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On the Low-Lying Excited States of
sym-Triazine-Based Herbicides

Josep M. Oliva,”) M. Emilia D. G. Azenha,™ Hugh D. Burrows,"™ Rita Coimbra,"”’
J. Serxio Seixas de Melo,™™ Moisés Canle L.,* M. Isabel Fernandez,™
J. Arturo Santaballa, and Luis Serrano-Andrés®

We report a joint computational and luminescence study on the
low-lying excited states of sym-triazines, namely, 1,3,5-triazine (1)
and the ubiquitous herbicides atrazine [6-chloro-N*-ethyl-N*-iso-
propyl-1,3,5-triazine-2,4-diamine (2)] and ametryn [6-methylthio-
NZ-ethyl-N*-isopropyl-1,3,5-triazine-2,4-diamine (3)]. Geometrical
structures, energetics, and transition and state properties of 1
and 2 were computed at the TD-DFT, CASSCF, and CASPT2 levels
of theory. The fluorescence and phosphorescence emission spec-

Introduction

sym-Triazines are widely used as pest-control agents, particu-
larly as systemic herbicides that act as photosynthesis inhibi-
tors."® Intensive agricultural use of these compounds has led
to their increasing unwanted occurrence in natural waters,“
especially groundwaters.”"" As a consequence, public concern
has grown about the long-term environmental and health ef-
fects of such pollutants.'>"

Many different techniques, including chlorination," ozona-
tion,"™ H,0,-promoted oxidation,"® biological degradation,"”
Fenton oxidation,"'® radiolysis,"® photocatalysis,”™® photosensi-
tization,?" and reduction,”? have been attempted with ques-
tionable success to promote the degradation or elimination of
these pollutants. A possible alternative is direct photodegrada-
tion, for which a number of studies on photoproducts have
been performed, but little mechanistic information is availa-
ble.>?" Proper modeling of the environmental fate of these
agrochemicals will be difficult unless detailed mechanistic un-
derstanding becomes available. Indeed, a comprehensive
study of the photodegradation process must involve proper
knowledge of the nature and role of their different low-lying
excited states.

The characteristics and properties of the excited states of
azines have attracted the interest of chemists for at least
50 years. A wide variety of both theoretical (semiempirical to
ab initio level) and experimental studies have been carried out
on their electronic transitions.”®? However, there are still
many unanswered questions regarding the nature of the excit-
ed states. Therefore, within the framework of a wider project
aiming to elucidate the molecular mechanisms of photodegra-
dation of different water pollutants, we report the results of a
joint computational and luminescence study of the low-lying
singlet and triplet states of three different sym-triazines (see
Scheme 1), and discuss their role in the photodegradation
mechanism. Fluorescence and phosphorescence emission
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tra, lifetimes, and fluorescence quantum yields were measured
for the three compounds, and from these, the energies of the
lowest excited states and their corresponding radiative rates were
determined. The predictions from CASPT2 calculations are in
good agreement with the experimental results obtained from the
luminescence studies and allow the interpretation of different ab-
sorption and emission features.
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Scheme 1. Molecular formula of the species studied in this work: 1,3,5-triazine
(1; X=R'=R?=H), atrazine (2; X=Cl, R'=NHEt, R*=NHiPr), and ametryn (3;
X=SCH;, R'=NHEt, R>=NHiPr).

spectra, lifetimes, and fluorescence quantum yields were mea-
sured for the three compounds, while quantum chemical cal-
culations on the low-lying singlet and triplet excited states at
different levels of theory were performed to rationalize some
of the experimental findings.
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Low-Lying Excited States of sym-Triazines

Experimental Procedures and Computational
Details

Experimental Procedures: 1 was obtained from Aldrich and dried
prior to usage. 2 and 3 were Pestanal certified standards from
Riedel de Haen. All these reagents were used without further puri-
fication. Organic-matter-free freshly double distilled water was
used to make up all solutions. In all cases the solutions were satu-
rated with appropriate gases at 298.0 K and atmospheric pressure,
as indicated in tables and figures.

The pH of the solutions used were those imposed by their typical
macroscopic pK, value (approximately 5).“**" pH measurements
were made at 298.0 K using a combined glass electrode, previously
calibrated with commercial buffers of pH 7.02+0.01 and pH 4.00+
0.01. The accuracy in the pH measurement was typically +0.02 pH
units.

