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Abstract
The vibrations in the azido-, N3, asymmetric stretching region of 2′-azido-2′-deoxyuridine (N3dU)
are examined by two-dimensional infrared spectroscopy. In water and tetrahydrofuran (THF), the
spectra display a single sharp diagonal peak that shows solvent sensitivity. The frequency-
frequency correlation time in water is 1.5 ps, consistent with H-bond making and breaking
dynamics. The 2D IR spectrum is reproduced for N3dU in water based on a model correlation
function and known linear response functions. Its large extinction coefficient, vibrational
frequency outside the protein and nucleic acid IR absorption, and sensitivity to water dynamics
renders -N3 a very useful probe for 2D IR and other nonlinear IR studies: its signal is ca. 100
times that of nitrile.

Introduction
Infrared markers, such as nitriles and azides, have become useful as vibrational probes of
biomolecules.1–8 In particular, ultrafast measurements of the stretching mode of the nitrile
group in biological systems have provided local site-specific vibrational dynamics.9,10

Several studies, including peptide membrane interactions and drug-enzyme interactions,
have taken advantage of the relatively sharp spectral features of nitriles that occur in a
spectrally transparent region of most biological molecules while having sensitivity to the
local environment.1,4,5,9–11 However, the relatively small absorption cross section of the
nitrile vibrational transition compromises it’s utility for nonlinear IR work and necessitates
use of higher concentrations than desirable for biological systems in both linear and
nonlinear IR experiments; furthermore the absorption signal overlaps some water absorption
bands. Thus, new vibrational probes are needed that are suitable to be used as biological
probes.4,6 One promising candidate for nonlinear spectroscopy is the azido-, N3, group
shown in Figure 1 associated with a nucleic acid, 2′-azido-2′-deoxyuridine (N3dU). The
absorption cross section of azides is about one order of magnitude greater than nitriles
allowing for much lower concentrations to be utilized. Also, the N3 transition, like CN, is
sensitive to changes in the local environment. The aliphatic azides are stable under most
conditions. The potential utility of the azido group as an infrared probe of local environment
has been demonstrated in peptides and proteins.2,8 This utility has been further extended to
nucleosides as infrared and NMR experiments.12 The azido- group has a relatively simple
vibrational signature in the 2100 cm−1 region where one sharp transition is observed. It has
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sensitivity to the solvent environment2,8,12 and as such is suitable for detailed study by 2D
IR methods13 from which the local fluctuation correlation functions can be determined.

Two-dimensional infrared photon echo (2D IR) spectroscopy has been shown to be useful
for understanding vibrational properties including spectral diffusion, intermode coupling,
conformational analysis, chemical exchange, and many other properties.6,14–19 Although the
spectral diffusion of the azide anion in both solution and bound as a ligand to peptides has
been investigated by 2D IR,20–23 there is no such work on a covalently linked azido- group.
The asymmetric N3 stretch is a sufficiently isolated band that its 2D IR time dependence
should provide a clear signature of the frequency fluctuations of the associated solvent. The
2D IR signal can vary as the square of the extinction coefficient; so azido-could give 100
times the signal in 2D IR as nitrile. These azido-nucleosides present a challenge to 2D IR
spectroscopy which in principle could measure the frequency-frequency correlation
functions (FFCF) that determine the spectral diffusion contribution to the vibrational
dynamics. The FFCF presents a direct measure of the local environment dynamics. The
ability to measure the FFCF depends on the square of the absorption cross section of the
FTIR bands, so the improvement of azido- over nitrile is significant for nonlinear
spectroscopy. While there have been theoretical calculations of the frequency fluctuations of
the azido- in water, experiments are not yet available.24 Here, we report the 2D IR of the N3
region of N3dU and capture the spectral diffusion in both water and THF. The frequency-
frequency correlation function (FFCF) is determined for N3 in water and is used to simulate
the 2D IR spectrum.

