant difference in intensity, no noticeable diagonal peaks
are observed.

These complex absorption profiles of azide probes make
them less attractive for use in 2D-IR and other linear IR spectro-
scopies. Firstly, the cross-peak and additional diagonal peaks
substantially overlap with the diagonal peak from the funda-
mental mode, which complicates the analysis of the evolution of
peak shape and spectral diffusion dynamics obtained from the
diagonal peak. However, in the case of azido stretch mode of
Ala-N3, the center line slope (CLS) analysis may not be signifi-
cantly affected due to the large transition dipole difference
between the azido stretch mode and the combination modes
participating in Fermi resonance. Secondly, due to coupling
with the combination modes, the advantage as a local probe is
lost. The IR probe is mostly sensitive to the local solvation
structure directly interating with IR probe. However, Fermi

Fig. 2 2D-infrared (IR) vibrational echo spectra for (a) Ala-N3 and
(b) Ala-N15NN in DMF at zero waiting time (Tw = 0 ps).

Fig. 3 Normalized Fourier-transform (FT-IR) spectra, 1D slices of 2D
spectra, and diagonal slices of 2D spectra of (a) Ala-N3 and (b) Ala-N15NN
in DMF. 1D slices along ot at: (a) om = 2103 and (b) 2062 cm�1. To illustrate
the locations of the 1D slices, dashed lines are shown in the 2D spectra
(Fig. 2).
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resonance couples the vibrational mode of IR probe to the
combination/overtone band where many atoms in the molecule
often participate. Thus, structural and solvational changes in
remote site from IR probe can affect the spectral properties of IR
probe group. Lastly, Fermi resonance provides faster vibrational
energy relaxation pathways through anharmonic coupling with
combination or overtone bands, which significantly reduce the
vibrational lifetime of the probe. As shown in Fig. 2(b) and 3(b),
isotope-labeled azides simplified the spectral feature and
enhanced spectral sensitivity from the conformational change
or solvation fluctuations. To find out the origin of the weak
Fermi resonance band and to ensure that the isotope labeling
does not impact the near-resonant bands participated in the
Fermi resonance, the anharmonic frequency analysis has been
performed, which are presented in detail in the ‘anharmonic
frequency analysis’ section of the ESI.† It can be observed from
the Tables S3, S4, and Fig. S3 of the ESI,† that two combination
bands consist of normal modes 30 & 39, and 28 & 41 can
participate in the Fermi resonance with the azide asymmetric
stretch mode. All these bands mainly consist of N3 symmetric
stretch, CN stretch, CH2 bend, chain C–H bend, and N–H bend
vibrations, as depicted in Fig. S3 (ESI†), but none of them
consists the isotope labeled N atom of the azide. Thus, it can
be concluded from this anharmonic frequency analysis that the
15N substitution to middle N atom of the –N3 does not impact
other near-resonant combination bands, which asserts the
strategy of incorporating 15N to azide group as an effective
means to remove Fermi resonance from the spectra.

C. IR pump–probe spectroscopy of the azide probes

Further, we explored the isotope labelling effects on the vibrational
lifetimes of the aliphatic azides via polarization-controlled IR
pump–probe experiments. In addition to the absorption frequency
of the IR probe, the vibrational dynamics is expected to be affected
by isotope labelling. IR probes are designed for in vivo studies of
transient molecular structural changes, such as those occurring in
proteins and DNA. The time-scale of protein dynamics reported by
2D-IR spectroscopy is limited by the vibrational lifetimes of the IR
probes, which are typically within a few picoseconds.43

This issue spurred us to develop IR probes with longer
lifetimes involving –SCN, –SeCN, and –NC functionalized amino
acids.44–47 Rodgers et al. studied CN isotopomers of Phe-CN as
IR probes. They found a longer vibrational lifetime (7.9� 0.5 ps)
for Phe-13C15N upon isotope labelling, making it more useful
than Phe-CN (4.0 � 0.2 ps) in real-time applications.48 A typical
IR pump–probe spectrum consists of a positive peak in the high-
frequency side and a negative peak on the low-frequency side.
The positive peak arises from ground-state bleaching (GSB) and
stimulated emission (SE), while the negative peak originates
from excited-state absorption (ESA). We refer to a positive peak
as a 0–1 transition and a negative peak as a 1–2 transition.