Spectrophotometric measurements were made on a double-beam
Kontron Uvikon 941 or on a Shimadzu 2100 Plus spectrophotome-
ter, using standard quartz cells with 10 mm path length and
3.5 mL capacity. The cells were water-flow thermostatically control-
led to within £0.1 K.

Fluorescence spectra were recorded on a Jobin-lvon SPEX Fluorog
3-22 spectrometer. All spectra were obtained in right-angle geome-
try and were corrected for the instrumental response of the
system. Fluorescence measurements were made by using standard
1 cm? cross section quartz cuvettes. Fluorescence quantum yields
were determined by using tryptophan™®? or bithiophene as stan-
dard.*® Phosphorescence measurements were made by using a
1934D phosphorimeter accessory with the above instrument, with
samples studied as glasses in quartz tubes of approximately 1 mm
diameter cooled in liquid nitrogen in a quartz Dewar flask.

Fluorescence decays were measured with a home-built time-corre-
lated single photon counting apparatus with an H,-filled IBH 5000
coaxial flashlamp as excitation source, Jobin-lvon monochromator,
Philips XP2020Q photomultiplier, Canberra instruments time-to-am-
plitude converter, and a multichannel analyser. Alternate measure-
ments (1000 counts per cycle), controlled by Decay® software (Bio-
dinamica-Portugal), of the pulse profile at 280 nm and the sample
emission were performed until (1-2) x 10* counts at the maximum
were reached.* The fluorescence decays were analyzed by the
modulating functions method of Striker et al. with automatic cor-
rection for the photomultiplier “wavelength shift”.** Data were an-
alyzed with ad hoc software. The reported rate constants and life-
times were averaged over replicated experiments, with reproduci-
bility within 5%.

Theoretical Methods and Computational Details: Geometries for
the ground and excited states of 1 were optimized by computing
analytical CASSCF gradients. The ground state geometry of 2 was
obtained at the DFT/B3LYP level and characterized as a minimum
structure. The 6-31G* basis set was finally used in all calculations.
Other basis sets such as cc-pVDZ, cc-pVTZ, and aug-cc-pVDZ were
also employed to calibrate the obtained results. The atom labeling
and main (C—N, C—Cl) bond lengths [A] of the computed molecules
in the different optimized states are given in Scheme 2. The re-
maining structural details for the different states are given in the
Supporting Information.

The CASSCF calculations included an active space of nine active
electrons (six m plus three lone pairs) in 12 molecular orbitals.
Some states were optimized with planarity restrictions. The mole-
cule was placed in the xy plane (see Scheme 1 for orientation). The
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Scheme 2. Atom labeling and main (C—N, C—Cl) bond lengths [A] for the opti-
mized states: a) S, S; ('E',), and S, ('A,") states for 1 (from top to bottom),

b) T, CE",) and T, (A,,") states for 1 (from top to bottom), and c) S, state for 2.
For the remaining parameters and structures of other states, see Supporting
Information.

ground and low-lying excited singlet states have also been found
experimentally to be planar.***” For the sake of simplicity, the D,
symmetry found for the ground state of 1 was used to characterize
its electronic states, although, upon relaxation, in some of the ex-
cited states the symmetry of the molecule reduces to G, At the
CASSCF level, five of the states maintain D;, symmetry at their op-
timized geometries: the ground, nz* 'A,”, * 'A), n* 3A,”, and
qu* 3A, states. The other states reach G,, optimized structures: the
nw* 'A,”, nm* 'E” (two components, a and b), nit* A", nm* °E”
(two components, a and b), and nm* 3A; states. Within the Dy, (C,,)
symmetry point groups, the states of 1 are classified as: 1'A;
(1'A), 12E,” (1"3Ay), 1°A) (2'3A,), 1A (1'°B), and 1'°E)”
(2'?B,). More details can be found in the Supporting Information.
In 1 the labels that imply an energy ordering (e.g., S, and T,) are
based on the computed adiabatic (T,) ordering, and those in 2 on
the computed vertical ordering.