There have been difficulties in incorporating azides into nucleic acids using standard
methods.25–27 Furthermore some DNA constructs with azido groups have been photoactive
and unstable.28 An alternative approach for the incorporation of stable azides into DNA and
RNA has been proposed in recent work.12 Through the FFCF the azide probe is proposed to
be a useful monitor of site specific dynamics in environments such as the major groove,
minor groove, and phosphate sugar region. In particular, the phosphate sugar region
becomes accessible because of the much lower acidity of protons alpha to the azido group,
which makes 2′-azido-nucleosides and oglionucleotides stable.26,29 The increased stability
upon incorporation, the significant environmental sensitivity, and improved dipole strength
suggest that the azido- group has significant potential as a 2D IR probe of the phosphate
sugar region.

Experimental Section
Materials

Solutions of 20–25 mM N3dU (synthesized by methods found in reference 12) in water and
tetrahydrofuran (THF, Fisher) were used for both 2D IR and FTIR experiments. The optical
density of the samples ranged from 0.060–0.065 with a 25 μm path length CaF2 cell.

2D IR Method
Fourier-transform limited 75-fs pulses with a center frequency of 2123 cm−1 were used in
the 2D IR experiments for the samples in THF and water. Three laser pulses each with an
energy, ~ 400 nJ, having wave vectors k1, k2, and k3, were incident to the sample to generate
a signal in the direction ks=−k1+k2+k3 with the ordering 123 (rephasing) and 213
(nonrephasing). To obtain absorptive spectra, the rephasing and nonrephasing 2D frequency
spectra were properly phased and combined. To observe the dynamics of the spectra, the
waiting time, T, between the second and third pulse, was varied from 0 to 2 ps for THF and
0 to 3 ps for water. After appropriate Fourier transforms along the coherence, τ, and
detection, t, axes, The 2D IR spectra are plotted as ωτ vs.ωt.30 The vibrational relaxation
time, T10, for the two main transitions were estimated from the signal strength of the 2D IR
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at different T values. More details of the 2D IR methodology are presented in the
supplementary information.

Results
The linear IR spectrum of 2′-azido-2′-deoxyuridine in THF and water exhibits one band in
the region of the N3 asymmetric stretching mode (Figure 1). The transition is observed in
water at 2224 cm−1 with a peak extinction equal to 1160 ± 150 M−1 cm−1. A spectral shift
of the band to higher frequency of approximately 14 cm−1 is observed when changing from
the aprotic solvent, THF, to water. A FWHM of 18 cm−1 is observed in THF, and it
increases to 22 cm−1 in water for the N3 mode. The bandwidth of the N3 band increases in
water compared with THF. In water the shape is more Gaussian while in THF the
Lorentzian component has increased and the band becomes asymmetric. A Gaussian 03 DFT
frequency calculation using a B3PW91/6-31++G(d,p) level of theory for 2′-azido-2′-
deoxyuridine predicts one allowed transition in the 2100 cm−1 region. As expected the mode
is localized to the azido- group and corresponds approximately to an N3 asymmetric stretch.

The 2D IR spectra (Figure 2) of N3dU in THF has at one positive peak along the diagonal at
positions ωτ= ωt= 2110 cm−1 corresponding to the ν=0→ν=1 transition of the N3
asymmetric mode. The negative region peaked at ωt = 2082 cm−1 indicates an
anharmonicity of ca 28 ± 1 cm−1. The peaks are tilted and elongated along the diagonal. The
asymmetry observed in the linear FTIR lineshape contributes to the elongation along the
diagonal of the 2D IR spectrum. The positive diagonal signals decay during T with a time
constant of 0.8 ± 0.2 ps assumed to be due to population relaxation (T10). The slope at the
intersection of the positive and negative peaks,31 which is a measure of the spectral
diffusion, does not vary significantly as a function of waiting time up to ~2 ps in THF, and it
does not decay to zero in the timescale of the experiment. On the contrary, the 2D IR peaks
of N3dU in water form a two-dimensional pattern similar to that of THF but with shifted
frequencies and a significant T-dependence of the slope (Figure 2 and 3).

