JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 13 No 5, 05009(5pp) (2021)

Mechanisms of Relaxation of Electronic Excitation of Triazido-S-triazine
P.O. Kondratenko?, Yu.M. Lopatkin2, T.M. Sakun?

L National Aviation University, 1, Liubomyr Huzar ave., 03058 Kyiv, Ukraine
2 Sumy State University, 2, Rymsky-Korsakov St., 40007 Sumy, Ukraine

(Received 16 July 2021; revised manuscript received 20 October 2021; published online 25 October 2021)

The discovery of fullerenes and the identification of carbon nanotubes became a stage in the
development of materials science, instrumentation, and new nanotechnology. As a result of studies of the
mechanisms of electronic excitation relaxation in symmetric molecules of triazido-S-triazine, it is shown
that the Cs symmetry of the molecule determines the fact that the energy levels of the excited states are
treefold. Among the triplet states, the first three nmm*-states have the lowest energy, followed by three mo*-
states. Among the singlet states, the first three mo*-states have the lowest energy. The following states are
nm*-states responsible for the UV absorption spectra of the molecule. The excitation of a molecule into
these states quickly relaxes into mo*-states from which the processes of dissociation of the molecule are
possible. On the other hand, the mo*-configuration of singlet states facilitates the rapid conversion of the
molecule into triplet mo*-states. It is shown that the configurational interaction between three local mo*-
states leads to the creation of three delocalized molecular orbitals (MO). This creates three energy levels of
the excited state, the lowest of which corresponds to the MO, which has Cs symmetry. The other two MOs
have reduced symmetry, and therefore they are responsible for the dissociation of the molecule. It turned
out that states Ts and Ss have a dissociative potential surface. The interaction between the states causes a
decrease in the quantum yield of the photodissociation of the molecule.

Keywords: Relaxation of electronic excitation, Highly excited states, Dissociative potential surface,
Configurational interaction, Photodissociation of azides.
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1. INTRODUCTION

There are many groups of starting compounds used
for the functionalization of nanotubes and nanofibers
[1-7], including those from the triazide family. In this
paper, we investigate the physical and photochemical
properties of one of the representatives of this family —
triazido-s-triazine.

The behavior of molecules in highly excited states is
an urgent fundamental problem of modern physics and
technology. Until now, very little attention has been
paid to the relaxation processes of molecule excitation.
It was believed that the laws of photochemistry work
invariably, including the fourth law, which states that in
the vast majority of photochemical processes occurring
in solutions of organic molecules only molecules excited
into S1 or T'1 states are involved [8].

For a long time it was believed that it should be so,
since relaxation processes are mostly fast and non-
equilibrium, and all possible equilibrium processes can
occur only with the participation of Si or T: states of
the molecule. Although the fact of fading of dyes on
fabrics under the influence of solar radiation is well
known. Subsequently, numerous experimental data
have emerged that show that the processes of
excitation relaxation do not interfere with the processes
important for science and practice in highly excited
states: the generation of current carriers, photo-
chemical and radiation-chemical processes, etc.

In studies of photochemical processes in methylene
blue and resazurin conducted by the authors in [9], it
was shown that the dye has no photochemical activity
in the long-wavelength absorption band (1 = 667 nm) at
low excitation intensities, but has photochemical

2077-6772/2021/13(5)05009(5)

05009-1

PACS numbers: 31.50.Df, 82.20.Wt

activity at high intensities (two-quantum processes) of
light in the visible range, or at arbitrary intensities in
the ultraviolet region of the spectrum (A< 330 nm).
Thus, photochemical transformations of molecules are
carried out in a highly excited state.

Another group of processes is known, which was
found in the study of the spectral sensitivity of the
processes of photodissociation of azides of the malachite
green dye [8]. In this case, it turned out that upon
irradiation of a solution of these azides with mono-
chromatic light from the region of the long-wavelength
absorption band, the quantum yield of photodisso-
ciation did not exceed 0.01, while when irradiated with
light with A< Aer (Aer =350 nm), the yield increased
significantly (almost to one at low temperatures). The
research of the photochemical properties of a number of
molecular systems [9] showed that these processes
occur in highly excited states in all molecules. Thus,
the existence of quasi-equilibrium relaxation processes
of electronic excitation of molecules was proved.

