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ABSTRACT: The high transition dipole strength of the azide
asymmetric stretch makes aryl azides good candidates as
vibrational probes (VPs). However, aryl azides have complex
absorption profiles due to Fermi resonances (FRs). Understanding
the origin and the vibrational modes involved in FRs of aryl azides
is critically important toward developing them as VPs for studies of
protein structures and structural changes in response to their
surroundings. As such, we studied vibrational couplings in 4-
azidotoluene and 4-azido-N-phenylmaleimide in two solvents,
N,N-dimethylacetamide and tetrahydrofuran, to explore the origin
and the effects of intramolecular group and solvent on the FRs of aryl azides using density functional theory (DFT) calculations with
the B3LYP functional and seven basis sets, 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-311++G(d,p),
and 6-311++G(df,pd). Two combination bands consisting of the azide symmetric stretch and another mode form strong FRs with
the azide asymmetric stretch for both molecules. The FR profile was altered by replacing the methyl group with maleimide. Solvents
change the relative peak position and intensity more significantly for 4-azido-N-phenylmaleimide, which makes it a more sensitive
VP. Furthermore, the DFT results indicate that a comparison among the results from different basis sets can be used as a means to
predict more reliable vibrational spectra.

1. INTRODUCTION
Vibrational spectroscopy is a powerful tool for understanding
the structures and dynamics of biological macromolecules in
solution because experimentally observed frequencies and
lineshapes depend on local electric field environments,
solvation, and coupling between vibrational chromophores.1,2

The intrinsic modes of proteins, peptides, and nucleic acids can
be used to extract secondary structure information using linear
(FTIR) and multidimensional (2D IR) methods.3,4 It is often
desirable to examine more localized phenomena, such as the
polar environments of enzyme active sites or the hydration
dynamics on the surfaces of proteins. Because individual native
chromophores (amino acids, DNA/RNA bases) are typically
not resolvable, non-natural vibrational probes (VPs) that
absorb in a clear region of the mid-IR spectrum (∼1800−2300
cm−1) are used.5−8 A vast array of clear window VPs have been
incorporated into proteins, including carbon−deuterium (C−
D) bonds, alkynes (C�C), nitriles (−CN), thiocyanates
(−SCN), cyanamides (−NCN), azides (−N3), and various
transition metal carbonyl complexes, M(CO)n.

9−31 Exper-
imental applications of these VPs face two major challenges.
First, it is necessary to understand their behaviors in isolation
and in simpler solvent systems to interpret the influence of the
biomolecular environment on their spectra. Second, it is
necessary to select a VP that reports the desired information.

Theoretical and computational methods are an increasingly
important complement in both regards, but any useful
computational method must provide assignments and
predictions that are robust to VP structures and environments.
From an experimental perspective, the characteristics of an

“ideal” VP include a large transition dipole strength, sensitivity
to the surrounding environment, a long vibrational lifetime,
chemical stability, and a small perturbative effect on the
macromolecular structure. Large transition dipole strengths
facilitate the detection of VPs at working concentrations in the
micromolar to low-millimolar range with high signal-to-noise
ratios. For example, the major challenge of using C−D, C�C,
and −CN based VPs is their low transition dipole strength
compared to those of metal−carbonyl complexes and azide-
based VPs. The sensitivity to the environment arises from
frequency shifts imposed by local electrostatic interactions,
which are the source of solvatochromism and inhomogeneous
broadening in the experimental spectra. Although the
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inhomogeneous contribution to a VP’s total line width is
convoluted with relaxation effects in linear (e.g., FTIR)
spectra, 2D IR methods allow deconvolution of intrinsic and
solvent-dependent effects.1,32 Long vibrational lifetimes
provide increased resolution by narrowing the homogeneous
line width and simultaneously allow access to larger temporal
windows in time-resolved experiments. A variety of studies
have shown that the incorporation of a heavy atom (S, Si, Se,
Sn) or isotope (15N) into VPs can increase their lifetimes by
factors ranging from ∼2 to >100.33−36 In addition to these
factors, steric perturbative effects, solvothermal stability, and
the sensitivity of the VP must be considered when determining
the appropriate VP for a specific application. Levin et al. have
reported the relative ranking of VPs based on these parameters
and found that transition metal−carbonyl compounds are least
favorable in terms of their bulkiness, which can produce
undesired perturbations to the protein structure, counteracting
their favorability in terms of transition dipole strength and
lifetime.37 Isonitrile probes have desirable traits such as high
transition dipole strength, sensitivity to the H-bonding
environment, and comparatively longer vibrational lifetimes,
but they are chemically unstable under acidic conditions.38