At the different geometries of 1 and 2, by using the multiconfi-
gurational functions as reference, second-order perturbation
theory (CASPT2 method)®®*® was employed to obtain accurate ex-
citation energies. The strategy of combining CASSCF geometries
with CASPT2 energies (CASPT2//CASSCF protocol) has previously
been shown to yield good results.***” The active space employed
for 2 was the same as that used for 1. In particular for 2, and be-
cause of its larger size, the LS-CASPT2 method™ was used in order
to include an imaginary level shift parameter of 0.2 a.u. (selected
after calibration of the stability in the results), which prevents the
presence of spurious intruder states in the calculation. In all cases,
oscillator strengths were computed by using CASSCF transition
dipole moments and CASPT2 excitation energies. In the calculation
of the spontaneous emission rate for the one-photon allowed tran-
sitions, the absorption CASSCF transition dipole moments comput-
ed at the ground-state geometries and theoretical (T,) CASPT2 (1)
or experimental (2) energy differences were used.®" No vibrational
zero-point energy corrections were considered.

Calculations on the low-lying excited states of triazine computed
with Cl singles (CIS) and time-dependent density functional theory
(TD-DFT) with the B3LYP functional were also included®® to check
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the suitability of these methods for obtaining an accurate descrip-
tion of the excited states in these molecules.

The calculations were performed with the MOLCAS-5"* and Gaussi-
an 98" quantum chemistry packages, and checked carefully in 1
for the convergence of the employed methods for the number of
excited states included in the study. Increasing the basis sets to cc-
pVDZ, cc-pVTZ, or aug-cc-pVDZ in specific cases had no significant
consequences for ordering and description of the states; therefore,
we decided to use the 6-31G* basis throughout. This also holds
true for increases in the CAS active space. Using the B3LYP S, in-
stead of the CASSCF geometry of 1 to compute the vertical spec-
trum changed the excitation energies by less than 0.1 eV.

Results and Discussion
Absorption and Fluorescence of Triazines

The absorption spectra of sym-triazines were measured in
aqueous solution (Figure 1). In the case of 1, previously report-
ed spectra for the low-energy region in the gas phase®™>® and

Absorbance —»

T
260 280 300 320
A/ nm ——»

T T
200 220 240

Figure 1. UV/Vis spectra of 1 (), 2 (0), and 3 (A) in water. Absorbances have
been normalized for the sake of comparison.

M. Canle L. et al.

in hexane® showed two distinctive bands up to 6eV

(207 nm): a clear medium-intensity band with a maximum at
459eV (270nm) and a very weak peak around 5.7 eV
(218 nm), which in hexane has one-sixth of the intensity of the
459 eV peak. We also observed two absorption bands in
water, blue-shifted relative to hexane or the gas phase to 206
and 260 nm, respectively, but with similar molar absorption co-
efficients (g,06=993M 'cm™', £,,,=618M 'cm™"). This blue
shift of about 0.18 eV was previously reported for the long-
wavelength band on going from n-hexane to water.2” The ab-
sorption spectrum of 2 in water shows a band at 223 nm and
a shoulder around 263 nm. The absorption at 223 nm (&,,;=
34400m~'cm™") is considerably more intense than the should-
er (g43=3500M~"'cm™") and both bands of 1. For 3, the spec-
trum in water shows two bands at 222nm (&=
36600 M~ 'cm™') and 270 nm (£,750=3920m'cm™") that follow
a pattern similar to the case of 2. Absorbance data are present-
ed in Table 1.

Fluorescence spectra were obtained in aqueous solutions for
2 and 3 (Figure 2). Very weak emissions were observed, with
maxima around 400-420 nm. Previous studies on 1 in the
vapor phase showed a broad emission with a maximum
around 400 nm,* while for 2,4,6-triaryl-1,3,5-triazines in aceto-
nitrile,” the fluorescence maxima depend on the number and
type of substituents, and vary from 414 to 460 nm. The fluores-
cence quantum vyields & and lifetimes v were measured in
water and acetonitrile. From these, the radiative decay k;= @/t
and nonradiative rate constants k,, can be calculated. In addi-
tion, low-temperature spectra were measured in water, etha-
nol/methanol, and 3-methylpentane (3MP) glasses. Solvents
were chosen on the basis of solubility, while at the same time
attempting to be as close to natural environments as possible.
Spectral and photophysical data are presented in Table 1.