In water, the N3 transition is observed as the positive peak at position ωτ= ωt= 2124 cm−1.
The negative peak is shifted by 29 cm−1 by the anharmonicity. In contrast to the behavior in
THF, the 2D IR of the N3 region (Figure 3) in water changes significantly with waiting time.
At T=0 the inhomogeneously broadened transitions are tilted and elongated along the
diagonal of the ωτ vs ωt plot. The elliptically shaped transitions become more circular and
less tilted as the waiting time increases. This spectral behavior is related to the loss of
correlation (spectral diffusion) between components of the inhomogeneous distribution of
frequencies of the N3 mode in water (see below). The positive diagonal signal strengths
decay exponentially with T, yielding the time constant of 1.1 ± 0.1 ps for the population
relaxation. The N3 asymmetric stretch overlaps with the water combination band at 2127
cm−1.32 An increase in the spectral noise is observed after 1 ps resulting from the large
thermal grating signal generated at all frequencies by the water combination band. This
grating signal would be greatly diminished in D2O. The significant spectral diffusion
resulting from the frequency fluctuations of the azido- group is more quantitatively
evaluated below.

Frequency-Frequency correlation function (FFCF) and Simulation
The correlation decay of the frequency fluctuations for the N3 mode can be obtained from
the 2D IR spectrum. S(T) is defined as the slope of the tangential line of the zeroth contour
between the positive and negative peaks of the ωτ versus ωt 2D IR spectrum. The T-
dependence of the inverse slope, [S(T)]−1, of this nodal line marking the intersection
between the positive ν=0→ν=1 and the negative ν=1→ν=2 transitions allows measurement
of the correlation times31 that are long compared with the inverse bandwidth of the FTIR
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spectrum of the mode. The inverse slope versus T has been determined from the 2D IR
spectrum of N3dU in both solvents (Figure 4 - left). The correlation decay times with the
foregoing caveat were measured to be 1.5 ps for water and ~4.8 ps for THF. The intercept of
the correlation decay is not equal to 1 at T=0 because the correlation at time zero is reduced
by the homogeneous dephasing, , and T10.

Only for the azido- compounds in water was significant spectral diffusion observed over the
timescale of the experiments. The single component decay of the normalized FFCF suggests
a model correlation function of the form

which contains: homogeneous dephasing ; the variance of frequency distribution, ; a
static inhomogeneous component, ; and the observed correlation time, τc. The 2D IR was
simulated (See SI) from the known echo response functions33 and the parameters from the
fit of the linear FTIR that reproduced best the experimental slope were found to be

, and Δ1 = 1.56 ps−1 for the N3 mode in H2O. The computation of the
linear FTIR spectra from this correlation functions is shown in Figure 4 (right panel). The
2D IR spectra in water shown in Figure 5 are simulated for 150 fs and 1.5 fs.

Discussion
The FTIR spectrum of 2′-azido-2′-deoxyuridine in water has a transition arising from the
asymmetric stretch of N3. The significant solvent shifts in combination with the strong
dipole strength, lineshape and bandwidth variations illustrate the sensitivity of this probe to
different environments. The lineshapes of the bands vary significantly for the different
solvents. The near Lorentzian lineshape of the N3 stretch in THF suggests that the transition
is dominated by homogeneous broadening. The observed asymmetry of the N3 band in THF
may be the result of a Fermi resonance. A more likely possibility is that two conformers of
the molecule are present in THF whereas only one is seen in water. For example, both the
north and south puckers of the sugar ring may be present in THF solution while only the
north pucker is present in water.34 The N3 FTIR spectrum in THF can be fit reasonably to
two Gaussians with a peak separation of 3 cm−1. A similar type of asymmetry of the N3
band was also observed in the FTIR spectrum of azidoalanine dipeptide in THF, as a result
of two different conformations.2 The 2D IR results seem to further support this explanation
and will be discussed below.