In this work we continue to study quasi-equilibrium
processes of electronic relaxation from highly excited
states in the molecule of triazido-S-triazine (TAT):
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2. ENERGY STRUCTURE OF THE TRIAZIDO-S-
TRIAZINE MOLECULE

This type of molecule is characterized by the Cs
symmetry and has three azido groups, each of which
has the ability to dissociate with the release of
molecular nitrogen. It is clear that the dissociation
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process occurs with a decrease in the symmetry of the
molecule. This creates nitrene, a molecule with a single
C—-N bond and two unbound molecular orbitals (MOs)
located on the nitrogen atom. One MO is localized in
these MOs, as a result of which the ground state of
nitrene is the triplet state.

Table 1 — Excitation parameters of the TAT molecule from the basic geometric configuration

State E, eV MO Type A, nm f
So —70.5901
36 --> 38
T: —68.1203 35 -> 37 o — ¥ 502.0 0
34 --> 42
Ty —67.918 34 -> 37 o — ¥ 464.0 0
T3 —67.9174 34 --> 38 o — ¥ 463.9 0
35 --> 39
Ta —67.8723 35 --> 40 mn— o* 456.2 0
34 --> 40
36 --> 39 .
Ts —67.8651 34 > 41 I—c 455.0 0
36 --> 41 "
Te —67.8645 34 > 39 oI— 0 454.9 0
T7 —67.3621 36 --> 43 mn— o¥ 384.1 0
Ts —67.0847 36 --> 45 n— ¥ 353.7 0
35 --> 40 "
S1 —67.5734 34 > 39 I—c 411.0 0.0001
S2 —67.569 34 --> 40 m — c* 410.6 0.0002
36 --> 39 .
Ss —67.5675 34 > 4] I—c 410.2 0.0000
Sq —66.6073 34 --> 37 o — o¥ 311.3 0.3921
Ss — 66.606 34 --> 38 o — o¥ 311.2 0.3942
36 --> 38 %
Se —66.5436 35 > 37 o— o 306.4 0.0001
S7 — 66.5223 36 --> 45 o — o¥ 304.8 0.0019
The study of the energy structure of the TAT Similar studies of singlet quantum transitions in

molecule was performed using the semi-empirical
quantum mechanical method for calculating MNDO,
created by a group of authors [10] for the calculation of
molecules containing elements of the first and second
rows of the periodic table. This method allows you to
calculate the energy structure of a molecule, the type of
MOs for each state of the molecule and the strength of
the quantum transition oscillator. In our case, 36 fully
filled MOs are taken into account for the calculation.
When performing calculations of excited states, the
configurational interaction between 12 filled and 12
free MOs is taken into account.

Table 1 shows the results of the calculations. The
binding energy of electrons localized at 36 MO with the
TAT molecule was chosen as the starting point. The
table shows that the symmetry of the molecule
determines the fact that the energy levels of the excited
states are triples. In this case, three lower triplet levels
are represented by m — n* quantum transitions, the
next three levels — by m — c* transitions. In [8], it was
shown that the processes of dissociation of a molecule
into fragments are possible only from mo*-states.
Therefore, one of the T4, T5 or Te levels will be
responsible for the dissociation of the azido group upon
excitation of the TAT molecule.

the TAT molecule have shown that the first three
energy levels are represented by m — o* transitions,
and the following — by m — * transitions. Since one of
the first three levels will be responsible for the
dissociation of the molecule, it can be expected that the
quantum yield of such a process will be close to one.