The @; values are all very low. This has two consequences:
first, the values have large uncertainties. Second, but more im-
portant, is that they show the importance of nonradiative

Table 1. Absorbance maxima, molar absorption coefficients, maxima of fluorescence emission, fluorescence quantum yield, lifetimes and rate constants,
maxima and lifetimes of phosphoresce emission, nonradiative decay rate constants, radiative lifetimes and SB*® lifetimes.
Triazine Solvent A Inml  elM'em™l A [nm] & 7:[ns] ke [ns™'] dplnm]  7p[ms] Kk, [ns7'l 7%, ns] 78 [ns]
1 H,O 206 993 415 35 424 83 160
260 618
CH,CN 443
3MP 397 3.1x107* 428 2.7
EtOH/ 431
MeOH
2 H,0 223 344002 415 15x107* 3.2 47x10° 440 18 0.31 213x10* 29
263 35002
CH,CN 430 12x107* 3.0 40%10°° 0.33 2.5%10*
3MP 432 7.2x107* 450- 12.6
454
EtOH/ 405 438
MeOH
3 H,0 222 36575 405 47x107* 1.5x107* 430 1.9 0.32 6.7 x10° 26
270 3918%
CH,CN 420 1.8x107* 20 90x107° 0.50 1.1x10*
3MP 416 58x107* 438 124
308 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org  ChemPhysChem 2005, 6, 306 - 314
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Figure 2. a) Fluorescence emission spectra of 2 (m) and 3 (o) in N,-saturated
water at room temperature, A, =280 nm. Fluorescence intensities have been
normalized for the sake of comparison. b) Fluorescence decay for 2 in H,0 at
room temperature; curve A is the lamp pulse, B the fluorescence decay for 2, C
the first-order decay fit, and D the residuals of the fit.

pathways in deactivation of the lowest excited singlet state of
triazines. Furthermore, differences of orders of magnitude were
observed in the natural radiative lifetimes of the lowest excited
singlet state obtained from the experimental radiative decay
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constants (t,,q=1/k) and the values calculated (Table 1) from
molar absorption coefficients by using the Strickler-Berg (SB)
approach.®® For example, for 2 in water the values are about
2.1x10% ns from quantum yield and lifetime, and 29 ns from
SB. This strongly suggests that the lowest energy band ob-
served in the absorption spectrum is not that responsible for
the fluorescence. This data is compatible with an allowed visi-
ble transition for the three triazines at about 260-270 nm (4.6
4.8 ev), probably of nit* character in 1 (although with noticea-
ble oscillator strength) and of stw* character in 2 and 3, whilst
the emission originates from a lowest nmt* state of forbidden
character, whose absorption band is buried under the tail of
the allowed transition. Theoretical calculations support these
conclusions (see below).

The nonradiative decay of S, involves both internal conver-
sion and intersystem crossing. Although, in principle, direct ob-
servation of the triazine triplet-triplet absorption by flash pho-
tolysis would allow determination of the yield of intersystem
crossing, and such an absorption has been reported for 1,3,5-
triazine in acetonitrile solution,*® we have not yet been able
to obtain reliable triplet absorption data for these three tria-
zines. Work is in progress on this.

Table 2 compiles the calculated absorption and emission en-
ergies and transition and state properties for the low-energy
singlet states of 1 at different levels of theory. In the following
discussion, only CASPT2 energies are considered, as they repre-
sent the best available theoretical data. Other results are com-
pared later. Table 3 combines the compared experimental data
of Table 1 and the theoretical results obtained for 1, as well as
the assignments performed, based on both experimental and
theoretical evidence. For 1, the enumerative labels (S, T,)
follow the order established by T, at the CASPT2 level.

Our interest was first focused on the lowest energy region
of the absorption spectrum and on the fluorescence spectrum.
Regarding the absorption bands, transitions computed at the
ground-state optimal geometry can be approximately related

excited singlet and triplet states of 1.

Table 2. Computed Cl singles (CIS), TD-DFT/B3LYP (B3L), CASSCF (CAS), and CASPT2 (PT2) energy differences and transition and state properties for the low-lying

