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Abstract NIR FT-Raman, FTIR and UV-vis spectra of the
herbicide metamitron were recorded and analyzed. The
aromaticities, equilibrium geometries, bonding features,
electrostatic potentials, and harmonic vibrational wave-
numbers of the monomers and dimers of triazinone
derivatives were also investigated with the aid of BLYP/6-
311 G(df, p) density functional theory. Features in the
vibrational spectra were assigned with the aid of the
VEDA.4 program. The calculated results were a good
match to the experimental data obtained from FTIR,
Raman, and electronic absorption spectra. Mulliken popu-
lation analysis was performed on the atomic charges and
the HOMO–LUMO energies were also calculated. NBO
analysis highlighted the intra- and intermolecular N–H…O
and C–H…O hydrogen bonds in the crystal structures of
the triazinones. The solvent effect was calculated using
time-dependent density functional theory in combination
with the polarizable continuum model.

Keywords Herbicide . H-bonding . Dimer . Aromaticity .

ICT

Introduction

Chemical substances derived from 4-amino-1,2,4-triazin-5
(4H)-one exhibit herbicidal activity [1]. These compounds
are chemically stable and can penetrate slowly through the
soil, causing long-term contamination of underground
drinking water resources [1]. Metamitron is used to control
grasses and broad-leaved weeds in sugar and red beets,
fodder beet, and certain strawberry varieties with low
toxicity and low residue. It can be used to deal with crop
sprouting before sowing or after sowing, and can be applied
to suppress the growth of weeds throughout the growing
period [2]. Metribuzin is effective against annual grasses
and many broad-leaved weeds, including hard-to-control
weeds. The properties of these triazinone derivatives have
been studied using electrochemistry [3], photocatalytic
processes [4], phototransformation [5], photoreaction [6],
and IR spectroscopy [7].

Intermolecular hydrogen-bonding interactions have
received much attention from both practical and theo-
retical perspectives, as they can determine the structures
and activities of biological molecules [8–12]. Interac-
tions of molecules with target proteins are absolutely
crucial to various bioactivities, which in turn depend on
the structural features of the molecules, including their
hydrogen-bonding abilities. In the study described in the
present paper, the structural features of three closely
related triazinone derivatives—metamitron, isometami-
tron, and metribuzin (Fig. 1a–f)—were investigated, along
with their dimers, to obtain a good understanding of their
hydrogen-bonding capabilities. This investigation also
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explored the authenticity of the aromaticity of the
heterocyclic ring, as calculated by an empirical method
[13]. Vibrational spectroscopic investigations aided by
quantum chemical computations have recently been used
as an effective tool in the structural analysis of pesticide
compounds [12]. Because they have been highly success-
fully used to calculate the electronic structures and
energies of various compounds, density functional theory
(DFT) with the BLYP/6-311 G(df, p) hybrid functional
and time-dependent density functional theory using the
polarized continuum model (TD-DFT/PCM) calculations
were performed for these triazinone derivatives using the
Gaussian 03 suite of quantum chemical codes. The
vibrational characteristics of their monomers and dimers
were studied using their FT-Raman, IR spectra, UV-vis
spectra, HOMO and LUMO energies, as well as natural
bond orbital (NBO) analysis.

Experimental details

Metamitron was purchased from Sigma–Aldrich (St. Louis,
MO, USA) and used without further purification. The IR
spectrum of each sample was recorded using a PerkinElmer
Spectrum One FTIR spectrometer in the region 400–
4000 cm−1, using a KBr sample pellet. The resolution of
the spectrum was 4 cm−1. An NIR FT-Raman spectrum in
the range 50–3500 cm−1 was also recorded using a
powdered sample, with the 1064 nm line provided by an
Nd:YAG laser employed as the excitation source, and
analyzed on Bruker Vertex 70 FT-IR-RAM-II FT-Raman
module. The detector was a Ge diode cooled to liquid
nitrogen temperature. One thousand scans were accumulat-
ed, with a total registration time of about 30 min. The
spectral resolution after apodization was 2 cm−1. The upper
limit for the Raman wavenumber was restricted to

Fig. 1 a The structure of the
metamitron monomer. b The
structure of the metamitron
dimer. c The structure of the
isometamitron monomer. d The
structure of the isometamitron
dimer. e The structure of the
metribuzin monomer. f The
structure of the metribuzin
dimer
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3500 cm−1 because of the detector’s sensitivity, and the
lower Raman wavenumber was limited to around 50 cm−1

because the Rayleigh line was cut off by a notch filter. The
UV-visible absorption spectrum of the sample was mea-
sured on the basis of ASTME 169–693, using a Varian
Cary 100 B10 UV-visible spectrophotometer.

Computational methods

The DFT computations for the triazinone derivatives
were carried out in the Gaussian 03 program package
[14] using “ultrafine” integration grids. The calculations
were performed at the BLYP level with the standard 6-311
G(df, p) basis set in order to derive the optimized
geometry and vibrational wavenumbers of the normal
modes because of its accuracy. The computed wave-
numbers were scaled by an empirical scaling factor of
0.9986 [15] to fit the experimental wavenumbers; this
accounts for systematic errors caused by the incomplete
basis set and the fact that electron correlation and
vibrational anharmonicity are overlooked. The assignment
of the calculated wavenumbers was aided by the VEDA 4
program [16]. The Raman activities (Si) calculated by
Gaussian 03 were converted to relative Raman intensities
(Ii) using Eq. 1 (derived from the basic theory of Raman
scattering [17]):

Ii ¼ f ðno � niÞ4Si
ni 1� exp �hcni

kT

� �� � ; ð1Þ

where νo is the exciting wavenumber, νi is the vibrational
wavenumber of the ith normal mode, h, c, and k are
universal constants, and f is a suitably chosen common
scaling factor for all peak intensities. The simulated IR
and Raman spectra were plotted using pure Lorentzian
band shapes with a full width at half maximum (FWHM)
of 10 cm−1.

The natural bond orbital (NBO) calculations [18] were
done at the DFT level in order to investigate inter- and
intramolecular interactions. The hyperconjugative interac-
tion energy was deduced using Eq. 2 based on a second-
order perturbation approach [19]:

Eð2Þ ¼ �ns
sh jF sj i2
"s» � "s

¼ �ns
F2
ij

ΔE
; ð2Þ

where sjFjsh i2 or F2
ij is the Fock matrix element between

the ith and jth NBOs, εσ and εσ* are the energies of σ and
σ*, and nσ is the population of the donor σ orbital.

The TD-DFT method was used to calculate the total
free energies, the oscillator strength of electronic
singlet–singlet transitions, and the absorption wave-
lengths. The UV-visible absorption spectrum and the

solvent effect were investigated using the polarizable
continuum model (PCM) [20]. A wide range of solvents
were used for the analysis: nonpolar (benzene), slightly
polar (chloroform), polar aprotic (acetone, acetonitrile,
and dichloromethane), and polar protic (ethanol, metha-
nol, and water). The frontier molecular orbitals and the
HOMO–LUMO energy gap were computed.

Results and discussion

Molecular geometries

Optimized bond lengths, bond angles, and dihedral angles of
metamitron (I), isometamitron (II) and metribuzin (III)
(Fig. 2) calculated using DFT and the corresponding X-ray
diffraction (XRD) data [13, 21] are given in Tables 1, 2 and
3. The calculated data for the dimeric forms are very close to
the experimental XRD values, and thus the intermolecular
hydrogen-bonded dimer structure was found to be more
stable. The crystal structure favors additional intermolecular
hydrogen bonds and a layered polymeric structure [13].

In the dimer, the molecules are bound together via
intermolecular hydrogen-bonded interactions. Due to hy-
drogen bonding, the C=O bond length increases by 0.012Å
in I and II and by 0.015Å in III (Table 1). The shortening of
the N13–N14 / N16–N17 / N2–N3 bonds (0.017, 0.014, and
0.019Å in I, II, and III, respectively; Table 1) may be due to
the increased double-bond character arising from the
delocalization of the electrons in the ring. The six π-
electrons required for the aromaticity of the heterocyclic
ring come from the two C=N bonds and the unpaired
electron present on the nitrogen to which the NH2 group is
attached. If the π-electrons of the C=O bond take part in the
delocalization, the system acquires antiaromatic character
(eight π-electrons). In order to retain the aromatic character,
the polarization of the C=O bond is essential, so the
triazinones have polar C+–O− bonds rather than C=O
bonds. The increased C=O bond length can be attributed
to its polar nature, which aids hydrogen-bond formation at
the O atom. Full circular delocalization is prevented by the
polarized carbonyl group, which contributes no π-electrons
to the system, thus breaking the continuity. The resulting
distortion of bond character reduces the planarity of the
ring, which decreases the aromaticity of the heterocyclic
ring. The polar nature of the C=O bond and the resulting
reduction in aromaticity were also recently reported for
fused ring systems such as benzotriazinones [22]. The
electrons from NH2 are withdrawn by the ring, which
reduces the electron density at the N (1.555, 1.542, and
1.591 e in I, II, and III, respectively) of the NH2 group,
which further facilitates the formation of a hydrogen bond
between the NH2 hydrogen and the O atom. The electron
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flow from the NH2 group through the azinone heterocyclic
ring towards O can produce intramolecular charge transfer
(ICT) within the conjugated ring system, which reduces the
double-bond character of C=O in all of these molecules and
lowers the stretching wavenumber.

