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Abstract: In this article, we present the laser spectroscopic investigation of a nitrogen rich
indole derivative, 2,6-diazaindole (26DAI) in the gas phase for the first time. Laser
induced fluorescence (LIF) and two-color resonant two-photon ionization (2C-R2PI)
spectroscopies were carried out to understand the role of N-insertion on the electronic
excitation of indole derivatives. The band origin for Si<So electronic transition was
observed at 33915 cm™, which was red shifted by 713 cm™ and 1317 cm™ from that of 7-
azaindole and indole, respectively. The single vibronic level fluorescence (SVLF) spectroscopy
of the molecule depicted a large Franck-Condon activity till 2500 cm™ for ground state
vibrational modes. The experimental vibrational frequencies from the SVLF spectrum
were compared to Franck-Condon simulated frequencies at two different level of theories.
The more accurate results were found at B3LYP-D4/def2-TZVPP, than the more energy
demanding MP2/cc-pVDZ level. Fluorescence-dip infrared (FDIR) spectrum was recorded
to determine the N-H stretching frequency of the molecule in the ground state, which was
observed at 3524 cm™. The photoionization efficiency spectroscopy was performed to
measure the ionization energy of the molecule as 71866 cm™, which is significantly higher as
compared to 7-azaindole and indole. Thus, the above study suggests that the N-rich
biomolecules appear to have a considerably lower risk of photodamage. The current
investigation can shed light on to the nature’s way of stabilizing bio-relevant molecules with a

possible N-insertion mechanism.
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1. Introduction

Azaindoles constitute the central structure of numerous biologically active compounds. The N-
rich indole derivatives, such as tryptophan, are the key motifs in many proteins which play
important role in structure and properties of proteins.[1,2] In many biorelevant molecules, the
indole moiety is responsible for their antioxidant potency.[3] Understanding the structure,
photophysical characteristics and photo-stability have been a topic of immense interest among
researchers.[4,5] Additionally, the N-containing aromatic molecules have demonstrated
promising biological activities, including anticancer, antimicrobial, and anti-inflammatory
properties, making them a critical target for pharmaceutical research in the field of drug
discovery and development.[6-11] Their easily modifiable structure allows for the synthesis of
a wide range of molecular structures with applications in organic chemistry, medicinal
chemistry, and materials science. Azaindole and its metal complexes have been studied in
development of novel catalysts, luminescent materials, and functionalized coordination
polymers.[12-15] Therefore, investigations on the spectroscopic characteristics, photo-acidity
and photo-stability of selective N-rich indole derivative is of great interest in chemistry,

biology and pharmaceutical communities.

The most popular N-containing indole derivative, which was widely investigated in the
literature is 7-Azaindole (7Al).[16] The molecule has been extensively studied as it has higher
fluorescence lifetime compared to that of its biorelevant counterpart tryptophan.[17-23] The
ionisation potential (1.P.) for indole molecule is 7.76 eV (62589 cm™) and for 7-azaindole,
which has an additional N-atom, I.P. is 8.11 eV (65412 cm™).[24,25] Chou et al. reported that
the 2,7-diazaindole (27DAl), a 7Al analogue with one additional N-atom, can show a better
photophysical properties in the solution phase.[5] The ionisation potential of 27DAI is 8.921
eV (71953 cm™) in the gas phase, implying that the insertion of N-atom can increase the
photostability of the such biorelevant molecules.[26] The photofragmentation study of three
protonated azaindole molecules 7-azaindole, 6-azaindole, and 5-azaindole, has revealed that
excited state lifetime is shorter in case of 5- and 6-azaindole compared to 7-azaindole
suggesting that the position of the N atom in six membered ring of azaindole molecules plays
an intrinsic role in the energies of higher electronic states and photofragmentation dynamics of
the molecule.[27] Chou et al. have studied 2,6-diazaindole (26DAI), an analogue of 2,7-
diazaindole (27DAl), in solvation phase to probe multi-proton transfer in aqueous solution.[28]
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Theoretical studies of proton and hydrogen transfer reaction mechanism in 26DAI have also
been performed.[29-31] There are no reports so far on the experimental investigations on
26DAI molecule, so starting this seminal research would be crucial from fundamental and
practical standpoint.