One additional barrier to the application of certain VPs is
the separation of environmental (solvent) effects from features
arising from intramolecular vibrational coupling and energy
transfer. Commonly used VPs such as −CN, C�C, and metals
bearing a single carbonyl moiety have frequencies far from
other modes, and their isolation minimizes coupling effects to
produce single Voigt-shaped peaks in the transparent window.
This is advantageous because static and time-dependent
lineshapes can be readily interpreted using fluctuation−
dissipation relations, typically via the application of Kubo
line shape theory.1,32,39 Other VPs such as azides and metal
polycarbonyls have multiple near-lying transitions that are
susceptible to coupling effects, which cause splitting in linear
spectra and the appearance of cross-peaks in 2D IR spectra. In
metal polycarbonyls, coupling between near-degenerate C�O
stretches dominates, and although multiple features are
observed, they can still be understood from calculations
using a minimal set of chromophores with a known
geometry.31,40−42 In azides (particularly aryl-azides, e.g., p-
azidophenylalanine21), “accidental” Fermi resonances (FRs)
between the azide antisymmetric stretch (∼2100 cm−1) and
lower-lying vibrations are common. FRs occur when
anharmonic coupling between a bright mode (e.g., the azide
fundamental) and near-degenerate, symmetry-matched over-
tones or combinations allow the latter to “borrow” oscillator
strength, resulting in a complex absorption profile. This
phenomenon makes Fermi resonant small molecules sensitive
probes of the environment, in part because solvation effects
(particularly H-bonding) differ between functional groups.43 In
the case of azide VPs, the involvement of low-lying modes in a
denser region of state space presents a difficult analytical
problem because it is not clear, a priori, which of them are
coupled to the azide fundamental, and thus, how to interpret
environmentally sensitive changes in the spectrum.44−46 For
this reason, aryl-azides have largely been avoided and efforts
have been made to eliminate FRs to optimize them for
experimental studies.47−50

In principle, it should be possible to leverage FRs of (aryl)
azides to gain further insight into fluctuating molecular
environments if their complex spectra can be assigned and
predicted. To do so, it is necessary to account for the intrinsic

intramolecular modes, as well as how they respond to
solvation. Due to the importance of the FRs in vibrational
energy transfer in proteins51 and of understanding vibrational
couplings in FRs on providing additional information on
protein environment and dynamics,43 herein, we explore the
contributions of aryl ring substitution and solvation to the
vibrational spectra of two aryl-azide VP analogs (Figure 1)

using density functional theory (DFT). The first VP analog, 4-
azidotoluene, mimics p-azidophenylalanine, which has been
studied previously and used as a VP in place of Phe and Tyr
residues in proteins.52,53 The second VP analog, 4-azido-N-
phenylmaleimide, contains a thiol-reactive maleimide sub-
stituent that could allow post-translational attachment to
cysteines in analogy to established metal−carbonyl VPs and
fluorophores.31,54 An initial version of this work was deposited
in ChemRxiv on October 16, 2022.55

Recently, 4-azido-L-phenylalanine, the unnatural amino acid
modified with an azide moiety, has been studied experimen-
tally and theoretically30,49,52,53,56,57 In addition, aryl azides have
been explored as phosphine-activated switches for small
molecule function.58 Because of their wide application
potentials, the synthesis of aryl azides is well developed.59

Therefore, it is important to explore the vibrational modes
involved in FRs and understand the effects of intramolecular
groups on the FR profiles of aryl azides, as an intramolecular
group replaced by or bonded with other groups can change the
structure of the molecule60,61 as well as vibrational signature.61

In this work, we report the DFT results of the vibrational
spectra of 4-azidotoluene and 4-azido-N-phenylmaleimide. 4-
Azidotoluene is a simple analogue to 4-azido-L-phenylalanine
that has been studied previously.49,52,53,56,57 Moreover, N-
phenyl maleimide has been studied as a substrate for Old
Yellow Enzyme.62 Since this molecule has extended con-
jugation and experiences greater sensitivity to energy transfer
through FRs with less spectral complexity than other aryl
azides, 4-azido-N-phenylmaleimide was also studied in this
work.
Studying these two aryl azide compounds also provides an

opportunity to understand the impact of intramolecular
interactions on the FRs. Moreover, as VP needs to be sensitive
to its environment as a probe, DFT calculations were carried
out in two solvents, N,N-dimethylacetamide (NNDMA) and
tetrahydrofuran (THF), to investigate the sensitivity of FRs to
the solvent environment. These solvents do not generate
hydrogen bonds and thus allow the use of the solvent model in
DFT calculations rather than the explicit treatments of solvent
molecules.63 The B3LYP functional was used in our DFT
calculations, as Barone has shown that the B3LYP exchange
and correlational functional offers an excellent compromise
between accuracy and computational cost and provides
satisfactory results for studying the vibrational spectroscopic
details of small organic molecules.64 We note that B3LYP
results may not be accurate enough to predict the resonances
due to the shift of frequencies, and therefore, caution is needed