DFT calculations for the monomers show a shift in bond
angle from 120° at the C17 / C14 position in I and II. The
angle O20C17N16 / O20C14N13 decreases by 1.6/0.2°
(Table 2) and the angle O20C17C12 / O20C14N15 is enhanced
by 9.6/7.3°. Similarly, at C6 in III, the angle O8C6N5

decreases by 0.8° and the angle O8C6C1 is enhanced by
8.6°. This asymmetry of the exocyclic angle reveals that

there is a change in the hybridization of carbon from sp2 to
sp3 and that an intramolecular H-bond forms with the
hydrogen present in the NH2 group, so the planarity and
delocalization of the π-electrons in the ring decrease.

It was found that the carbon–carbon bond lengths in the
benzene ring on the molecular skeleton are intermediate
between typical C–C single (1.54Å) and C=C double (1.34Å)
bonds, and the carbon–nitrogen bond lengths in the heterocy-
clic ring are also intermediate between typical C–N single
(1.47Å) and C=N double (1.27Å) bonds, indicating that the
π-electrons in the molecules are delocalized. However, due to
the asymmetricπ-electron cloud, the potential for the carbonyl
group to form a hydrogen bond, and the lack of perfect
heterocyclic ring planarity, the resonance is reduced. Thus, the
aromatic character of the heterocyclic ring decreases, the
double bond character of N=C reduces to 1.7, and the N–N
single bond character increases to 1.3 for I, instead of the 1.5
expected for a perfect aromatic system [13]. The increases in
the C–N and C–C bond distances (C17–N16=1.397 and C17–
C12=1.468Å in I, C14–N13=1.396 and C14–C15=1.456Å in
II, and C6–N5=1.398 and C1–C6=1.471Å in III) (Table 1)
according to the experimental values clearly show that
n→σ* conjugation is occurring between the lone-pair
electrons of the O20 atom and the C–N and C–C bonds. To
increase the aromatic character of the heterocyclic ring (six
π-electron system), nonbonded electrons from the nitrogen
of the amino group on the ring are utilized for π-bond
delocalization, and the π-electrons from the C=O carbon
must shift to O; hence C becomes positive (∼0.6 e), which is
observed for all of the triazinone derivatives studied
(Table S1 of the “Electronic supplementary material,”
ESM). Even though the phenyl ring and methyl group are
located at the 3 and 6 positions in I and II, the C=N bond
lengths are nearly equal. This means that the influence of
the phenyl and methyl substituents on the C=N–N=C
group is negligible [13].

Three types of intramolecular and intermolecular H-
bonds are possible in the triazinone derivatives: N–H…O,
C–H…O, and C–H…N (Tables S2a, S2b, and S2c of the
ESM). In compound I, the C2...N13 and N19...O20 distances
are 2.776 and 2.660Å, respectively (Table S2a of the
ESM); in both cases, this is less than the sum of the related
van der Waals radii. The corresponding bond angles C–H–
N and N–H–O are 98.3 and 115.3°, respectively, which are
both larger than 90° [23], indicating C–H…N and N–H…O
intramolecular hydrogen bonding. Similar trends are also
observed for compound II. A weak C–H…N intramolecular
hydrogen bond is observed along with a strong N–H…O
hydrogen bond, with C2...N19 and N19...O20 distances of
2.947 and 2.656Å, respectively (Table S2b of the ESM).
The corresponding bond angles for C–H–N and N–H–O are
107.9 and 116.6°, respectively. The decrease in the C6–H11

(1.085Å) bond length in I shows that an intramolecular C–

Fig. 2 The optimized structure of the monomer, calculated at the
BLYP/6-311 G (df, p) level, showing the atom numbering scheme for
triazinone derivatives
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H….O hydrogen-bond interaction is also possible. In order
to accommodate intramolecular C–H…O hydrogen bond-
ing, the C6C1C12C17 section of the benzene ring twists (by
11.7°; Table 3), which reduces the extended conjugation of
the benzene ring with the heterocyclic ring. An intramo-
lecular C–H…O hydrogen bond is not observed in
compound II due to the shifting of the C=O group away
from the corresponding hydrogens. Instead, there is strong
steric repulsion between H7 and H24. Hence, the benzene
ring is twisted, causing the triazinone ring to be out of plane
with respect to the benzene ring, as shown by the dihedral
angle C2C1C12N13 (36.9°) (Table 3). In compound III,
intramolecular hydrogen-bond formation occurs with the t-
butyl group hydrogen (Table S2c of the ESM). In the
dimeric form of compound I, the C34...N30 and N33...O20

distances are 2.423 and 3.007Å, respectively (Table S2a of
the ESM); in both cases, this is less than the sum of the
related van der Waals radii. This results in intermolecular
C–H…N, C–H…O, and N–H…O hydrogen-bond interac-
tions. Similarly, in II and III, strong intermolecular C–H…
N and N–H…O hydrogen-bond interactions are possible
(Table S2a of the ESM).

The reduction in planarity and thus the reduction in
extended conjugation between the heterocyclic and benzene
rings is different for compounds I and II due to changes in
hydrogen-bonding character and steric effects. The devia-
tions in the dihedral angles in I are 3.3° for C15N16C17C12

and −2.3° for N16C17C12N13 (Table 3), and those in II are
−2.2° for C15C14N13C12 and 3.5° for C14N13C12N17. All of
the corresponding dihedral angles are 0.0° in III, where
there is no possibility of extended conjugation. The energy
values calculated by the self-consistent field (SCF) method
for the monomeric forms of I, II, and III are −1788608,
−1788053, and −2639439 kJ mol−1 respectively. The
corresponding dimerized energy values are −3577378 (I),
−3577350 (II) and −5280719 (III) kJ mol−1 (Table S3 of the
ESM). The SCF energy of compound III is very different
from those of I and II.

Vibrational spectral analysis

The vibrational spectra were analyzed based on the FT-IR
and FT-Raman spectra as well as the vibrational wave-
numbers computed at the DFT level with the scaled
wavenumbers. The observed IR and Raman spectra as well
as the simulated theoretical spectra are given in Figs. 3 and
4 for visual comparison. The experimental and the scaled
calculated wavenumbers, along with their respective dom-
inant normal modes and the corresponding PEDs (potential
energy distributions), are presented in Table 4. The
calculated wavenumbers for the monomers and dimers of
the three triazinone derivatives, together with their respec-
tive assignments, are presented in Table S4 of the ESM.

The vibrational analysis is based on the vibrational modes
of the phenyl ring, the heterocyclic ring, the carbonyl
group, the methyl group, and the amino group.

Vibrations of the amino group

The methyl and amino groups are generally considered
electron-donating substituents in aromatic ring systems
[24]. A CH3 group will interact with a nearby π-system
via hyperconjugation, while a NH2 group will share its lone
pair of electrons with the π-electrons in the ring. Both
mechanisms imply that electronic delocalization can be
taken into account by employing the molecular orbital
approach. Generally, H-bonding leads to a reduction in the
NH2 stretching wavenumber, an increase in the NH2

bending wavenumber, and an increase in IR intensity [25].
For primary amines, it is known that asymmetric NH2

stretching will give rise to a band in the range 3500–
3420 cm−1, while symmetric stretching will appear [25]
between 3420 and 3280 cm−1. The infrared spectrum shows
a medium-intensity band at 3311 cm−1 (PED 100%)
(Table 4) corresponding to the NH2 asymmetric stretching
mode in I. The observed NH2 asymmetric stretching
wavenumber is lower than may be expected due to the
intramolecular N–H…O hydrogen-bond interaction. The
corresponding calculated wavenumbers in the monomers of
I, II, and III are 3385, 3373, and 3362 cm−1 (Table S4 of the
ESM). In the dimers, the corresponding calculated wave-
numbers are 3367, 3359, and 3377 cm−1, respectively. The
intermolecular hydrogen-bonding structures of the triazi-
none derivative dimers are shown in Fig. 5. Symmetric
NH2 stretching is observed as medium-intensity band in the
IR spectrum at 3247 cm−1. The observed NH2 symmetric
stretching wavenumber is lower than might be expected due
to the intramolecular N–H…O hydrogen-bond interaction.
Ab initio computation indicates that the wavenumbers of
these bands for the triazinone monomers (3294, 3245,
3281 cm−1) and the corresponding dimer wavenumbers
(3253, 3249, and 3275 cm−1; see Table S4 of the ESM) are
redshifted. This redshifting of the N–H stretching wave-
numbers is due to the formation of intramolecular and
intermolecular N–H…O hydrogen bonding. The redshifting
is further enhanced by the reduced N–H bond order values
(Table S5 of the ESM), which occurs due to a donor–
acceptor interaction. The scissoring mode of the NH2 group
appears in the region 1650–1580 cm−1 [25]. In compound I,
the observed intense bands in the IR spectrum at 1679 and
1600 cm−1 and the corresponding weak and very intense
Raman bands at 1662 and 1596 cm−1 can be attributed to
the scissoring mode of the NH2 group. The calculated
wavenumbers for the NH2 scissoring mode of monomer I
are 1655 and 1608 cm−1, which have very high IR
intensities of 63.01 and 192.41 (Table 4), respectively. This
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intensity enhancement is due to the coupling of this mode
with the C=O stretching vibration. This is corroborated by
X-ray diffraction studies [13] in crystals. NH2 wagging will
give rise to a band at 800 cm−1 [25], while NH2 wagging is
blueshifted and observed as an intense band in the Raman
spectrum of I at 999 cm−1. The corresponding calculated
values for triazinone monomer derivatives were found to be
992, 1052, and 994 cm−1, which are also blueshifted.