Herein, we aim to experimentally determine the ground state and excited state properties of
the 26DAI molecule in the supersonic jet cooled molecular beam produced in the gas phase.
We have characterised the molecule using various laser spectroscopic techniques. The single
vibronic level fluorescence (SVLF) spectroscopy was employed to investigate the ground state
vibrational energy levels. Laser induced fluorescence (LIF) and two-color resonant two-photon
ionization (2C-R2PI) spectroscopies are performed to obtain the So—S; band origin transition.
The ground state N-H stretching frequency was determined using fluorescence dip infrared
(FDIR) spectroscopy. The photo-stability of the molecule was characterized by measuring the
photoionization efficiency (PIE) spectrum. The current experimental investigation is crucial to

understand the effect of N-substitution on the photo-stability of biomolecules.
2. Methods
2.1. Experimental

The experiments were carried in a differentially pumped molecular beam machine and the
details of the experimental setup were provided elsewhere.[32] The melting point of 26DAI
molecule is ~ 93°C and therefore, was heated to 85°C to obtain sufficient vapour pressure
required for the experiment. The sample vapours were supersonically expanded using a pulsed
valve into the vacuum (10 bar) using He (2 bar) as a carrier gas. The above adiabatic
expansion produces ultra-cold molecules in a collision-free environment, which allows the
higher resolution studies without any interfering effects as in the case of condensed medium.
The low temperature offers the benefit of simplifying spectra by predominantly populating

molecules in their lowest quantum states.

A frequency-doubled tunable dye laser output, which was pumped by the second harmonic
of an Nd:YAG laser, was used to electronically excite the supersonic jet cooled molecules. To
get the lasing in 560-625 nm region, a mixture of rhodamine 6G (0.51 mM) and DCM (0.85
mM) dyes in methanol was used.[33] The total fluorescence of the molecule is collected by a
photomultiplier tube (PMT) using laser induced fluorescence (LIF) technique. To record the

single vibronic level fluorescence spectrum (SVLF), the molecules are excited at the band
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origin and the resulting fluorescence emission was further dispersed using a 1.5 m
spectrometer. The two-colour resonant two-photon ionization (2C-R2PI) spectrum was
recorded by introducing the excitation laser at right angle to the collimated (using a skimmer)
molecular beam in the detection chamber, which is equipped with a linear Time-of-flight mass
spectrometer (TOFMS). A subsequent ionization laser was introduced and the resulting ions
were detected using a microchannel plate (MCP) detector. Photoionization efficiency (PIE)
spectrum was recorded to determine the ionization energy of the molecule. The PIE spectrum
was recorded by scanning the frequency doubled visible optical parametric oscillator (OPO)

wavelength. To record 2C-R2P1 spectrum, ionizing laser was fixed at 240 nm.

The N-H stretching frequency of the molecule in the ground state was recorded using the
FDIR spectroscopic technique, in which the scanning IR laser was introduced 5 ns prior to the
excitation laser. The single Nd:YAG laser of OPO was used to pump both the excitation laser
(UV laser) for the Si«—Sop transition and the tunable IR-OPO. The optical delay of 5 ns between
the excitation and the IR laser was generated by increasing the path length of the excitation
laser. All the experiments were conducted using a laser power of about 0.2 mJ/pulse for UV
laser and 5 mJ/pulse for IR laser with a beam size of about 2 mm. In the visible region, the
bandwidth of the dye laser output was approximately 0.3 cm™. The spectrometer’s resolution
was 0.02 nm for the experiment with the slit width of 100 um. The resolution of the IR-OPO
and UV-VIS OPO employed for ionization is ~5 cm™ and 0.1 nm, respectively.

2.2. Computational

The geometry of 26DA in the ground and excited states were optimized using B3LYP density
functional with use of the dispersion corrected density functional theory (DFT-D4) and def2-
TZVPP basis set. The calculations were performed using TURBOMOLE program. The
resulting structures were confirmed without any imaginary harmonic vibrational frequencies at
the same level of theories. The SCF energy convergence and the optimization thresholds for
changes in the energy were set to 10° E, with the changes in the gradient at 10* En/ao. The
Franck-Condon simulations were carried out using the optimized So and S1 geometries. Puglisi
et al.'s FC-LabWin application was used to carry out the simulations.[34] The resolution of the
simulated spectrum was set at 3 cm™ for the comparison with the experimental spectral
bandwidth. Zero-point corrected energies of the fully optimized structures of the corresponding

cationic species were used to calculate the adiabatic ionization energies.
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3. Results and Discussion
3.1. S1So transition: 2C-R2P1 and LIF spectroscopic methods