Figure 1. Chemical structures of 4-azidotoluene (left) and 4-azido-N-
phenylmaleimide (right).
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in interpreting the calculated IR spectra. In the DFT studies of
4-azido-L-phenylalanine and its derivatives, the B3LYP func-
tional was used in both studies that predicted different
couplings using different basis sets, 6-311++G(df,pd)49 and 6-
311+G(d,p).56 There are no systematic examinations on how
the resonances in IR spectra are affected by basis sets.65 In this
work, we employed seven basis sets, namely, 6-31G(d,p), 6-
31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-
311++G(d,p), and 6-311++G(df,pd) in the DFT calculations
to determine the basis set dependence in the absorption profile
of the molecules, as shown in Figure 1. Furthermore, in
addition to the cubic force constant, we also used the third-
order Fermi resonance parameter (TFR)66,67 to characterize
the FRs.

2. COMPUTATIONAL DETAILS
DFT calculations were carried out on two aryl azide
compounds (Figure 1) using the Gaussian 16 computational
package.68 The two molecules were built using GaussView6
that interfaces with Gaussian 16 software. While 4-
azidotoluene is a rigid organic small molecule and can be
built uniquely in GaussView, there are two 4-azido-N-
phenylmaleimide rotational conformers and they have very
similar IR spectra.69 In this work, we report and discuss only
one conformer shown in Figure 1. This conformer is
energetically the same as the second conformer.69 For organic
small molecules of larger size, many conformers may coexist
and molecular dynamics simulations may be needed to ensure
proper sampling of the conformational configuration.70

Three types of DFT calculations were performed for each
molecule in a specific solvent environment, namely, geometry
optimizations, harmonic frequency calculations, and anhar-
monic frequency calculations. Two solvents, NNDMA (N,N-
dimethylacetamide) and tetrahydrofuran (THF), were used to
understand the solvent effects on FRs. The polarizable
continuum model using the integral equation formalism
variant (IEFPCM) was used for the solvent effect in the
DFT calculations. The solvent effect has been routinely studied
in DFT calculations71,72 and utilized in tuning aggregation of
organic materials73 for better device performances.74−76 We
note that DFT calculations were performed only in the gas
phase using one basis set. No extensive gas phase calculations
were performed for the following two reasons. One is that
future experimental studies of these molecules are expected to
be performed in solvents rather than in the gas phase. The
second reason is that the vibrational frequencies are the
intrinsic properties of a molecule and the environment (in the
gas phase or in any solvents) will only shift the absorption
wavelength and intensity, as further demonstrated from the
comparison with the two gas phase results.
Each DFT calculation was performed by using B3LYP. The

B3LYP functional has been widely used in vibrational studies
of molecules,77−83 and it is also used in the studies of
electronic transitions in molecules84−91 or reactions of
molecules92−96 where further tests on feasible functionals are
still needed.86,88,97 In future investigations, machine learning
algorithms may also be utilized in the studies.98−100 Seven
basis sets, 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G-
(d,p), 6-311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd),
were employed to investigate the sensitivity of DFT results on
the basis set. The basis set dependence was studied previously
for UV−vis spectra of various organic small molecules.71,101 In
this work, these basis sets were chosen to understand the

perturbation of electronic properties to the sensitive vibrational
couplings to gain insight into the IR spectra. Standard
convergence criteria were used in the DFT calculations, that
is, the self-consistent field, gradient, and energy convergence of
geometry optimization were set to be 10−8, 10−4, and 10−5 a.u.,
respectively. Ultrafine grids were used for the numerical
integration of the two-electron integrals and their derivatives.
These convergence criteria have been also used in our previous
work on other organic small molecules.77,78,102−104 The
harmonic frequency results showed that all optimized
structures were at the minimum of the potential energy
surface. The generalized second-order vibrational perturbation
theory64 was used in the anharmonic frequency calculations
that were performed to understand the origin of FRs and to
obtain cubic force constants of overtones and combination
bands. While the method allows calculations of FRs, the
accuracy of using this method to account for all degeneracies is
still being tested.105 In an anharmonic frequency calculation,
we provided the fundamental mode of interest, i.e., the azide
asymmetric stretch, which can be identified from the harmonic
frequency calculation. The calculated harmonic and anhar-
monic frequencies of the selected normal modes of the two
molecules in NNDMA and THF are provided in Tables S1−
S4. All IR spectra were obtained at room temperature
(298.15K) and 1 atm, which are the default selections for
obtaining IR spectra of molecules.
We used both cubic coupling constants Kijk and third-order

Fermi resonance parameter (TFR)66,67 to determine the FRs.
TFR for the triple of modes i, j, and k was obtained by

=
| |K

TFR
ijk

(1)