The carbonyl CO vibration

The band associated with the C=O stretching mode was
found to be strong and active in both the IR and Raman
spectra. This phenomenon is quite unusual, as even in the
absence of inversion symmetry, the infrared and Raman
spectra are generally complementary: in most cases, the
strongest bands in the Raman spectrum are weak in the IR
spectrum, and vice versa. However, ICT from the donor to
the acceptor group through a conjugated single–double

bond path can induce large variations in both the molecular
dipole moment and molecular polarizability, making both
the IR and Raman activities strong at the same time. Thus,
in triazinone derivatives, the simultaneous IR and Raman
activation of the C=O stretching mode clearly explains the
charge-transfer interaction between the donor and acceptor
via the π-conjugated path [26, 27]. The intensity of the
C=O stretching band can increase due to conjugation or the
formation of hydrogen bonds and depending on the size of
the ring to which it is attached [28]. The C=O stretching
band is often intense and appears in the region 1680–
1670 cm−1 [29]. In triazinone derivatives, conjugation of
the C=O bond with the heterocyclic aromatic ring may
increase its single-bond character, resulting in lowered
values for carbonyl stretching wavenumbers. In compound
I, the weak and very intense bands in the Raman spectrum
at 1662 and 1596 cm−1 can be identified as C=O stretching
modes. In the IR spectrum, the carbonyl stretching
vibration is split into two components that produce intense
bands at 1679 and 1600 cm−1. This splitting of the carbonyl
mode may be attributed to Fermi resonance and molecular
association. The results from the computation indicate that
the wavenumbers of these very intense IR modes in the
monomer occur at 1655 and 1608 cm−1. The corresponding
calculated values for the dimer were found to be 1688 and
1644 cm−1. Similarly, the calculated values for the
monomer and dimer in II were (1680, 1600) and (1674,
1564), respectively, while in III they were (1696, 1641) and
(1684, 1645 cm−1), respectively (see Table S4 of the ESM).

When a carbonyl is hydrogen bonded, the resonance
causes a positive charge to appear on the proton donor atom
and a negative charge on the acceptor atom, which tends to
encourage the hydrogen bond. The increased association of
the proton with the acceptor atom tends to encourage the
resonance [C=O…H–X− ↔ C–O−…H–X+]. Thus, hydro-
gen bonding and resonance are mutually enhanced by the
so-called “transfer of allegiance,” and they weaken the
carbonyl bond and lower C=O stretching wavenumbers [30,
31]. In the present case, the aromaticity factor discussed
earlier also enhances the possibility of the conversion of
C=O to C+–O−, which tends to lower stretching wave-
numbers. This mechanism plays an important role in
deciding the hydrogen-bonding capabilities of these com-
pounds. The formation of intermolecular hydrogen bonds
between these compounds and the proteins in the biological
system of interest is the key factor in their herbicidal
activities.

Phenyl ring vibrations

Vibrations of the phenyl ring have been comprehensively
studied based on Wilson’s numbering convention [32]. The
C–H stretching wavenumbers of monosubstituted phenyl

Fig. 4 Combined Raman spectrum of metamitron: a computed, b
experimental

Fig. 3 Combined IR spectrum of metamitron: a computed, b
experimental
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Table 4 Vibrational assignment of metamitron, performed at the DFT level

Observed fundamentals (cm−1) Selective scaled BLYP/6-311G(df, p)

νIR νRaman ν i (cm
−1) Ai IR

c Ii R
d Assignment with PED (%)e

3311m 3385 10.25 1.77 υN19H24asym (79)+υN19H25asym (21)

3247m 3294 20.09 2.52 υN19H24sym (21)+υN19H25sym (78)

3189w 3158 6.07 0.82 2 υC6H11 (96)

3093w 3131 5.13 1.34 2 υC2H7 (90)

3077m 3103 40.24 6.46 20a υC4H9 ph (53)+
20a υC3H8 ph (19) +

20a υC5H10 ph (24)

3075m 3090 25.12 3.09 20b υC3H8 ph (49)+
20b υC5H10 ph (49)

3062m 3079 0.00 1.48 7b υC3H8 ph (27)+
7b υC4H9 ph (46) +

7b υC5H10 ph (25)

3058vw 3074 3.09 1.77 υC18H21 me asym (85)+υC18H23 me asym (12)

3013m 3009 7.57 2.95 υC18H23 me asym (70)+υC18H 22 me asym (24)

2926m 2925m 2956 16.71 9.8 υC18H22 me sym (74)+υC18H23 me sym (17)

1679s 1662w 1655 63.01 1.13 υC20O17 (61)+δH25N19H24sci (23)

1600s 1596vs 1608 192.41 0.73 υC20O17 (18)+δH25N19H24sci (48)+t H24N19N16C15 (10)+tH25N19N16C15 (10)

1581msh 1578 4.67 45.04 8a υC2C3 ph (32)+
8a υC5C4 ph (12) +

8a υC6C5 ph (10)

1546s 1542vw 1551 1.17 2.04 8b υC5C4 ph (26)+
8b υC4C3 ph (10) +

8b υC1C6 ph (17)

1492m 1494vs 1482 110.29 0.52 υN14C15 (30)+δH23C18H22 me asym (19)+δH22C18H21 me asym (10)

1463sbr 1479vs 1477 20.96 3.63 15 δH8C3C4 ph(17)+
15 δH10C5C6 ph (15) +

15 δH11C6C5 ph (19)

1448m 1443 1.23 17.85 18a δH9C4C5 ph(19)+
18a δH10C5C6 ph (11)

1432s 1434m 1437 16.39 6.58 δH21C18H23 me asym (23)+δH22C18H21 me asym (43)+tH21C18N15C16 (14)

1417vw 1413m 1423 32.26 43.61 δH24N19N16 (19)

1396vw 1410 64.08 6.81 υN14C15 (11)+υN13C12 (15)+δH21C18H23 me asym (10)+δH23C18H22 me asym (28)

1370vs 1373m 1371 2.55 13.58 δH21C18H23 me sym (30)+δH23C18H22 me sym (12)+δH22C18H21 me sym (18)

1344w 1359 2.36 100. υN13C12 (29)

1334s 1334mbr 1325 11.67 8.38 3 δH7C2C3 ph (25)+
3 δH11C6C5 ph (22)

1302m 1319vw 1300 23.75 3.26 14 υC2C3 ph (10)+
14 υC4C3 ph (11) +

14 υC6C5 ph (14)+
14 υC1C6 ph (18)

1288vw 1297 7.70 21.44 δH24N19N16 (46)

1268vw 1260 79.21 2.42 υN13C12 (15)+υC12C1 (16)

1214s 1226m 1183 9.73 1.82 9a υC6C5 ph (14)

1173s 1178m 1171 12.25 0.62 υN19N16 (19)

1164msh 1156 0.63 1.34 18b δH8C3C4 ph (23) +
18b δH9C4C5 ph (35)

1144 21.09 8.21 υN14N13 (20)+υC12C1 (10)

1094s 1097m 1077 6.39 0.48 14 υC2C3 ph (13)+
14 υC6C5 ph (15)

1043w 1034 42.18 16.68 υN14N13 (15)

1029 1.71 2.56 tH21C18C15N16 (17)+tH23C18C15N16 (20)

1024s 1024m 1022 45.22 30.08 υN16C17 (12)

1011vw 1003 18.14 1.02 υN16C17 (10)+
12 δC2C3C4 ph (10)+tH22C18C15N16 (11)

999s 992 57.51 7.57 12 δC2C3C4 ph (17)+tH24N19N16C15 (10)+tH25N19N16C15 (10)

986w 984mbr 981 59.88 24.17 υN14N13 (11)

979 0.35 0.18 17a γH7C2C3C4 ph (14)+
17a γH8C3C2C1 ph(21)+

17a γH9C4C3C2 p h

(10)+tC2C3C4C5 ph (16)+tC6C5C4C3 ph (11)+tC1C6C5C4 ph (12)