The S1«<So excitation spectrum of 26DAI has not been reported in the literature. The band origin
of its structural isomer, 2,7-diazaindole (27DAI), was reported at 33910 cm™.[26] The S1—So
electronic transition of 26DAI was expected at 339104200 cm™. Figure 1 shows the R2PI (top)
and inverted LIF (bottom) spectra of 26DAI produced under supersonic jet cooled conditions.
The strongest transition in the LIF spectrum region is positioned at 33915 cm™, with additional
weak transitions in both blue and red spectral regions. The mass selective R2P1 spectrum (Figure
1) was recorded by monitoring the ion signal at m/z = 119. The R2P1 spectrum shows a strong
transition at 33915 cm™ (294.855+0.005 nm), similar to that in the LIF spectrum. The band is
assigned as the band origin for Si«<So electronic transition. As shown in the figure, two
additional bands (marked with asterisk) at 33829 (09 - 86) cm™ and 33817(09 - 98) cm™ were
detected using both the R2PI and LIF spectroscopy. S| Figure S1 shows the LIF spectrum of
26DAI in the presence of water vapour in the pre-expansion region. The addition of water vapour
increases the intensities of the bands positioned at 33829 cm™ and 33817 cm™. Therefore, the
marked bands are assigned to the fragmentation 26DAI-(H20)n, complexes at the 26DAI mass

channel.

The band origin of the S1<—So transition of 26DAI at 33915+1 cm™ is marginally red shifted
than that of the 27DAI (33910 cm™).[26] However, the band origin of 26DAI is redshifted by
713 cm? and 1317 cm™ from that of 7-azaindole (34628 cm™) and indole (35232 cm),
respectively.[24,25] It is worth mentioning that, in the solvation phase experiments, the Amax Of
the absorption spectra of aqueous 26DAI and 27DAI solutions were detected at 295-300 nm
region, which were redshifted by 7-10 nm from that of the aqueous 7-azaindole solution.[5,28]

Therefore, the additional N-insertion resulted stabilization of the nn* state.

https://doi.org/10.26434/chemrxiv-2024-40z1t ORCID: https://orcid.org/0000-0001-5938-2902 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-40z1t
https://orcid.org/0000-0001-5938-2902
https://creativecommons.org/licenses/by-nc-nd/4.0/

0, at 33915 em”

Intensity (a.u.)

33780 33830 33880 33930 33980 34030 34080
Wavenumber (cm™)

Figure 1. S1«<So electronic excitation spectra of the 2,6-diazaindole are shown as the (bottom)
inverted laser induced fluorescence (LIF) spectrum (black trace) and (top) two-colour resonant
two-photon ionization (2C-R2PI) spectrum recorded with a 240 nm ionization laser (blue trace).
The asterisk are due to the fragmentation from 26DAI-(H20), at the 26DAI mass channel. The

structure of the 26DAI molecule is shown at the bottom.
3.2. Single vibronic level fluorescence (SVLF) spectrum

SVLF spectrum of 2,6-DAI molecule along with its Franck-Condon simulated spectrum is
shown in Figure 2. The SVLF spectrum was obtained by pumping excitation laser at S1«—So
transition at 33915 cm™ and the resulting fluorescence was dispersed using a monochromator
and the intensity of fluorescence were recorded as a function of emission wavenumbers. The
ground state vibrational bands and their possible assignments based on Franck-Condon

simulations are given in the Table 1.

The ground state vibrational modes are detected till 2500 cm™. The majority of the modes
are symmetric which can be seen in the Table 1. The lower energy totally symmetric modes at
427 (v2s"), 554 (vaa"), 643 (v23") cm™are in good agreement with the calculated ones at 402
(390), 560 (542), 643 (618) cm™, respectively, at B3LYP-D4/def2-TZVPP level of theory
(values in parentheses are scaled by a factor of 0.968). The higher energy modes are observed
at 773 (va2"), 850 (va1"), 935 (v20") and 1039 (v19") cm™, which were predicted at 779, 881, 929
and 1024 cm™ (Table 1) at B3LYP-D4/def2-TZVPP level of theory. As shown in Figure 2, the

https://doi.org/10.26434/chemrxiv-2024-40z1t ORCID: https://orcid.org/0000-0001-5938-2902 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-40z1t
https://orcid.org/0000-0001-5938-2902
https://creativecommons.org/licenses/by-nc-nd/4.0/

SVLF spectroscopy gives the Franck Condon active vibrational modes in the ground states
from the vibrationless excited state. The simulated spectrum has reproduced the positions and
intensities of the totally symmetric modes better than the asymmetric and combination modes.
The above provide us an opportunity to understand the accuracy of the calculated frequencies

in the ground states at different computational methods.