= | + |i j k (2)

where k is fundamental and i and j are combination band or
overtone modes when i = j, respectively. The unit of cubic
force constants is cm−1, which has been widely used in the
calculations49,56 since the 1950s.106 As such, the TFR is
dimensionless. Modes are considered resonant when the TFR
is of order ∼1 or larger. To make sure all the possible
couplings are included, we searched all the vibrational peaks
within ±130 cm−1 from the fundamental vibration of interest.
Coupled with the cubic coupling constants, the TFR value
provides insights into what possible FRs are present in the
complex absorption profile of aryl azides more reliably than
using cubic force constants only. Therefore, we used both the
TFR and cubic force constant to measure the couplings. In this
work, we investigated the influence of basis sets by comparing
four parameters: peak intensity, peak position relative to the
fundamental vibration, cubic force constant, and TFR value.
The relative peak position (Δω′) is calculated as

=’ ij k (3)

where ωij and ωk are wavenumbers of combination band or
overtone and fundamental vibration, respectively.

3. RESULTS AND DISCUSSION
To understand the origin of the FRs and the impact of
functional groups as well as solvent on FRs of aryl azides, we
obtained DFT results on two molecules, 4-azidotoluene and 4-
azido-N-phenylmaleimide, in two solvents, NNDMA and THF
using the B3LYP functional with seven basis sets. In what
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follows, we present the results of 4-azidotoleune in NNDMA,
followed by 4-azido-N-phenylmaleimide in NNDMA and a
discussion of the effect of replacing the methyl group with
maleimide. Finally, we present the results of different solvents
to explore the impact of the solvent on FRs of aryl azides.
3.1. 4-Azidotoleune in NNDMA. There are 17 atoms in

4-azidotoluene. This means that there are 45 fundamental
vibrational modes. We obtained the IR spectra from both
harmonic and anharmonic frequency calculations of the
optimized 4-azidotoluene in NNDMA using seven basis sets:
6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-
311+G(d,p), 6-311++G(d,p), and 6-311++G(df,pd). Figure S1
of the Supporting Information shows the harmonic spectrum
of 4-azidotoluene using the 6-311+G(d,p) basis set. The
highest intensity peak corresponds to the azide asymmetric
stretching vibration, which is located at 2213.7 cm−1 with a
molar absorptivity coefficient of ∼6000 M−1 cm−1. Indeed, this
azide asymmetric stretching vibration (Mode 38) is the only
visible fundamental vibration within the transparent window
(∼1800−2300 cm−1). Mode 30 has the second highest molar
absorptivity coefficient with ε over 1000 M−1 cm−1, which
indicates that transition dipole strength or population density
of Modes 38 and 30 are relatively high. All other fundamentals
have an intensity less than 1000 M−1 cm−1. Table S1 shows the
position and intensity of high intensity peaks for 4-
azidotoluene in NNDMA obtained from the B3LYP/6-
311+G(d,p) calculations. Figure S1 also presents the
anharmonic vibrations, and it shows that the intensities of
the anharmonic vibrations are lower than those of the
harmonic vibrations. In the harmonic analysis, only a single
peak within the transparent window is observed, while in the
anharmonic spectrum, there are several peaks within the
transparent window. However, only one fundamental, Mode
38, is present, and the other peaks are combination bands or
overtones and are the result of coupling with Mode 38.
To gain deeper insights into the vibrational coupling and

FRs, we plotted the vibrational spectra obtained using various
basis sets in Figure 2. Furthermore, we provided the peak
intensities, peak positions relative to the fundamental vibration,
cubic force constants (Kijk), and TFR values of combination
bands or overtones that can potentially be in resonance with
the azide asymmetric stretch, as shown in Figure S2. Although
there are more than one hundred vibrational transitions within

the transparent window, only a few modes show visible
intensity or vibrational coupling strength. Unexpectedly, the
combination band Comb(22,26) from the B3LYP/6-31G(d,p)
calculation has the highest intensity (∼1200 km mol−1), and
the fundamental vibration has a much lower intensity [see
Figure S2d]. This result was found to be erratic and will be
discussed at the end of this section. In what follows, we exclude
the results from this calculation. DFT results for the remaining
basis sets show azide asymmetric stretch intensities greater
than 740 km mol−1. Comb(18,30) and Comb(15,30) have the
second and third highest intensities of ∼270 and ∼35 km
mol−1, respectively, for more diffused basis sets, i.e., 6-
31+G(d,p), 6-31++G(d,p), 6-311+G(d,p), and 6-311++G-
(d,p). Moreover, Comb(17,30) has a lower than 30 km mol−1

intensity. The overtone mode, Over(25), is very far away in
frequency from Mode 38 and has an intensity of ∼10 km
mol−1. All other vibrational modes have an intensity of less
than 10 km mol−1. When a combination band or overtone
mode is very close to the fundamental vibration (Mode 38),
and the cubic force constant is greater than 1 cm−1, then there
is a great chance that that combination mode is resonant with
Mode 38. On the other hand, when a particular mode is very
far away from Mode 38, then to generate FR, it must have a
higher cubic constant.
Although peak positions and intensities vary for different