The 2D IR spectrum of the N3 mode in THF has a shape that is essentially independent of
the waiting time. The ca. 5 ps or greater decay of the slope, S(T), indicates slow spectral
diffusion (Figure 4) which is consistent with the presence of two conformers in THF, with
each having a distinct transition. The presence of two different sugar puckers, would be
manifested as a static inhomogeneous component ( ) in the frequency-frequency
correlation function 35 which is what is observed. A full simulation of the THF spectra was
not performed.

The significant changes in the spectral shape with T of the 2D IR spectrum in water result
from homogenization of the frequency distribution (spectral diffusion). By 1.5 ps, the tilt has
almost completely disappeared and the spectral shape has become circular. The drastic
change in the spectral shape in water illustrates how clearly the 2D IR method exposes the
dynamics of the water motions.21 The modeled FFCF generated parameters , Δ1, and τC
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that reproduced the FTIR spectrum (Figure 4), the decay of the slope, and shape of the 2D
IR (Figure 5) reasonably well. The temporal evolution of the FFCF must manifest the
characteristic time scales of the associated solvent. This clearly demonstrates that the azido-
group can be used as a probe to directly measure the local water dynamics.

Based on experiments on water,36,37 carbonyls in water,38–41 and ions in water,35 the
characteristic time for making and breaking of hydrogen bonds either with other water
molecules or with polar solutes is 0.8–2.0 ps. The value of τC = 1.5 ps observed here for the
N3dU asymmetric N3 stretch is therefore exactly what would be expected for water
dynamics. So, it is interpreted as H-bond dynamics with the waters associated with the
azido- group. Given the foregoing properties the azido- group asymmetric stretch mode is
definitely usable as a sensitive vibrational probe of the solvent dynamics in a variety of
systems. Its utility stems from: its frequency, which is well separated from protein and DNA
absorptions and sensitive to solvent, its absorption cross section which is 10 times that of
CN implying that 2D IR signals are increased by ca. 100 times; and the sensitivity of its
FFCF to the environment of the probe. This probe, like amide C=O,38 will be very useful for
identifying the presence of mobile water in biological systems.

Conclusions
The asymmetric stretching region of the N3 modes of 2′azido-2′-deoxyuridine are examined
by two-dimensional infrared spectroscopy in water and THF. The correlation decay was
directly measured from the 2D IR spectra to be 1.5 ps in water and >4.8 ps in THF. The
comparison demonstrates the sensitivity of the correlation function of the azido- group to the
solvent dynamics and in particular to H-bonding dynamics. A model FFCF reproduced the
2D IR spectrum in water. The azido- group should prove to be an excellent probe for
studying the dynamics of proteins, protein water, and nucleic acid systems.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
FTIR spectra of 2′-azido-2′-deoxyuridine (inset: structure) in water (blue) and THF (black).
(normalized to unity at the peak maximum) The extinction coefficient for H2O solvent is
given in the text.

Tucker et al. Page 7

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Real part of the absorptive 2D IR spectra for 2′-azido-2′-deoxyuridine in THF at waiting
times T=0 (top left), T=500 fs (top right), T=1.0 ps (bottom left), and T=2.0 ps (bottom
right).
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Fig. 3.
Real part of the absorptive 2D IR spectra for 2′-azido-2′-deoxyuridine in water at waiting
times T=150 fs (top left), T=500 fs (top right), T=1.0 ps (middle left), T=1.5 ps (middle
right), and T=2.0 ps (bottom).
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Fig. 4.
Inverse Slope [S(T)]−1 vs population time for 2′-azido-2′-deoxyuridine in water (closed
circles) and THF (open circles). The smooth lines are the corresponding fits to equations 1
and 2 using the parameters in the text (Right). Linear IR spectra of 2′-azido-2′-deoxyuridine.
The solid line is the absorption experimental absorption line shape and the open circles are
the fitted linear IR spectrum (Left).

Tucker et al. Page 10

Phys Chem Chem Phys. Author manuscript; available in PMC 2012 February 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Comparison of normalized 2D IR spectrum of 2′-azido-2′-deoxyuridine at 150 and 1500 fs
from experiment (left) and simulation (right) using the model frequency-frequency
correlation.
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