26DAI-DF
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Figure 2. The single vibronic level fluorescence (SVLF) spectrum of 2,6-DAI molecule (blue
trace) recorded by exciting at the origin band positioned at 33915 cm™. The inverted Franck-

Condon simulated spectrum of the So«—S; transition with assignments (black trace).

Table 1. The experimental vibrational frequencies along with their calculated vibrational
frequencies in the ground state are shown in cm. The possible assignments based on the
FCF simulated spectrum are given. The calculated frequencies are scaled using 0.968 and
0.955 at B3LYP-D4 and MP2 levels of theories, respectively, as obtained from the

correlation fit shown in Figure 3.

Bands v expt v'"calc v calc Assignment
B3LYP-D4 MP2
33915 0 - - 0¢°
34342 427 390 377 25,°
34469 554 542 530 24,°
34558 643 618 602 23,°
34687 773 779 763 22,°
34769 850 881 874 21,°
34847 935 929 916 20,°
34949 1039 1024 1002 19,°
35002 1091 1075 1088 18,°
35044 1128 1081 1058 24,0
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35080 1166 1156 1152 17,°
35109 1196 1193 -- 32,0
35162 1245 1239 -- 15,°
35229 1312 1317 1333 12,°
35291 1372 1356 1381 114°
35324 1410 1407 1400 10,°
35349 1433 1459 1444 9,0
35387 1472 1471 1479 8:°
35453 1514 1525 -- 302°
35489 1539 1558 1556 74°
35534 1574 1594 1607 61°
35645 1616 1624 -- 243°
35717 1803 1801 1832 20,°
35767 1852 1860 -- 262°
35811 2070 2049 2007 19,°
35865 2156 2150 2181 18°
o M0
§ o}
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Figure 3. The correlation between experimental and calculated frequencies obtained at
B3LYP-D4/def2-TZVPP and MP2/cc-pVDZ level of theories. The correlation factors are

0.968 and 0.955 at the respective methods. The associated residuals of the fits are shown at the

top.
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Figure 3 shows the correlation between experimental and calculated frequencies
obtained using two methods, B3LYP-D4/def2-TZVPP and MP2/cc-pVVDZ. The fits are shown
with the respective linear fit factors of 0.968 and 0.955. The above factors are marginally lower
to that obtained in the case of 27DAI molecule (0.976 at B3LYP-D4 and 0.967 at MP2/cc-
pVDZ). Table 1 lists the experimental bands, and the assignments based on the calculated
Franck Condon factors. The calculated frequencies are given with a factor of 0.968 (at B3LYP)
and 0.955 (at MP2) obtained by fitting the experimental and calculated totally symmetric

modes.
3.3. Fluorescence dip infrared (FDIR) spectroscopy

The N-H stretching frequency of 26DAI were recorded by FDIR spectroscopy and is shown in
Figure 4. In this, the excitation laser was fixed at the band origin of 26DAI molecule at 33915
cm™. The scanning IR-OPO laser was introduced 5 ns prior to the excitation laser and the
resultant dip was monitored as a function of the IR frequency. As shown in Figure 4, the FDIR
spectrum shows an intense peak at 3524+5 cm™. The calculated ground state N-H stretching
frequency of 26DAI at B3LYP-D4/def2-TZVPP level of theory was found as 3672 cm™. Using
the recommended scaling factor of 0.965 from the CCCBDB, NIST, the scaled calculated
frequency appears at 3544 cm, which has shown good correlation with the experimental value.
The ground state N-H stretching frequency of 2,7-DAI (3523 cm™) was nearly same as that of

the current value at 3524 cm.

— FDIR

Fluorescence Intensity (a.u.)