basis sets, the FR profiles in Figure 2 look similar. The left peak
around −100 cm−1 is Comb(15, 30), which has the highest
cubic force constant of ∼55 cm−1. As it is far away from Mode
38, it does not form FR with Mode 38 but coupling is visible.
The same is true for Over(25), which is more than 50 cm−1 to
the right of Mode 38. The band to the left of Mode 38 includes
two combination bands, Comb(18,30) and Comb(17,30).
Comb(18,30) has the second highest coupling constant, ∼ 48
cm−1, while Comb(17,30) has a cubic force constant of less
than 10 cm−1. We mention that the cubic force constants for
Comb(18,30) and Comb(17,30) from B3LYP/6-311+
+(df,pd) are quite different from those obtained with the
other basis sets. This more polarized basis set shows an
increased cubic force constant of ∼31 cm−1 for Comb(17,30)
and a decreased cubic force constant of ∼32 cm−1 for
Comb(18,30). This erratic data will also be discussed at the
end of this section.
To further confirm FRs with Mode 38, we calculated TFR

values of various combination or overtone bands, and the
results are summarized in Table S5. If the TFR value is higher
than 1, then the particular combination band or overtone is
said to be strongly coupled with the fundamental vibration. A
TFR between 1 and 0.3 cm−1 indicates that the overtone or
combination band is weakly coupled to the fundamental
vibration. Data in Table S5 show that Comb(18,30) has a TFR
value greater than 1 cm−1, which further confirms that
Comb(18,30) is strongly coupled to the azide asymmetric
stretch, Mode 38, and thus forms a strong FR. Comb(17,30)
has a TFR value of ∼0.5 cm−1 which is weakly coupled to
Mode 38 and forms a weak FR with Mode 38. Both
Comb(15,30) and Over(25) also have TFR values of ∼0.6
and ∼0.4 cm−1, respectively, but these bands are very far away
in frequency from Mode 38; therefore, they do not form FRs
but still weakly couple to the azide asymmetric stretch. The
vibrational modes that form the FRs or are coupled with Mode
38, as discussed above, are shown in Figure 3.
Compared with the DFT studies for 4-azido-L-phenylalanine

derivative, Ac-p-N3−Phe-OMe,56 the current DFT results
Figure 2. Vibrational spectra relative to Mode 38 of 4-azidotoluene in
NNDMA from B3LYP calculations with various basis sets.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c06312
J. Phys. Chem. A 2023, 127, 8911−8921

8914

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06312/suppl_file/jp3c06312_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06312?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06312?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c06312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


show that the modes involved in FRs are unchanged upon
replacing the alanine moiety with a methyl group. Both
combination bands contain the same mode, Mode 30 here and
denoted as Mode 63 in Ac-p-N3-Phe-OMe.56 However, DFT
results for FRs in 4-azido-L-phenylalanine involve 4 different
modes, Comb(42,20) and Comb(41,21).49 While both
molecules, 4-azido-L-phenylalanine and 4-azidotoluene, have
two combination bands that form FRs with the fundamental
mode, the difference in mode involvements from 4-azido-L-
phenylalanine may be partially due to the basis set being used,
which will be explained below. The results are encouraging as
they illustrated the robustness of FRs in both molecules, i.e.,
two combination bands involved in FRs despite different
intramolecular groups, which offers foundation for systematic
tuning of VPs.
Finally, we mention the dependence of DFT results on the

basis set. Most of the DFT results using the 7 basis sets
predicted similar trends and modes involved. Two basis sets, 6-
31G(d,p) and 6-311++(df,pd), generate erratic results. This is
clearly demonstrated when we compare the results of intensity
and cubic force constant. In the case of 6-31G(d,p), it seems
the intensity for Comb(22,26) and that of Mode 38 are
switched [see Figure S2a]. To verify this, we performed
B3LYP/6-31G(d,p) anharmonic frequency calculation using a
B3LYP/6-31+G(d,p) optimized structure, and the data seem
to be fine. Likewise, B3LYP/6-31+G(d,p) anharmonic
frequency calculation using a B3LYP/6-31+G(d,p) optimized
structure also provided reasonable results. For 6-311++(df,pd),
cubic force constants for Comb(18,30) and Comb(17,30) are
mixed in comparison with the results from the other basis sets
[see Figure S2b]. Similar basis set swap calculations confirmed
that numerical errors led to erroneous results. This suggests
that it is useful to perform calculations using a few basis sets for
reliable predictions. This conclusion is further supported by
the other calculations to be discussed below.