963w 960 3.11 0.09 17a γH7C2C3C4 ph(19)+
17a γH10C5C6C1 ph(23)+

17a γH11C6C1C12 ph

(29)+tC1C6C5C4 ph(15)

931 m 947 5.74 7.12 υN16C17(19)+δC15N14N13 (10)

924 2.30 0.13 17a γH7C2C3C4 ph(18)+
17a γH9C4C3C2 ph(37)+

17a γH11C6C1C12 ph

(31)+tC1C6C5C4 ph (15)

890vs 891vw 851 38.65 1.78 δC5C4C3 Ph (11)

846vw 843w 839 0.40 0.8 10a γH8C3C2C1ph (31)+
10a γH10C5C6C1ph (25)+

10a γH11C6C1C12 ph (21)

809vs 802w 780 17.94 0.13 10b γ H8C3C2C1 ph (11)+
10b γ H9C4C3C2 ph

(12)+10b γ H10C5C6C1 ph (14)+tC15N14N13C12
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rings are expected [32] to occur in the region 3120–
3010 cm−1. The normal vibrations 2, 7a, 7b, 20a, and 20b
are classified as C–H stretching vibrations. The weak band
in the IR spectrum at 3189 cm−1 corresponds to mode 2,
with a PED value of 96% (Table 4). Due to weak hydrogen
bonding, there is blueshifting (69 cm−1) in the C6–H11

stretching wavenumber. This blueshifting was also seen in
the computed wavenumbers for the monomers and dimers
of I and II (Table S4 of the ESM). Mode 20b is IR active
and is observed as a medium-intensity band at 3075 cm−1.
In the Raman spectrum, 20a is observed as a medium-
intensity band at 3077 cm−1. The normal mode 7b appears
as medium-intensity band in the Raman spectrum at
3062 cm−1, while the corresponding calculated value for
the monomer is 3079 cm−1. Most of the C–H stretching
modes were found to be weak, due to the charge transfer

from the hydrogen atom to the carbon atom. The selection
rule for a monosubstituted benzene ring allows five C–C
stretching modes: 8a, 8b, 19a, 19b, and 14. Vibrational
mode 8a is redshifted in the Raman spectrum, giving a
medium shoulder intensity at 1581 cm−1. The redshifting of
the C–C stretching mode 8a clearly indicates a high degree
of hyperconjugation in the side chain. DFT computation
shows this mode at 1578 cm−1. The strong band observed at
1546 cm−1 (Table 4) in the IR spectrum was identified as
the 8b mode. Simultaneous activation of the 8a and 8b
modes clearly points to intramolecular charge transfer
(ICT), which leads to the enhanced herbicidal activity of
the compound. Mode 14 is expected [32] to occur in the
range 1350–1300 cm−1. The medium-intensity band in the
IR spectrum at 1302 cm−1 correlates with mode 14. The
normal vibrations 3, 9a, 15, 18a, and 18b are categorized as

Table 4 (continued)

Observed fundamentals (cm−1) Selective scaled BLYP/6-311G(df, p)

νIR νRaman ν i (cm
−1) Ai IR

c Ii R
d Assignment with PED (%)e

(10)+tO20N16C12C17 (24)+tC12C6C2C1 ph (14)

755vs 758wsh 739 6.60 0.41 tO20N16C12C17(29)+
11 γ tH8C3C2C1 (10)

742m 725 0.89 11.24 υC18C15 (20)+δC15N14N13 (17) +
6bδC5C4C3 Ph (18)

704m 682m 688 38.91 0.33 tC1C6C5C4 ph (31)+
11 γ H9C4C3C2 ph (23)

677ssh 659 22.19 9.97 υN16C15 (16)+δN16C15N14 (10)

630vs 619 0.65 1.96 6bδC2C3C4 ph (20)+
6bδC6C5C4 ph (37)

618w 612 3.43 0.22 tC18N16N14C15 (24)

603vw 611 8.94 0.96 υN16C15 (23)+δN19N16C17 (13)

544s 545vw 570 0.21 0.28 υC18C15 (13)+δO20C17C12 (13)

508m 505w 538 19.81 1.22 tC15N14N13C12 (20)+tO20N16C12C17 (19)+tC12C6C2C1 (19)

490vw 486 2.36 2.91 υN19N16 (11)+δC15N14N14 (10)+δN16C15N14 (14)

462w 450 1.55 0.1 tC15N14N13C12 (27)+
16bγ C6C5C4C4 ph

(10)+tC17N16C15N14 (13)+tN19C15C17N16 (20)

407w 403w 399 1.40 0.82 16bγ C2C3C4C5 ph(31)+
16b γ C6C5C4C3 ph (19)

391 17.82 0.65 δO20C17C12 (24)+δN19N16C17 (39)

349w 349 0.24 1.3 tN14N13C12C1 (18)+tC18N16N14C15 (14)

322w 325 0.25 1.75 δC12C1C2 (12)

310 3.07 3.55 δC18C15N14 (50)

285w 281 1.07 1.5 υC12C1 (24)

249 4.74 0.77 tN19C15C17N16 (50)+tC18N16N14C15 (14)

237 54.08 13.81 tH24N19N16C15 (24)+tH25N19N16C15 (33)+tN19C15C17N16 (15)

202vw 180 0.99 0.52 tH22C18C15N16 (23)+tH23C18C15N16 (19)+tH21C18C15N16 (20)

156wsh 160 1.66 2.97 tN16C15N14N13 (14)

121msh 135 1.30 4.39 tC12C6C2C1 (10)+δC12C1C2 (15)

90s 109 0.60 0.58 tC17N16C15N14 (53)+tC15N14N13C12 (12)

51 5.15 1.79 tN14N13C12C1 (45)+tN16C15N14N13 (26)

20 0.26 56.61 tN13C12C1C6 (90)

vvs very very strong, vs very strong, s strong, m medium intensity, sh shoulder, w weak, vw very weak, br broad, ph phenyl ring; me methyl, υ
stretching, δ in-plane bending, γ out-of-plane bending, t torsion, sci scissoring, sym symmetric, asym asymmetric
c Calculated IR intensities, d relative Raman intensities, normalized to 100; cf. Eq. 3, e only PED values greater than 10% are given
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C–H in-plane bending vibrations. Mode 3 appears as a
strong band in the IR and a broad medium-intensity band in
the Raman spectrum at 1334 cm−1. Mode 9a was observed
as a strong band in the IR spectrum at 1214 cm−1 and a
medium-intensity band in the Raman spectrum at
1226 cm−1. The IR band observed at 1164 cm−1 was
assigned to the 18b mode. The corresponding calculated
value lies at 1156 cm−1. The C–H out-of-plane bending
vibrations 5, 10a, 10b, 11, and 17a are possible in a
monosubstituted benzene ring. The wavenumbers 846 and
809 cm−1 in the IR spectrum correspond to modes 10a and

10b. Their counterparts in the Raman spectrum are
observed at 843 and 802 cm−1.

Methyl group vibration

The position of the band due to CH3 group vibration is
dependent almost entirely on the nature of the element to
which the methyl group is attached. The asymmetric C–H
stretching mode is expected to occur around 2980 cm−1 and
the symmetric stretching is expected at 2870 cm−1 [27, 28].
The asymmetric stretching in I is observed as a weak band in
the IR spectrum at 3058 cm−1. The corresponding calculated
values for I and II are 3074 and 3078 (monomer) and 3059
and 3046 cm−1 (dimer), respectively (Table S4 of the ESM).
The symmetric stretching mode is observed as a medium band
in the IR and Raman spectra at 2925 cm−1. The decrease in
intensity and the blueshift of the methyl stretching are due to
the electron-donating inductive effect and the rehybridization
effect of the methyl group attached to the heterocyclic ring.
These effects can be taken into account using a molecular
orbital approach, which can highlight changes in polarizability
and dipole moment due to electron delocalization [33].

The asymmetric C–Hdeformationmode of themethyl group
is observed in the IR spectrum at 1432 and 1492 cm−1 and the
Raman spectrum at 1434 and 1494 cm−1 (Table 4), and these
values are extremely stable since the methyl group is attached
to another carbon atom. The symmetric bending vibrations
normally appear [28] in the region 1390–1370 cm−1. The
medium-intensity band observed at 1373 cm−1 in the Raman
spectrum and the very intense band at 1370 cm−1 in the IR
spectrum are due to symmetric bending.

Heterocyclic ring vibrations

Performing calculations for isolated molecules yields only a
reasonable model for the heterocyclic ring that can provide
acceptable agreement between the observed and calculated
spectral profiles. Heterocyclic C=N stretching vibrations are
observed in the Raman spectrum of I at 1494, 1396, and
1344 cm−1, and its counterpart in the IR spectrum is observed
as a medium-intensity band at 1492 cm−1, as expected [34].
The heterocyclic ring C=N stretch is usually coupled with
bending modes. The corresponding calculated values for
monomer I are 1482 (very intense), 1410, and 1359 cm−1

(Table 4 and Table S4 of the ESM). The N–N stretching
vibration generally appears [35] in the range 1035–
1029 cm−1. In I, the N–N stretching band in the Raman
spectrum is observed at 1178 and 1043 cm−1, and the IR band
is found at 1173 cm−1 (Table 4). The corresponding
calculated values lie at 1171 and 1034 cm−1 for the monomer
of I. The medium-intensity IR band observed at 931 cm−1

and the corresponding calculated wavenumber at 947 cm−1

explicitly correlate with the in-plane C–N–N bending mode.