3524 em’

3460 3480 3500 3520 3540 3560

Wavenumber (cm™)
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Figure 4. FDIR spectrum of 26DAI where the excitation laser was fixed at the S1<—Sptransition
at 33915cm™,

3.4. Photoionization efficiency spectroscopy

The photoionization efficiency (PIE) is a powerful technique to investigate the photo ionization
energy, and thus relevant to study the stability of organic molecules exposed to solar radiation.
Additionally, for the present study, the ionization energy is crucial to employ the ionization
laser to record electronic spectrum of 26DAI using R2PI spectroscopy. The R2PI schemes
using (1+1) with origin band at 33915 cm™ and (1+1") scheme with ionization photon of 266
nm (1' at 37594 cm™) failed to produce any signal. The above confirmed that the molecule does
not ionize at 67830 - 71509 cm™ energy region, like the structural isomer 27DAL. Therefore,
to determine the ionization energy of the molecule photoionization efficiency spectrum was
recorded, by fixing the excitation laser at 33915 cm™. A scanning second UV laser from OPO
(band width of 5 cm™) was introduced ~ 0-3 ns after the excitation laser. The recorded PIE
spectrum of 2,6-DAI molecule is shown in Figure 5, with the x-axis representing total energy
of excitation and ionization photons. The ionization energy was selected as the intersection
point of linear fits of the initial rise in ion signal and the base line. The experimental ionization
energy of 26DA is thus measured as 71866 cm™ which is marginally lower (87 cm™) than that
of 27DAI (71953 cm™). The above measured ionization energy of 26DAI is significantly higher
than the already reported values for 7-azaindole (65412 cm™) and indole (62589 cm™). This
suggests that the N-rich chromophores have higher photostability.

Moreover, as shown in SI Scheme S1, the Si«Sp origin of indole, 7Al, 27DAI and 26DAI
molecules fall in the UVB region 289+6 nm. Indole and 7Al molecules can be ionised by
photons of energy ranging from 365+1 nm (UVA) to the excitation energy (UVB) of the
molecules. However, for 27DAI and 26DAI molecules, the energy of ionizing photons ranges
at 263+1 nm or lower, falling in the UVC region. Since UVC photons, in comparison to UVA
and UVB photons, can barely penetrate the earth's atmosphere, the insertion of N-atom in
26DAI and 27DAI molecules can lower the risk of photodamage as compared to indole and

7Al molecules.
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Figure 4. The photoionization efficiency (PIE) spectrum of 2,6-DAI molecule was recorded
by keeping the excitation laser at the band origin at 33915 cm™.

Conclusion:

In this study, 26DAI molecule was experimentally investigated in the gas phase by using
different laser spectroscopic techniques. Laser induced fluorescence (LIF) and two-colour
resonant two-photon ionization (2C-R2P1) spectroscopic techniques were performed to record
S1+—So electronic transition of 26DAI molecule. The S1«So band origin was observed at 33915
cm® which is redshifted by 713 cm™ and 1317 cm™ from that of 7-azaindole and indole
molecules. In the SVLF spectrum the Franck-Condon active vibrational modes in the ground
state are found till 2500 cm™. Furthermore, to understand the ground state properties of the
molecule, the experimental vibrational frequencies were compared to the calculated ones at
two different levels of theory. The calculated frequencies at B3LYP-D4/def2-TZVPP level of
theory showed better results for the experimentally observed symmetric modes of the molecule
in the ground state.
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The N-H stretching frequency of 26DAIl molecule in the ground state was
determined by recording fluorescence-dip infrared (FDIR) spectrum. The ground state
frequency was obtained at 3524 cm™ which was found to be in good correlation with
the calculated value at B3LYP-D4/def2-TZVPP level of theory. To determine I.E. of the
molecule, photoionization efficiency spectrum was recorded which was obtained as 71866 cm"
! The above value is marginally lower than the I.E. of 27DAI (71953 cm™), however it is
significantly higher than the reported value of I.E. of 7Al (65412 cm™) and indole (62589 cm"
1y molecules. The higher energy of ionizing photons, required for N-rich biomolecules, falls in
UVC region. Thus, N-rich chromophores have shown higher resistivity towards photodamage
compared to 7Al and indole. The current study implies that the gradual N-insertion at selective

positions can lead to the higher photo-stability of N-bearing biorelevant molecule.
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