3.2. 4-Azido-N-phenylmaleimide in NNDMA. To
understand how different functional groups interact with the
azide asymmetric stretch and contribute to the FRs in the
absorption profile of azide VPs, we replaced the simple methyl
group in 4-azidotoluene with a maleimide moiety to form 4-
azido-N-phenylmaleimide. 4-Azido-N-phenylmaleimide has 22
atoms. Hence, there are 60 fundamental vibrational modes
present. Table S3 presents the DFT results for high intensity
modes with molar absorptivity coefficients over 1000 M−1

cm−1. It shows that the carbonyl stretch (Mode 52) and azide
asymmetric stretch (Mode 54) have the highest intensities
followed by Modes 48, 45, and 46. Figure S3 shows the
harmonic and anharmonic spectra with a 6-311+G(d,p) basis
set. DFT results are displayed in Figure S4a for the high-
intensity vibrational transitions within the transparent window
as well as some lower-intensity peaks included due to their
high cubic force constant (>1 cm−1) for all basis set
calculations. Detailed comparisons among the results from
different basis sets can be found in the discussion following
Figure S4.
The spectra of 4-azido-N-phenylmaleimide within the

transparent window from DFT calculations are depicted in
Figure 4. The highest intensity peak (∼800 km mol−1)

corresponds to the azide asymmetric stretch, Mode 54, and
other combination bands are the result of multiple vibrational
transitions that are coupled to Mode 54. In comparison to
Figure 2, the spectra seem to be more basis-set-dependent,
although detailed analysis shows that a rather consistent
conclusion can be reached. The peaks to the right of Mode 54
by more than 50 cm−1 are overtone Over(39), which has an
intensity of ∼14 km mol−1 and a high cubic force constant
(∼37 cm−1). However, it will not form FR with Mode 54 due
to a small TFR value.
The absorption band to the left of mode 54 is Comb(27,45).

It has a cubic force constant over 50 cm−1. Third-order Fermi
resonance values of each mode were calculated and shown in
Table S6 to figure out whether these combinations bands or
overtone can resonantly couple with the azide asymmetric
stretch. TFR values increase when the magnitude of the cubic
force constant increases and/or when resonance shift Δω
decreases. Generally, if TFR ≥ 1, k > 10 cm−1, and Δω′ < 10

Figure 3. Vibrational modes of combination or overtone bands that
couple with the azide asymmetric stretch (Mode 38) in 4-
azidotoluene in NNDMA. Modes 15, 17, 18, 25, and 30 correspond
to N3 bend, sp2 CH in-plane, sp3 CH out-of-plane, benzene ring
vibrations; CH out-of-plane vibrations; N3 bend, sp2 CH in-plane, sp3
CH out-of-plane, benzene ring vibrations; N3 Sym stretch, sp2 in-
plane, benzene ring vibrations, CN stretch; N3 Sym stretch, sp2 CH
in-plane, benzene ring vibrations, CN stretch, respectively. Blue
arrows indicate the motions of atoms and brown arrows are the
direction of dipole.

Figure 4. Vibrational spectra relative to mode 54 of 4-azido-N-
phenylmaleimide in NNDMA from B3LYP calculations with various
basis sets.
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cm−1, then the overall coupling strength will be significant
enough to result in FR between the fundamental band and the
combinations bands/overtone. For instance, both Comb-
(27,45) and Comb(27,46) are rather far away in frequency
from the fundamental vibration, but cubic force constants are
so high that they can still result in FRs. Comb(27,45) and
Comb(27,46) have TFR values greater than 1, indicating that
they form strong FRs with the azide asymmetric stretch.
From the analysis based on cubic force constants and TFR

values, all basis sets have questionable vibrational modes for
identifying combination bands or overtones that can couple
with azide asymmetric stretch when the TFR is <0.3.
Therefore, it is less reliable in DFT predictions of weak FRs.
The vibrational modes that form the FRs or coupled with
Mode 54 as discussed above are shown in Figure 5.

To investigate the effect of an intramolecular group on the
FR profile, we depicted the spectra of 4-azidotoluene and 4-
azido-N-phenylmaleimide in NNDMA in Figure 6. While the
two combination bands that are involved in FRs, Comb-

(18,30), and Comb(17,30) are located at the left of the
fundamental, mode 38, in 4-azidotoluene, the two combination
bands that are involved in FRs, Comb(27,45), and Comb-
(27,46) are located at the left and right of the fundamental,
Mode 54, in 4-azido-N-phenylmaleimide, respectively, illustrat-
ing the effect of replacing the methyl group with maleimide.