Let us see how the wave functions of the excited
states of the TAT molecule are formed. They have the
following appearance:
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The structure of 0*-MO of the excited states is given
here. These states are obtained as a result of the
configurational interaction between three quantum
transitions of the same symmetry. Each ¢*-MO of a
separate azido group is localized on the corresponding
azido group. The configurational interaction between
them leads to the formation of a symmetric MO39,
which is responsible for the lower triplet o*-state of the
molecule. Herewith the C3 symmetry of the molecule is
preserved. The next two ¢* MOs will be created due to
the antisymmetric combination between the two MOs,
namely c1*-63* and o1%-65*, where indices 1, 3 and 5
mark the positions of the azido group relative to the
six-membered ring. Both of these MOs have reduced
symmetry and may be responsible for the dissociation
of the azido group.
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Fig. 1 - Energy diagram of the triazido-S-triazine molecule

3. THE AZIDO GROUP DISSOCIATION
PROCESSES

From the energy diagram of the TAT molecule in
Fig. 1 it follows that dissociative states are states Ts
and Ss. In this case, the elongation of the N-N bond
leads to the intersection of the ground state So with the
state Ts, while the state Ss only approaches the ground
state So. Thus, the dissociation of the molecule from the
state Ts will cause the appearance of nitrene in the
ground triplet state, while the dissociation from the
state Sz will lead to the formation of nitrene in the
excited singlet state.

Let us detail the picture of the formation of a
dissociative state. To do this, we will select a narrow
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range of energies and give diagrams of triplet (Fig. 2)
and singlet (Fig. 3) states.

Thus, from Fig.2 it follows that the excited
molecule has the lowest energy at the length of the
dissociating bond Rn-n=1.275 A. Among the excited
states of the molecule, the state T: has the lowest
energy. As the dissociative bond lengthens, the energy
of this state only increases. Similarly, the energy of
states Tz and Ts increases. Interestingly, the energy of
the state T4, which corresponds to the quantum
transition to the symmetric 0*-MO, also increases. The
antisymmetric 0*-MO of the state T5 turned out to be
dissociative. Moreover, it crosses alternately all the
lower triplet states as the length Rn-N increases. The
reduced symmetry of the molecule allows such an
interaction to manifest itself with the splitting of
energy states in the region of intersection of energy
states. This process is most visible in the intersection of
states Ts and Ti. The splitting value in this case is
0.023eV (184 cm-1). With such a small energy
splitting, the dissociation process in this place is likely
to remain non-equilibrium. It will be nonequilibrium at
the intersection of the state Ts with states T4, Ts and
T2, where the energy gap is even smaller. However, in
this case, a competitive process is possible — the
relaxation of the molecule into the state Ti.
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Fig. 2 — Energy diagram of triplet states of the TAT molecule

It remains to understand how the state Ts is
populated after excitation of the molecule.

From Table 1, it follows that excitation of the
molecule occurs into states Si and Ss, which are
significantly distant from states Si, S2 and Ss. These
states are characterized by a binding energy diagram.
Relaxation of excitation from states Ss4 and Ss will occur
in the oscillating process in states Si, Sz and Ss.
Subsequent relaxation processes will transfer energy to
the state Ss, as the energy of this state decreases
rapidly when the N—N bond is lengthened to 1.3 A.

As follows from Fig.3, the state Ss becomes
dissociative only after elongation of the N-N bond to
1.43 A. The barrier height is 0.083 eV. Its presence
reduces the probability of transition of the electronic
system to the dissociative state by 27 times at room
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temperature. In this case, competition with inter-
conversion to the triplet mo*-state is possible. In this
regard, it is important to note that the quantum yield
of interconversion between mo*-states significantly
increases [8].

On the way to the dissociation of the azido group
from the triplet state T, there is a process of relaxation
to the state Ti, as a result of which the resulting
quantum yield can be significantly reduced.
Experimental studies show that the quantum yield of
TAT photodissociation in liquid and solid solutions is,
respectively, 0.34 and 0.3.
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Fig. 3 — Energy diagram of singlet states of the TAT molecule

A study of the MO configuration of nitren showed
that the ground state corresponds to the ¢*-MO
localized on the nitrogen atom, while the other two o*-
MOs located on the two azido groups correspond to the
excited states. This situation provides a rapid internal
conversion of excitation energy to the ground state.
Therefore, during the lifetime of nitrene, the photo-
chemical activity of this molecule will be suppressed.
However, nitrene quickly attaches an oxygen molecule
to a nitrogen atom to form a nitro group or is
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Mexaniamu pesiakcanii €eJIEKTPOHHOTO 30yI:KEeHHI TPHUA3UI0-S-TPUAIUHY
I1.0. Kouapareunko!?, FO.M. Jlomatkin?, T.M. Caxyu!