Fig. 5 Dimerized triazinone derivatives, showing the intermolecular
hydrogen bonding
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NBO analysis

NBO analysis provides a description of the structure of a
compound based on a set of localized bond, antibond, and
Rydberg extravalence orbitals that can be used to identify
and confirm possible intra- and intermolecular interactions

between the units that would lead to proper and improper
hydrogen bonding. Some electron donor and acceptor
orbitals and stabilization energies resulting from second-
order microdisturbance theory have been reported [36]. In
order to investigate the various second-order interactions
between the filled orbitals of one subsystem and the vacant

Table 5 Second-order perturbation theory analysis of the Fock matrix in the NBO basis for monomers and dimers of triazinone derivatives

Compounds Nature Donor NBO (i) ED(i) (e) Acceptor NBO (j) ED(j) (e) E(2) (kJ/mol)

Metamitron Monomer π (C1–C6) 1.631 π * (C2–C3) 0.289 82.1

π * (C4–C5) 0.323 78.8

π * (C12–N13) 0.265 83.2

π (C2–C3) 1.670 π * (C1–C6) 0.369 76.3

π * (C4–C5) 0.323 87.8

π (C4–C5) 1.660 π * (C1–C6) 0.369 89.7

π * (C2–C3) 0.289 76.2

n1(N13) 1.932 σ* (C17–O20) 0.010 2.5

Dimer π (C1–C6) 1.642 π * (C2–C3) 0.303 84.6

π * (C4–C5) 0.327 81.5

π * (C12–N13) 0.219 54.8

π (C2–C3) 1.663 π * (C1–N6) 0.364 81.8

π * (C4–C5) 0.327 89.3

π (C4–C5) 1.658 π * (C1–C6) 0.364 90.0

π * (C2–C3) 0.303 79.8

n1(N13) 1.930 σ* (C17–O20) 0.010 2.5

Isometametron Monomer π (C1–C2) 1.647 π * (C3–C4) 0.325 77.6

π * (C5–C6) 0.299 83.5

π * (C12–N17) 0.322 63.0

π (C3–C4) 1.649 π * (C1–C2) 0.375 93.4

π * (C5–C6) 0.299 77.3

π (C5–C6) 1.654 π * (C1–C2) 0.375 79.0

π * (C3–C4) 0.325 89.2

n1(N16) 1.937 σ* (C14–O20) 0.010 2.1

n1(N13) 1.542 π* (C14–H20) 0.377 215.9

Dimer π (C1–C2) 1.638 π * (C3–C4) 0.327 78.7

π * (C5–C6) 0.302 84.4

π * (C12–N17) 0.307 61.0

π (C3–C4) 1.647 π * (C1–C2) 0.373 93.4

π * (C5–C6) 0.302 77.3

π (C5–C6) 1.654 π * (C1–C2) 0.373 79.5

π * (C3–C4) 0.327 89.7

n1(N16) 1.937 σ* (C14–O20) 0.020 2.1

Metribuzin Monomer n1(N2) 1.927 σ* (C6–O8) 0.010 2.5

n1(N5) 1.591 π* (C6–O8) 0.318 224.7

Dimer n1(N5) 1.555 π* (C6–O8) 0.382 232.6

n1(N7) 1.943 σ* (C30–O51) 0.020 0.3

n1(N46) 1.942 σ* (C6–O8) 0.010 0.2

n1(N2) 1.931 σ* (C6–O8) 0.010 2.5

ED electron density

E(2) energy of hyperconjugative interactions (stabilization energy)
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orbitals of another subsystem, DFT-level calculations have
been used, and these predict the delocalization [37]. A large
number of stabilizing orbital interactions are observed in
the monomers and dimers of the triazinone derivatives,
most of them between vicinal NBOs and a few between
geminal or remote orbitals. A large E(2) value indicates a
relatively intense interaction between the electron donor
and acceptor. Intramolecular hyperconjugative interactions
are formed through orbital overlap between π (C–C) and
π* (C–C) bond orbitals, which results in an intramolecular
charge transfer (ICT), stabilizing the system. In the
monomers of I and II, the stabilization energy contributions
from the π (C1–C6) / π (C2–C3)→π* (C4–C5) interactions
are 78.8 and 87.8 kJ mol−1 (I), and those from the π (C1–
C2) / π (C5–C6)→π* (C3–C4) interactions are 77.6 and
89.2 kJ mol−1 (II). Similarly, for the dimers, the
corresponding values for I are 81.5 and 89.3 kJ mol−1 and
for II are 78.7 and 89.7 kJ mol−1 (Table 5). There is
therefore an increase in stabilization energy when the
molecule is in the dimeric form.

The interactions result in a loss of occupancy from the
localized NBO of the idealized Lewis structure into an
empty non-Lewis orbital, as presented in Tables 5, 6 and 7.
There has been considerable interest in the various types of
intramolecular and intermolecular interactions. This is
understandable, as these interactions play an important role
in crystal engineering, molecular recognition, and confor-
mational equilibria. A number of C–H…O, C–H…N, and
N–H…O [38–42] complexes have been investigated, and
one of the most interesting characteristics observed is the
redshift of the wavenumber of the N–H stretching vibration
and the blueshift of the C–H stretching vibration.

In the present study, the intramolecular N–H…O
hydrogen bond is exposed in the NBO analysis results
(Tables 6, 7) as being due to the interaction between the
oxygen lone pair and the N–H antibonding orbital n1
(O20)→σ* (N19–H25) and n2 (O20)→σ* (N19–H25). In

spite of the fact that the energetic contributions [2.6 : 8.9 (I)
and 5.2 : 19.7 (II) kJ mol−1] of the hyperconjugative
interactions in the mononmers are weak, these E(2) values
are chemically significant and can be used as a measure of
the intramolecular delocalization. The weakening and
elongation of N–H bonds occur due to hyperconjugation.
The redshift of the N–H stretching wavenumber is revealed
by the high value of the electron density [0.019 (I): 0.027 e
(II)] in the σ* N–H orbital. The NBO results, optimized
geometrical parameters, and corresponding downshift in the
N–H stretching wavenumber predict the redshift caused by
hydrogen bonding. The existence of intramolecular C–H…
O hydrogen bonds due to the interaction of the lone pair of
oxygen n1 (O20) and n2 (O20) with the antibonding orbital
σ* (C6–H11) is confirmed by the results of NBO analysis
for the monomers of I and III. The strengthening and
contraction of the C–H bonds are due to rehybridization; a
blueshift in the C–H stretching wavenumber is indicated by
the low values of electron density (0.018 and 0.009 e) along
with stabilization energies of 6.2 and 9.7 (I) and 2.8 (III)
kJ mol−1 for the σ* (C6–H11) / σ* (C17–H21) orbital. The
decrease in ED occurred as a consequence of the formation
of a new mesomeric state.

The calculations for the dimers of compounds II and III
indicate C–H…O hydrogen bonding, as shown by the
interactions n1 (O20)→σ* (C31–H34) and n2 (O8)→σ*
(C18–H25) that have stabilization energies of 0.3 and 2.7
kJ mol−1 and low ED values (0.012 and 0.009 e). The
dominant rehybridization effect leads to a shortening of the
C–H bond and a blueshift in its stretching vibrational
wavenumber. NBO analysis of the dimers of I and II clearly
reveals the formation of strong intermolecular N–H…O
hydrogen bonding, leading to elongation and a concomitant
redshift in the N–H stretching wavenumber. The strong
intermolecular H-bonding explains the stability of the dimeric
forms of the triazinone derivatives over the monomers, and
the increased herbicidal activities of these compounds.