3.3. Solvent Effects on FRs in 4-Azidotoluene and 4-
Azido-N-phenylmaleimide. The vibrational spectra of 4-
azidotoluene and 4-azido-N-phenylmaleimide in THF were
obtained using B3LYP calculations with seven basis sets. The
dielectric constants for NNDMA and THF are 37.8 and 7.6,
respectively. Therefore, a comparison of the results in two
solvents will provide information about the sensitivity of the IR
spectra in the transparent window of these molecules to their
environments. We discuss first the results of 4-azidotoluene in
THF. Figure S5 and Table S2 show that Mode 38 and Mode
30 have the highest intensities in THF as in the NNDMA
solvent. Figure S6 shows various properties for the vibrational
modes occurring within ±130 cm−1 of the fundamental
vibration. Figure S6a presents high-intensity vibrational
modes within the transparent region. The highest intensity
corresponds to the azide asymmetric stretch, mode 38. The
intensity of mode 38 in THF is around 740 km mol−1, which is
lower than that in NNDMA. As in NNDMA, the second and
third highest intensity peaks correspond to Comb(18,30) and
Comb(15,30).
The intensity of Comb(17,30) in THF varies for different

basis sets as it did in NNDMA. Over(25) has an intensity of
∼10 km mol−1, and all other vibrational modes within the
transparent window have lower intensity than 10 km mol−1.
These observations verify that changing the solvents does not
influence the identity of FRs, but the intensity of each
vibrational transition in all calculations is lower with THF.
According to Figure S6b, not only intensity values but also
cubic force constants have similar trends in both solvents. The
highest cubic force constant of ∼55 cm−1 is observed for
Comb(15,30) in all basis sets, and the second highest cubic
force constant ∼48 cm−1 is for Comb(18,30). Like in
NNDMA, the cubic force constant of Comb(18,30) drops to
∼36 cm−1. Over(25) has ∼32 cm−1 cubic force constant and
Comb(17,30) has force constant less than 10 cm−1.
The peak positions of vibrational modes are also solvent-

dependent. The azide asymmetric stretch blue shifts in THF
calculations. Like in NNDMA, Comb(15,30) and Over(25)
are very far (Δω′ > 100 and >65 cm−1, respectively) away
energetically from mode 38, and Comb(18,30) and Comb-
(17,30) are positioned close. Table S7 shows TFR values for
possible modes that can resonantly couple with the azide
asymmetric stretch for 4-azidotoluene in a THF solvent. Here,
again, Comb(18,30) has a TFR value >1 because Comb-
(18,30) is strongly coupled to the azide asymmetric stretch.
Although both Comb(15,30) and Over(25) are far away in
frequency from the fundamental vibration mode 38, they show
TFR values ∼0.55 and ∼0.45, respectively. Therefore, both
Comb(15,30) and Over(25) are weakly coupled to the azide
asymmetric stretch. Also, Comb(17,30) is very weakly coupled
to the azide asymmetric stretch due to its moderate cubic force
constant and relative peak position. The vibrational modes that
contribute to the FRs in THF are the same as those shown in
Figure 3. The vibrational spectrum of 4-azido-N-phenyl-
maleimide (Figure S7) in THF shows five peaks with high
intensities over 1000 M−1 cm−1, just as in NNDMA. The
properties of the combination and overtone bands that occur

Figure 5. Vibrational modes of combination or overtone bands that
couple with the azide asymmetric stretch (Mode 54) in 4-azido-N-
phenylmaleimide in NNDMA. Modes 27, 39, 45, and 46 correspond
to N3 bend, sp2 CH in-plane, benzene ring vibrations; N3 Sym stretch,
sp2 in-plane, benzene ring vibrations; N3 Sym stretch, sp2 CH in-
plane, benzene ring vibrations, CN stretch; N3 Sym stretch, sp2 CH
in-plane, benzene ring vibrations, CN stretch, respectively. Blue
arrows indicate the motions of atoms, and brown arrows are the
direction of dipole.

Figure 6. Vibrational spectra of 4-azidotoluene (black) and 4-azido-
N-phenylmaleimide (red) in NNDMA from B3LYP/6-311+G(d,p)
calculations.
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within ±135 cm−1 from the azide asymmetric stretch using
seven basis sets are listed in Figure S8.
The intensity of the combination bands is solvent-depend-

ent. To get deep insights into the solvent effect on the FRs, we
first consider the cubic force constants, see Figure S8b. In
THF, Comb(27,45) has a cubic force constant of over 50
cm−1. Therefore, from the cubic force constants, we can
directly see strong coupling between Comb(27,45) and the
azide asymmetric stretch. The second highest cubic force
constant of ∼35 cm−1 is Over(39). The intensities of both
Comb(27,45) and Over(39) are not that high because they are
very far away in frequency from the fundamental vibration.
The solvent effects on absorption profiles of 4-azidotoluene

and 4-azido-N-phenylmaleimide can be observed in Figure 7.