1 Hauioranvruil asiauiiinuli yHieepcumem, npoch. Jlinbomupa Iyzapa, 1, 03058 Kuis, Yrpaina
2 Cymcoruli Oepocasruil yrisepcumem, 8ya. Pumcorozo-Kopcakrosa 2, 40007 Cymu, Yrpaina

Bigkpurra dyrepeHis 1 imenTrdikaliisa ByTIereBUX HAHOTPYOOK CTAJIH €TalloM Y PO3BUTKY MaTeplaso-
3HABCTBA, TPMJIAN00yIyBaHHS 1 HOBOI HaHOTexHOJorTil. B pe3ysmbraTi mpoBeIeHUX JIOCIITKeHh MEXaHI3MIB
peJiakcariii eJIeKTPOHHOTO 30y/:KeHHSI B CHMETPHIHUX MOJIEKYJIAX TPUA3HUIO-S-TpHUasuHy IokasaHo, mpo Cs-
CHMeTPiA MOJIEKYJIH 3yMOBJIIOE TON (paKT, 110 €HePreTUYHI PiBHI 30yI3KeHNX CTAHIB BUCTYIIAIOTh TPIMKAMMU.
Cepe/l TPUILIETHHUX CTAHIB HAWHWMKYY €HEPrilo MAaloTh IIEepIIl TPU MI*-CTAHW, 38 HUMU 3HAXOJSATHCS TPH
no*-craun. Cepes CHHIVIETHUX CTAHIB HAWHUIKYY €HEPrilo MAITh IIepIll TpU Hmo*-cranu. HacrymHi crauu e
nm*-craHaM¥, BiAHOBITAJIBHUME 34 crieKTpr YO MOrIvHAHHS MOJIEKYJIH. 30yIKeHH MOJIEKYJIM B Il CTAHN
IIBUIKO peJIaKCye B IO*-CTAHU, 3 SAKUX MOIKJIMBE IMIPOTIKAHHS IIPOILECIB JUCOINAIT] MOJEKYJIH. 3 1HIIIOro
OOKy, 0¥ KOHQIrypaIlid CHHIJIETHUX CTAHIB CIIPHsE IIBUIKIN KOHBepCil MOJIEKYJIM B TPUILIETHI MO*-CTAHM.
Tlokazano, o KoHQIrypariiHa B3aeMOIis Mi% TPhOMAa JIOKAJbHUMHU I10¥-CTAHAMY IPUBOIUTE J0 CTBOPEHHS
TPBOX JIEJIOKATI30BaHUX MoJieRyIsapHux opbitaneit (MO). [Ipu 1150My CTBOPIOIOTHCS TPU €HEPreTUYHI PiBHL
30yKeHOT0 cTaHy, HalHmkuoMy 3 akux Biamosimae MO, ska mae Cs-cumerpito. Immni gsi MO marors
TOHMKEHY CHMETpPIo, a TOMY caMe BOHM BUIIOBIIAJBHI 34 JUCOINAINI0 MOJEKYJIW. BUSBHIIOCH, IO
IHCOIIATUBHY IIOTEHITIAJbHY IIOBEPXHI0 MalTh craHu Ts Ta Ss. Baaemomisa Misk craHaMu CIpUYMHIOE
TOHMKEHHS KBAHTOBOTO BHXO,TY (DOTOIHCOITIAITIT MOJIEKYJIH.

KmiouoBi cooBa: Pemaxcaifia esieKTpoHHOro 30yIikeHHsI, BucokosOymkeni cramm, JlucomiatusHa
moTeHITiagbHa moBepxHsa, Kordirypaiiiina Bsaemomisa, Qoroaucoliariisa a3umis.
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