Table 6 Second-order perturbation theory analysis of the Fock matrix
in the NBO basis corresponding to the intramolecular and intermo-
lecular N–H...O, C–H...O, and C–H…N hydrogen bonds in the

monomers of the triazinone derivatives (E(2), in kJ mol−1), along with
hybrid orbitals (HO) and electron density (ED)

Metamitron Isometamitron Metribuzin

Donor
NBO (i)

Acceptor
NBO (j)

E (2) HO ED (e) Donor
NBO (i)

Acceptor
NBO (j)

E (2) HO ED (e) Donor
NBO (i)

Acceptor
NBO (j)

E (2)

n1(O20) σ* (N19–H25) 2.6 Nsp2.74 0.019 n1(O20) σ* (N19–H25) 5.2 Nsp2.65 0.027 n2(O8) σ* (C17–H21) 2.8

n1(O20) σ* (C6–H11) 6.2 Csp2.26 0.018 n2(O20) σ* (N19–H25) 19.7 Nsp2.65 0.027 n2(O8) σ* (C18–H25) 2.8

n2(O20) σ* (C6–H11) 9.7 Csp2.26 0.018 n1(N19) σ* (C2–H7) 6.3 Csp2.29 0.014 n1(N2) σ* (C19–H26) 3.2

n2(O20) σ* (N19–H25) 8.9 Nsp2.74 0.019 n1(N16) σ* (C18–H22) 2.1 Csp3.02 0.005 n1(N3) σ* (C12–H15) 2.5

n1(N13) σ* (C2–H7) 4.4 Csp2.31 0.015 n1(N16) σ* (C14–O20) 2.1 Csp2.02 0.010 n1(N2) σ* (C6–O8) 2.5

n1(N14) σ* (C18–H21) 2.6 Csp3.00 0.006 n1(N13) π* (C14–H20) 215.9 Csp99.9 0.377 n1(N5) π* (C6–O8) 224.7

n1(N13) σ* (C17–O20) 2.5 Csp2.02 0.010

J Mol Model (2012) 18:3587–3608 3601



Electronic absorption spectra

The computed electronic spectra of I and II in different
solvent phases and the experimental UV-visible spectral
data for I in different solvent environments are presented in
Table 8. The combined UV-visible absorption spectrum of
the sample of I is shown in Fig. 6. The experimental
wavelengths [2] of I in acetonitrile, methanol, and water
together with acetone were used for interpretation. The
interpretation of the observed spectral features is greatly
assisted by molecular orbital calculations, which provide
orbital energies and furnish a detailed description of the
orbitals, including spatial characteristics, nodal patterns,
and the contributions of individual atoms. The atomic
orbital components of the frontier molecular orbitals are
shown in Fig. 7. The spatial distributions of molecular
orbitals, especially those of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), are excellent indicators of electron
transport in molecular systems. From the computational
results for compounds I and II, it is clear that the HOMO is
molecular orbital no. 53 with A symmetry, and the LUMO
is molecular orbital no. 54 with the same A symmetry. The
low value of the HOMO–LUMO gap 253.3 kJ mol−1 (Table
S3 of the ESM) for I compared to those for II (294.7
kJ mol−1) and III (302.6 kJ mol−1) reflects the chemically
reactive [43] nature of I.

The UV-visible spectrum of I was measured in
acetone solution, and a very strong absorption band
with reduced energy centered on the long wavelength
of 309 nm (Table 8) was observed. This band is
primarily due to the HOMO→LUMO transition, which
corresponds to the characteristic peak of the phenyl ring
system due to n–π* transition. A TD-DFT calculation
shows that the corresponding band lies at 292 nm, and has
very high values of the oscillator strength (0.461), CI
expansion coefficient (0.640), and total free energy
−1788678 kJ mol−1. This transition shows a redshift of
about 17 nm. From Fig. 7, we can see that the electron
density of the HOMO in the heterocyclic ring is larger
than that of the LUMO. This suggests that the transition
from HOMO to LUMO could lead to intramolecular
charge transfer from the heterocyclic ring to the benzene
ring. As for the LUMO orbital, the electron density is
concentrated on N13–C12–C1–C2, so the transition from
the HOMO to the LUMO could lead to torsional motion
around the C1–C12 bond and lengthening of the C1–C12

bond. Due to the substantial electron transfer from the
HOMO to the LUMO, the N13–N14 bond shortens. This is
due to the effect of torsional vibrations of different bonds
as well as electronic charge localization. The calculated
absorption band near 282 nm (acetonitrile) in the UV-
visible spectrum results from the electron moving fromT

ab
le
7

S
ec
on

d
or
de
r
pe
rt
ur
ba
tio

n
th
eo
ry

an
al
ys
is
of

th
e
F
oc
k
m
at
ri
x
in

th
e
N
B
O

ba
si
s
co
rr
es
po

nd
in
g
to

th
e
in
tr
am

ol
ec
ul
ar

an
d
in
te
rm

ol
ec
ul
ar

N
–H

...
O
,C

–H
...
O
,a
nd

C
–H

…
N

hy
dr
og

en
bo

nd
s

in
th
e
di
m
er
s
of

th
e
tr
ia
zi
no

ne
de
ri
va
tiv

es
(E

(2
) ,
in

kJ
m
ol

−1
),
al
on

g
w
ith

hy
br
id

or
bi
ta
ls
(H

O
)
an
d
el
ec
tr
on

de
ns
ity

(E
D
)

M
et
am

itr
on

Is
om

et
am

itr
on

M
et
ri
bu

zi
n

D
on

or
N
B
O

(i
)

A
cc
ep
to
r
N
B
O

(j
)

E
(2
)

H
O

E
D

(e
)

D
on

or
N
B
O

(i
)

A
cc
ep
to
r
N
B
O

(j
)

E
(2
)

H
O

E
D

(e
)

D
on

or
N
B
O

(i
)

A
cc
ep
to
r
N
B
O

(j
)

E
(2
)

H
O

E
D

(e
)

n 1
(N

1
4
)

σ
*
(C

1
8
–H

2
1
)

2.
6

C
sp

2
.9
9

0.
00

6
n 1
(N

1
6
)

σ
*
(C

1
8
–H

2
2
)

2.
1

C
sp

3
.0
2

0.
00

6
n 1
(N

2
)

σ
*
(C

1
9
–H

2
6
)

3.
3

C
sp

3
.2
4

0.
00

7

n 1
(N

1
9
)

σ
*
(C

1
8
–H

2
1
)

4.
0

C
sp

2
.9
9

0.
00

6
n 1
(N

4
1
)

σ
*
(C

4
7
–H

5
0
)

2.
1

N
sp

3
.0
2

0.
00

6
n 1
(N

3
)

σ
*
(C

1
2
–H

1
5
)

2.
5

C
sp

2
.9
7

0.
00

6

n 1
(O

2
0
)

σ
*
(N

3
3
–H

3
5
)

11
.3

N
sp

2
.5
1

0.
02

2
n 1
(O

2
0
)

σ
*
(C

3
1
–H

3
4
)

0.
3

C
sp

2
.3
4

0.
01

2
n 1
(N

5
)

σ
*
(N

7
–H

9
)

11
.8

N
sp

2
.5
4

0.
04

0

n 2
(O

2
0
)

σ
*
(N

3
3
–H

3
5
)

1.
8

N
sp

2
.5
1

0.
02

2
n 1
(O

2
0
)

σ
*
(N

4
4
–H

4
6
)

23
.3

N
sp

2
.6
8

0.
03

3
n 1
(N

5
)

σ
*
(N

7
–H

1
0
)

10
.8

N
sp

2
.8
8

0.
01

3

n 1
(O

2
6
)

σ
*
(N

1
9
–H

2
4
)

11
.3

N
sp

2
.5
1

0.
02

2
n 2
(O

2
0
)

σ
*
(N

4
4
–H

4
6
)

3.
0

N
sp

2
.6
8

0.
03

3
n 2
(O

8
)

σ
*
(C

1
7
–H

2
1
)

2.
7

N
sp

3
.0
5

0.
00

9

n 2
(O

2
6
)

σ
*
(N

1
9
–H

2
4
)

1.
8

N
sp

2
.5
1

0.
02

2
n 2
(O

2
0
)

σ
*
(N

1
9
–H

2
4
)

4.
0

N
sp

2
.8
7

0.
01

5
n 2
(O

8
)

σ
*
(C

1
8
–H

2
5
)

2.
7

N
sp

3
.0
3

0.
00

9

n 1
(N

3
0
)

σ
*
(C

3
4
–H

3
8
)

2.
6

C
sp

2
.9
9

0.
00

6
n 1
(O

4
2
)

σ
*
(C

2
–H

7
)

0.
3

N
sp

2
.3
4

0.
01

2
n 1
(O

3
2
)

σ
*
(N

7
–H

9
)

27
.4

N
sp

2
.5
4

0.
04

0

n 1
(N

3
3
)

σ
*
(C

3
4
–H

3
8
)

4.
0

C
sp

2
.9
9

0.
00

6
n 1
(O

4
2
)

σ
*
(N

1
9
–H

2
5
)

23
.2

N
sp

2
.6
8

0.
03

3
n 2
(O

3
2
)

σ
*
(N

7
–H

9
)

2.
1

N
sp

2
.5
4

0.
04

0

n 1
(N

1
3
)

σ
*
(C

1
7
–O

2
1
)

2.
5

C
sp

2
.0
4

0.
01

0
n 2
(O

4
2
)

σ
*
(N

1
9
–H

2
5
)

3.
1

N
sp

2
.6
8

0.
03

3
n 1
(N

2
)

σ
*
(C

6
–O

8
)

2.
5

C
sp

2
.0
7

0.
01

0

n 2
(O

4
2
)

σ
*
(N

4
4
–H

4
5
)

4.
0

N
sp

2
.8
7

0.
01

5
n 1
(N

5
)

π
*
(C

6
–O

8
)

23
2.
6

C
sp

9
9
.9
9

0.
38

0

n 1
(N

1
6
)