THF solvent blue shifts both azide asymmetric stretch and
Comb(18,30) bands in 4-azidotoluene. The intensity of these
modes is lower in THF compared to NNDMA, but they have
similar trends in both solvents. Figure 6 shows that when the
methyl group is replaced with a maleimide group, the azide
asymmetric stretch blue shifts and the azide adsorption profile
is completely different from one another. Moreover, when
comparing vibrational transitions that contribute to FRs, both

molecules show the same vibrational modes. For example,
Mode 30, 18, 25, and 17 in 4-azidotoluene are similar to modes
Comb(45,46), 27, 39, and 26 in 4-azido-N-phenylmaleimide,
respectively. Comparing the absorption profiles of 4-
azidotoluene and 4-azido-N-phenylmaleimide in Figure 7, it
seems that 4-azido-N-phenylmaleimide is more sensitive and
thus a better VP candidate. We mention that a lot of efforts
have been made to remove FRs of VP probes. The robust FR
features and the sensitivity to solvents shown in this work
suggest that it is a good strategy to design VPs to utilize the
FRs.
It is also interesting to note that in both molecules at

different solvent environments, the same combination bands
and overtones are involved in FRs, as shown in Figure 7. The
azide asymmetric stretch, denoted as Mode 30 in 4-
azidotoleune and Mode 54 in 4-azido-N-phenylmaleimide, is
strongly coupled with Comb(18,30), Comb(15,30), and
Comb(17,30) in 4-azidotoleune and with Comb(27,45) and
Comb(27,46) in 4-azido-N-phenylmaleimide. These combina-
tional modes are strongly coupled with the fundamental azide
asymmetric stretch through the significant azido asymmetric
component in Mode 30 in Figure 3 and Mode 45 in Figure 5
or through the strong dipole coupling as in Mode 15 with
Mode 38 in Figure 3 and as in Mode 27 with that in Mode 54
in Figure 5. The resonance features shown in these solvents
can be observed in the gas phase as depicted in Figure S9 of
the Supporting Information. We also note that the current
DFT results did not include the contribution from the
involvements of solvent modes, in which explicit solvent
molecules are needed in the study.
Moreover, we point out that DFT results with more basis

sets can be used as useful tools for reliable predictions. We
provided in Tables S9−S16 the structural and electronic
properties obtained with the 7 basis sets. The results do not
seem to be abnormal, as shown by the predicted spectroscopic
properties, such as intensity and cubic constants. These lead us
to believe that the drastically different spectroscopic results are
due to numerical errors introduced during calculations in
obtaining the spectral properties.
Previously, comparisons between the DFT results using

B3LYP functional and experimental data were made for 4-
azido-L-phenylanine49 and for paro-azidobenzonitrile.107 The
DFT results were found to be very useful in understanding the
vibrations of these molecules. We performed the FTIR
measurements of the potentially better VP candidate, i.e., 4-
azido-N-phenylmaleimide, and the results are provided in
Figure S10 and Table S17 of the Supporting Information. As
shown in Figure S10, the computationally predicted resonance
at the lower frequency with respect to the fundamental (Mode
54) was observed experimentally; however, the predicted
resonances at the frequencies higher than the fundamental
cannot be visible from the current experiment. We suspect that
this may be due to the resolution of the IR measurements. 2D
IR will be a better and interesting tool to identify these
resonances as illustrated in the previous studies.49,56 The
resonance shifts were better predicted from the DFT than from
the intensity, as one may expect. Finally, we point out that
scaling techniques77 may be useful to better reproduce
experimental spectra and are interesting for future inves-
tigations.

Figure 7. Vibrational spectra of 4-azidotoluene (a) and 4-azido-N-
phenylmaleimide (b) in NNDMA and THF obtained from B3LYP/6-
311+G(d,p) calculations.
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4. CONCLUSIONS
B3LYP calculations were performed on 4-azidotoluene and 4-
azido-N-phenylmaleimide in NNDMA and THF to understand
the FRs of these molecules and the solvent effect on the FRs.
In both solvents, the same combination of bands and overtones
is involved in FRs. In addition, those modes always include a
high intensity vibrational mode. For example, in 4-
azidotoleune, Mode 30 was involved in Comb(18,30),
Comb(15,30), and Comb(17,30). In 4-azido-N-phenylmalei-
mide, Mode 45 and Mode 46 were involved in Comb(27,45)
and Comb(27,46). Notably, Modes 30, 15, and 17 in 4-
azidotoleune are similar to Modes Comb(45,46), 27, and 26 in
4-azido-N-phenylmaleimide, respectively. This illustrated that
FRs are rather robust features and can be taken advantage of as
VPs.
The azide asymmetric stretch blue shifts upon substitution

of methyl with the maleimide group and solvent change from
NNDMA to THF. 4-azido-N-phenylmaleimide shows a greater
sensitivity to solvent and therefore is a better candidate as a VP
than 4-azidotoleune. These results are critical for under-
standing the modes involved in the ongoing 2D IR
measurements of these molecules. Finally, we note that 6-
31+G(d,p) and 6-311+G(d,p) basis sets seem to be good
choices for DFT calculations, and it is important to use
multiple basis sets for reliable predictions by comparing the
cubic constants and frequencies.
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