In Fig. 4, we show the pump–probe decay profiles of the 1–2
transitions of both the (a) Ala-N3 and (b) Ala-N15NN before and
after isotope labelling. For the excited-state decay kinetics, we
expected that there would be a coherent oscillation feature in the
Ala-N3, which should exist because of the Fermi resonance.40,41

Thus, we fitted with mono-exponential function with damped
oscillation for Ala-N3 (Fig. S1 and Table S1, ESI†). The exponential
decay constant or vibrational lifetime of Ala-N3 was determined to
be 1.26 � 0.17 ps. As shown in Fig. 4(a), however, the pump–
probe signal does not produce a clear, coherent oscillation. For
comparison, we also used a mono-exponential decay function
and obtained the decay time constant as 1.11� 0.05 ps. Although
the change in a vibrational lifetime was not large, the analysis
using the damped sine function is more accurate because it fits
better than mono-exponential function without the damped sine
function, especially around 2–4 ps range (Fig. S1(b), ESI†). As we
can understand from the FT-IR spectra, 2D-IR spectra at zero
waiting time, and its 1D slice that the Fermi resonance appears
from the weakly coupled state, the contribution from the
oscillatory part in the vibrational relaxation dynamics is very
little in Ala-N3. This observation explains why the lifetime of
the azide stretch mode using two different models, namely
exponential and oscillatory decay, does not change much.
Conversely, Ala-N15NN is well fit by a mono-exponential decay
function (Fig. 4(b)).

We observe that the periods of the oscillatory beating
response of the Ala-N3 (Fig. 4(a)) is E1.39 ps, which are consistent
with the energy gap between the two vibrational transitions
24 cm�1. We tentatively assign the oscillatory response of the
decay profiles to the coherent excitation of Fermi-coupled
states. The vibrational lifetime of the asymmetric stretch mode
of Ala-N3 was determined to be 1.26 � 0.13 ps in comparison to
1.12 � 0.04 ps in the case of Ala-N15NN in DMF. Therefore, the
vibrational lifetime of the aliphatic azide slightly decreases due
to isotope labelling, but the difference was not significantly
changed. When the existing Fermi resonance was strongly
observed, it was found that the oscillatory component was
prominent even in the IR pump–probe spectra.40 Because the
Fermi resonance is present as a weak coupling, it is difficult to
distinguish the origin of small side peaks with the IR pump–
probe spectra alone. This study reveals that the vibrational
relaxation of the aliphatic azide does not slow down despite the
selective isotope labelling at the mid-N atom. Also, compared to

Fig. 4 1–2 transition decay of (a) Ala-N3 and (b) Ala-N15NN in DMF. The
smooth line for Ala-N3 is fitting curves containing both mono-exponential
decay (cyan) and mono-exponential decay and damped sine components
(blue). The smooth line for Ala-N15NN corresponds to a mono-exponential
decay function. Selected probe frequencies: 2074 cm�1 for Ala-N3,
2034 cm�1 for Ala-N15NN. The vibrational lifetime of Ala-N3 was determined
to be 1.11� 0.05 ps for the fitting using mono-exponential decay and 1.26 �
0.13 ps for mono-exponential and damped oscillation, respectively. The
vibrational lifetime of Ala-N3 was determined to be 1.26 � 0.13 ps.
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the less pronounced oscillatory component in IR pump–probe
spectrum, the hidden Fermi resonance can be identified more
clearly from the 2D-IR spectrum.

Conclusions

This study suggests that Fermi resonance could also exist
through weak coupling in the aliphatic azide, which cause
uncertainty when observing the structural and dynamical
changes of the protein by using such an aliphatic azide-based
IR probe. Therefore, the present work demonstrates that it is
desirable to investigate the effect of isotope labelling in aliphatic
azide-based IR probes, even if it is expensive in terms of time-
consuming synthetic procedures and cost.

Detailed analyses of cross peak in the 2D-IR spectrum
revealed that the origin of the azide stretch shoulder peak is
indeed a Fermi resonance band even though it is almost hidden
under the tail part of the azide stretch IR spectrum. Azide is one
of the frequently used IR probes due to its strong dipole
strength compared to other IR probes. Thus, the detailed
knowledge of the spectral signature of azide is essential to
correctly interpret the spectral change induced by the structural
and environmental variations of the protein.

What differentiates the present work from the previous
works? Fermi resonance bands have been studied for aromatic
azide derivatives because the anharmonic coupling is very
strong in those cases. For instance, the Brewer group clearly
demonstrated that such a strong Fermi resonance band can be
removed by introducing an 15N-isotope into the middle of azide
group of 3-azidopyridine, which makes the corresponding IR
absorption spectrum a singlet.37 However, substantially detailed
FTIR and 2D-IR spectroscopic investigations of azdo-alanine and its
isotope-labeled analog have not been performed before. As shown
here, the 1D slice spectrum obtained from the 2D-IR spectrum
exhibits a notable signature of a weak Fermi resonance band.

Furthermore, even though 2D-IR was used to study the
details of Fermi resonance phenomena in azido-derivatized
compounds, it has been applied only to model compounds
with strong couplings. Because time-resolved IR spectroscopic
techniques have been increasingly applied to a wide variety of
complex biological systems, it becomes necessary to elucidate
subtle spectral and transient changes of time-dependent signals.
Thereby, the use of site-specific local IR probes, which are dis-
connected from other vibrational motions will gain popularity. We
believe that the 2D-IR study about the spectral feature of the IR
probe will help to develop an ideal IR probe.
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