σ
*
(C

1
4
–O

2
0
)

2.
1

C
sp

2
.0
7

0.
02

0
n 1
(N

7
)

σ
*
(C

3
0
–O

5
1
)

0.
3

C
sp

2
.0
5

0.
02

0

n 1
(N

4
6
)

σ
*
(C

6
–O

8
)

0.
2

C
sp

2
.0
7

0.
01

0

3602 J Mol Model (2012) 18:3587–3608



T
ab

le
8

C
al
cu
la
te
d
an
d
ex
pe
ri
m
en
ta
l
el
ec
tr
on

ic
ab
so
rp
tio

n
sp
ec
tr
al

da
ta

fo
r
tr
ia
zi
no

ne
de
ri
va
tiv

es
w
ith

di
ff
er
en
t
so
lv
en
ts

S
ol
ve
nt
s

M
et
am

itr
on

Is
om

et
am

itr
on

D
ip
ol
e

m
om

en
t

E
xc
ita
tio

n
C
I
ex
pa
ns
io
n

co
ef
fi
ci
en
t

C
al
cu
la
te
d

w
av
el
en
gt
h

(n
m
)

O
sc
ill
at
or

st
re
ng

th
a

To
ta
l
fr
ee

en
er
gy

(k
J
m
ol

−1
)

D
ip
ol
e

m
om

en
t

E
xc
ita
tio

n
C
I
ex
pa
ns
io
n

co
ef
fi
ci
en
t

C
al
cu
la
te
d

w
av
el
en
gt
h

(n
m
)

O
sc
ill
at
or

st
re
ng

th
a

To
ta
l
fr
ee

en
er
gy

E
xp
er
im

en
ta
l

w
av
el
en
gt
h

(n
m
)
fo
r

m
et
am

itr
on

A
ss
ig
nm

en
ts

V
ac
uu

m
3.
78
8

H
→

L
0.
64
1

29
3

0.
45
9

−1
78

86
62

4.
95

6
H
→

L
0.
64
0

29
5

0.
31
4

−1
78

86
67

–
n
→

π
*

H
-2
→

L
0.
66
9

28
1

0.
01
4

H
-1
→

L
0.
57
3

28
3

0.
07
6

–
π
→

π
*

H
-3
→

L
0.
61
2

24
1

0.
01
1

H
-4
→

L
0.
59
5

24
9

0.
00
4

–
–

A
ce
to
ne

3.
70
5

H
→

L
0.
64
0

29
2

0.
46
1

−1
78

86
78

4.
84

2
H
→

L
0.
64
0

29
5

0.
32
6

−1
78

86
84

30
9

n
→

π
*

H
-2
→

L
0.
67
0

28
2

0.
01
5

H
-1
→

L
0.
63
7

28
3

0.
07
3

–
π
→

π
*

H
-3
→

L
0.
65
4

24
1

0.
01
3

H
-4
→

L
0.
60
5

25
0

0.
00
3

21
8

–

A
ce
to
ni
tr
ile

3.
74
9

H
→

L
0.
64
0

29
3

0.
46
0

−1
78

86
56

4.
90

2
H
→

L
0.
64
0

29
5

0.
32
0

−1
78

86
62

31
2f

n
→

π
*

H
-2
→

L
0.
67
0

28
2

0.
01
5

H
-2
→

L
0.
54
1

28
3

0.
07
4

26
5f

π
→

π
*

H
-3
→

L
0.
64
2

24
1

0.
01
2

H
-4
→

L
0.
60
1

25
0

0.
00
3

–
–

B
en
ze
ne

3.
17
1

H
→

L
0.
62
1

29
7

0.
47
4

−1
78

86
46

4.
04

5
H
→

L
0.
61
9

29
7

0.
37
1

−1
78

86
53

–
n
→

π
*

H
-2
→

L
0.
67
4

28
5

0.
01
7

H
-2
→

L
0.
60
7

27
8

0.
06
8

–
π
→

π
*

H
-3
→

L
0.
63
9

24
2

0.
02
0

H
-4
→

L
0.
63
6

25
3

0.
00
5

–
–

C
hl
or
of
or
m

3.
45
0

H
→

L
0.
63
6

29
5

0.
47
1

−1
78

86
61

4.
46

8
H
→

L
0.
63
6

29
6

0.
35
4

−1
78

86
67

–
n
→

π
*

H
-2
→

L
0.
67
2

28
3

0.
01
6

H
-2
→

L
0.
67
2

28
1

0.
07
4

–
π
→

π
*

H
-3
→

L
0.
65
0

24
2

0.
01
7

H
-4
→

L
0.
62
7

25
1

0.
00
4

–
–

D
ic
hl
or
om

et
ha
ne

3.
59
2

H
→

L
0.
64
0

29
5

0.
47
0

−1
78

86
71

4.
67

8
H
→

L
0.
64
0

29
6

0.
34
3

−1
78

86
77

–
n
→

π
*

H
-2
→

L
0.
67
1

28
2

0.
01
6

H
-2
→

L
0.
67
0

28
2

0.
07
3

–
π
→

π
*

H
-3
→

L
0.
65
5

24
2

0.
01
5

H
-4
→

L
0.
61
7

25
0

0.
00
4

–
–

E
th
an
ol

3.
72
3

H
→

L
0.
64
0

29
4

0.
46
2

−1
78

86
81

4.
86

3
H
→

L
0.
64
0

29
5

0.
32
5

−1
78

86
86

–
n
→

π
*

H
-2
→

L
0.
67
0

28
2

0.
01
5

H
-2
→

L
0.
61
6

28
3

0.
07
4

–
π
→

π
*

H
-3
→

L
0.
65
1

24
1

0.
01
3

H
-4
→

L
0.
60
4

25
0

0.
00
4

–
–

M
et
ha
no

l
3.
74
7

H
→

L
0.
64
0

29
3

0.
45
7

−1
78

86
82

4.
89

5
H
→

L
0.
64
0

29
5

0.
32
5

−1
78

86
87

31
2f

n
→

π
*

H
-2
→

L
0.
66
9

28
2

0.
01
5

H
-2
→

L
0.
61
6

28
3

0.
07
4

26
4f

π
→

π
*

H
-3
→

L
0.
64
5

24
1

0.
01
2

H
-4
→

L
0.
60
4

25
0

0.
00
4

–
–

W
at
er

3.
78
8

H
→

L
0.
64
1

29
3

0.
45
9

−1
78

86
62

4.
95

6
H
→

L
0.
64
0

29
5

0.
31
4

−1
78

86
67

30
6f

n
→

π
*

H
-2
→

L
0.
66
9

28
1

0.
01
5

H
-1
→

L
0.
57
3

28
3

0.
07
6

26
1f

π
→

π
*

H
-3
→

L
0.
61
2

24
1

0.
01
2

H
-4
→

L
0.
59
5

24
9

0.
00
4

–
–

L
:
no

.
54

L
U
M
O

or
bi
ta
l,
H
:
no

.
53

H
O
M
O

or
bi
ta
l

a
F
ro
m

[2
]

J Mol Model (2012) 18:3587–3608 3603



the initial state, which is mainly contributed by the
HOMO-2, to the final state, which is contributed by the
LUMO. The HOMO and LUMO plot shows that both the
HOMO and the LUMO orbitals are predominantly
localized on the heterocyclic ring, phenyl ring, methyl
group, and amino group. Analysis of the electron density
of the HOMO and the LUMO can throw some light on the
ground and excited state proton transfer process. Both the
HOMO and LUMO are π-type orbitals. The HOMO
predicts that the intramolecular hydrogen-bonded ring
system primarily has bonding character over the N19–H25

and C17–N16 atoms, whereas it has anti-bonding character
over C15 (Fig. 7). The oxygen atom (O20) has bonding
character, with a large electron density (1.974 e) (Table
S2; ESM) present over C19=O20. The electronic charge
distribution of the LUMO within the heterocyclic ring
shows that the C15–N16 position has bonding character,
whereas N13–N14, C12–N13 and C15–N16 have antibond-
ing character. The first dipole-allowed transition was
calculated to occur at 293 nm (H→L) (Table 8) in the gas
phase, with a strong oscillator strength of 0.459 and a
very high CI expansion coefficient (0.641). The next
transitions are at 281 nm (H-2→L) and 241 nm (H-3→L) ,
with much lower oscillator strengths. The redshifts in the
solvents acetonitrile, methanol, and water are 19, 19, and
13 nm, respectively. The next transition is at 282 nm
(H-2→L) , which has a much lower oscillator strength.
The experimental UV-visible spectrum shows a weak
π–π* transition at 265 nm in the acetonitrile environment,
suggesting a blueshift of 17 nm; it is 18 nm in methanol
and 20 nm in water. Because of solvent interference, the
experimental π–π* transition is not available in acetone.

In II, the electron density of the HOMO in the
heterocyclic ring is also larger than the LUMO; hence
the transition is from the heterocyclic ring to the

benzene ring. Due to substantial electron transfer from
the HOMO to the LUMO, the N13–N14 bond shortens.
The HOMO diagram shows antibonding character around
the benzene ring. It also shows a much higher electron
density on the CH3 group than the HOMO of I. The first
intense dipole-allowed transition is calculated to occur at
295 nm (H→L) in vacuum through a number of
transitions with high oscillator strength (0.3144), followed
by weak transitions at 283 (H-1→L) and 249 nm (H-4→
L) with weak oscillator strength. In the case of an acetone
environment, a strong transition is observed at 295 nm
(H→L) with an oscillator strength of 0.326. This shift in
wavelength does not agree with the trend in the polarities
of the organic solvents, so it must be the result of a
combination of several solvent characteristics, such as
polarity, basicity, and hydrogen-bond accepting ability.

Charge distributions

The Mulliken and natural charges of the triazinone
derivatives (I, II, and III) computed at the DFT level are
collected in Table S1 of the ESM. The charge at the C17/
C14/C6 atom of the carbonyl group is positive due to the
negative nature of the O atom, and this influence is related
to the aromaticity factor, hydrogen bonding, etc., as
discussed earlier. The nitrogen atom is electron-
withdrawing in nature, so the charge at the nitrogen site
(N13/ N17/ N3) is negative in I, II, and III. The phenyl ring
carbon atoms C2, C3, C4, C5, and C6 have negative charges,
since each carbon atom is attached to a hydrogen atom. The
greatest charge occurs at H11 (in I), which is involved in
weak C–H…O hydrogen bonding (0.180 e), followed by
H7 (in II), which is also involved in hydrogen bonding. The
nitrogen atoms involved in the N–H…O (N19/N19/N7)
hydrogen bonding have the highest negative Mulliken
charges (−0.555, −0.567, and −0.540 e) in the triazinone
derivatives. The charge analysis shows that the presence of
the electronegative nitrogen atom (N19/N19/N7) imposes
highly positive charges on the hydrogen atoms of the amino
group. The largest positive charges occur at H24 and H25,
which are involved in strong N–H…O hydrogen bonding,
with Mulliken charges of 0.390 and 0.411 e in I, 0.392 and
0.417 e in II, and 0.402 e in III, respectively. The
quantitative relation is that the increase in charge at the
hydrogen atoms, especially those taking part in hydrogen
bonding (as supported by NBO analysis), is a clear
manifestation of the strength of hydrogen bonding.

Electrostatic potential

It is well established that the electrostatic potential
created by the nuclei and electrons of a molecule in the
surrounding space provides a useful tool for interpreting

Fig. 6 Combined UV-visible absorption spectrum of metamitron: a
computed, b experimental
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and predicting molecular behavior. Indeed, it has been
shown to be most helpful when studying both electro-
philic and nucleophilic processes, and is particularly
well suited to studies that involve the identification of
key features necessary for the “recognition” of one
molecule by another. The molecular surface electrostatic
potential (MSEP) is rigorously defined as the first-order
interaction between a positive unit charge at any point
in the vicinity of a molecule and the charge distribution

contributed by both electrons and nuclei. The potential
V(r) can be calculated through Eq. 3 [44]:

V ðrÞ ¼
X
A

ZA
RA � rj j �

Z
rðr0Þdr0
r0 � rj j ; ð3Þ

where ZA is the charge on nucleus A at a distance RA, and
ρ(r) is the electronic density function defined by the
0.001 a.u. contour.

Fig. 7 HOMO and LUMO
plots for triazinone derivatives
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The MSEP has been employed as an informative tool in
chemistry to describe different physical and chemical features,
including noncovalent interactions in complex biological
systems. The molecular electrostatic potential (MEP) is the
most useful electrostatic property for studying the relation
between structure and activity. The three-dimensional MEP
energy surfaces, when superimposed over the total electronic
density in the triazinone derivatives studied (Fig. 8), show that
compounds I, II, and III have almost identical isodensity
surfaces, with the potential isocontour surface in and around
heterocyclic ring exhibiting two negative energy regions (red
color) with charges of between −0.0409and−0.0500 e. One
is located over the oxygen of the carbonyl group and the
other is centered on the N=N of the heterocyclic ring. The
positive-energy area (white color) with charges of between
0.0500and 0.0409 e occurs over the hydrogen atoms of both
the methyl group and the benzene ring. The red regions
indicate areas that would favor interactions with approaching
electrophiles. The potential [V(r)] minima are in the region of
a lone pair in a plane bisecting the HNH angle, thus
predicting a hydrogen-bonding acceptor site. The white
regions interact extensively with incoming nucleophiles,
and are thus the sites of hydrogen-bond donor groups.

Bioactivity

Theoretical investigations of Dornow et al. [45] supplied
the background for the discovery of the group of herbicides
with an asymmetric triazine skeleton. Owing to their
similarity to nucleic acids, a series of 1,2,4-triazinone
compounds were synthesized and tested for biological
activity [46]. The most active member of the group is 4-
amino-3-methyl-6-phenyl-1,2,4-triazin-5-one, introduced
under the common name metamitron (I), which is a
selective pre- and post-emergence herbicide and is suitable
for selective weed control in sugar beet and red beet.
Metribuzin is crystalline in nature and very slightly soluble
in water, but it is relatively soluble in organic solvents like
methanol. It is effective towards many broad-leaved weeds,
including hard-to-control weeds.

Stephan Wilski et al. [47] studied herbicide binding in
various mutants of the D1 protein of photosystem II of
Chlamydomonas reinhardtii. For 1,2,4-triazin-5-ones,
Ser264Lys and Ser264Ile mutants were selected after a
series of mutant studies. Through molecular modeling
studies of metribuzin-type compounds, it was shown that
replacing the thiomethyl group with a thiol group leads to
tighter binding and increases the binding affinity of the
compound. For metamitron-type compounds, the presence
of NH2 was found to be necessary for higher activity, even
though the benzene ring is most favorable. Other alicyclic
groups also show good activities, but replacement with an
electron-donating methyl group reduces the activity.

The present study demonstrates the importance of the N–
C=O group to the bioactivity, since it is the place where strong
intramolecular (monomer) and intermolecular hydrogen

Fig. 8 Electrostatic potential plots for the triazinone derivatives
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bonds (dimer) are observed. Hydrogen-bond interactions
decide the nature and properties of biomolecules and proteins.
Thus, any factor that favors strong intermolecular hydrogen
bonding with the amino acid residues of the D1 protein [47]
enhances binding, which results in the inhibition of
photosynthesis. Since interactions with proteins are “lock
and key” in nature, other structural features that aid proper
docking at the interaction site are crucially important. Even
the improper-type hydrogen bond C–O…H has a compara-
tively small strength, and its presence causes multiple
hydrogen bond formation with varying acceptor and donor
groups of proteins. The strong binding of herbicides to the
Qb site [47] is an essential condition for herbicidal activity,
but it reduces photosynthesis in all kinds of plants.

Conclusions

The aromaticities and equilibrium geometries of the
monomeric and dimeric structures of triazinone derivatives
were determined and analyzed at the DFT level. Vibrational
wavenumbers and infrared and Raman intensities calculated
at the BLYP/6-311 G (df, p) level agreed well with the
corresponding experimental data. The optimized geometry
shows that both of the H atoms of the amino group are
pushed aside (out of plane) with respect to the plane of the
heterocyclic ring. The planarity of the triazinone molecule
is distorted due to the interactions of the nitrogen, oxygen,
and methyl groups in the ring, including hydrogen-bond
formation. The potential C=O…H–C bond, the loss of
planarity, and the development of asymmetry in the
benzene ring limit the delocalization in the heterocycles of
the triazinone derivatives with a phenyl ring.

NBO analysis reveals that the redshifting of the N–H
stretching wavenumber exaggerates the decrease in N–H
bond order values that occurs due to donor–acceptor
interactions. This leads to the stability and in turn to the
bioactive nature of the triazinone herbicides. Due to intra-
and intermolecular N–H…O and C–H…O hydrogen
bonding, there is an increase in the charge density of the
antibonding orbital of the N–H bond, electron density
delocalization, an increase in the N–H bond distance, and a
concomitant decrease in the vibrational stretching wave-
number. There is also a decrease in the electron density, in
the stabilization energy, in the C–H bond length, and an
increase in the stretching wavenumber. H-bonding leads to
a decrease in the NH2 stretching wavenumber, an increase
in the NH2 bending wavenumber, and an increase in IR
intensity. Due to strong intermolecular hydrogen bonding,
these molecules show enhanced herbicidal activity. The
potential [V(r)] minima occur in the region of a lone pair in
a plane bisecting the HNH angle, thus predicting a site of
hydrogen-bonding acceptors. The predicted electronic

absorption spectra from TD-DFT calculations have been
analyzed in combination with the PCM models for various
solvents and compared with the experimental UV-visible
spectrum, and they were found to mainly derive from the
contributions of the n–π* and π–π* bands. The decrease in
the HOMO–LUMO energy gap clearly explains the charge-
transfer interactions that take place within these molecules
and lead to their enhanced herbicidal activity.
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