En® [eV] 7. [eV] Ee? [eV]
State! cls B3L CAS PT2 fel CAS PT2 PT2 uf D] 7 [ns]
'A) S 0.00
A, nT¥, S, 6.73 451 5.90 4.1 - 5.61 3.89 3.38 0.00 -
A", nmt¥, S, 6.399 4619 5.11 430 0.027 459 4,09 3.60 2.02 53M
'E”,, nwt*, S, 6.53 4.60 5.51 432 - 4.85 3.69 2.71 1.65 -
'E", Nk, S, 6.53 4.60 5.51 432 - 5.23 4.08 3.76 0.12 -
A, ¥, Ss 7.18 6.25 5.55 5.59 - 5.25 5.17 5.07 0.00 -
Ay, n*, T, 5.45 3.92 4.63 3.87 - 420 3.69 3.07 2.09 -
e, nt, T, 5.74 413 5.13 4.04 - 453 3.54 2.67 1.24 -
3"y, n¥, Ty 5.74 4.13 5.13 4.04 - 481 3.77 3.46 0.17 -
Ay, n*, T, 6.52 438 5.92 4.15 - 5.59 3.95 3.65 0.00 -
Ay, ¥, Ts 425 4.40 434 476 - 4.10 439 431 0.00 -

the Strickler-Berg (SB) equation.

[a] Vertical excitation: calculations at the ground state (S,) with optimized CAS geometry. [b] Band origin: energy difference between S, and the corre-
sponding excited state at their respective optimized CAS geometries. [c] Vertical emission: energy difference between the excited and ground states at the
optimized CAS geometry of the corresponding excited state. [d] The enumerative labels (S,) follow the order established by T, (CASPT2). [e] Oscillator
strength obtained by using the CAS transition dipole moment and the PT2 (E,) energy. [f] CAS dipole moment at the excited state CAS optimized geome-
try (all zero at the S, D,, geometry). [g] Oscillator strengths computed as 0.034 and 0.015 at the CIS and B3L levels, respectively.”"*® [h] Estimated by using
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ical and experimental grounds.

Absorption maxima [eV] (Inm]) Band origins [eV] (Inm])

Table 3. Theoretical (CASPT2) and experimental transitions in the spectra of 1. Assignments based both on theoret-

band origin (T,) of this state at
4.09 eV. Because of the conges-
tion and complexity of the spec-

Emission maxima [eV] (Inm]) trum, further assignments based

State Theory Experiment Theory Experiment Theory Experiment on the theoretical results cannot
3E”; 354 3.59 (345)" . T 293 (423): be obtained. The accuracy of the
?é'[ T, o ;ggs(.:zggism) .. igg Eﬁ(s);‘gl calculations is expected to be
nat¥, S, 2.8 (443)9 within 0.1-0.2 eV. The computa-
A, 430 459 (270)™ 4,09 4.02 (308)% tions predict the occurrence of
1n/ic* Sa s ‘51-;7(2(?2;)[2][“ the 'A,” bands in the low-lying
mi*, s, : 6:0 (206" spectrum, starting from a band

origin at 3.89 eV. This state has

4.56 eV peak.

[a] Gas-phase spectrum. Suggested as excited vibrational band of the E” state.® [b] From the estimated S-T
splitting in the laser-induced fluorescence of 1 in a matrix.”” [c] Phosphorescence maxima in water and 3MP,
respectively (this work). [d] Two-photon photoacoustically detected gas-phase spectrum.”” [e] Optical spectrum
in the vapor phase.® [f] Laser-excited fluorescence in vapor of 1.°! [g] Fluorescence maxima in H,0O and
CH;3CN (Ao =270 nm), respectively (this work). [h] Weak band maxima in the gas phase® ¢ and hexane.”” The
experimental®¥ and theoretical oscillator strengths are 0.013 and 0.027, respectively. [ Absorption maxima in
water (this work). [j] Estimated 'A,” origin in the two-photon photoacoustically detected gas-phase spec-
trum.” [k] Weak peak in the gas phase®® and hexane®” spectra. In hexane it has one-sixth the height of the

not been found experimentally,
although there is evidence of its
presence.””

The fluorescence spectra re-
ported here for 1 in water dis-
play a band maximum at 2.99 eV
(415 nm). On the basis of the

to the band maxima in the gas phase. The four low-lying sin-
glet excited states at this geometry are of nmt* character. The
one-photon forbidden 'A;” nz* state is found to be vertically
the lowest singlet excited state at 4.11 eV. About 0.2 eV above
this, two other nz* states are computed: the one-photon al-
lowed 'A,” state at 4.30 eV and the doubly degenerate one-
photon forbidden, two-photon allowed 'E” state at 4.32eV.
The low-lying mtzt* transition is computed to be related to a
dipole-forbidden 'A,’ state at 5.59 eV. The results obtained are
in agreement with previous CASPT2 data reported for tria-
zine,® and can be compared with the measured absorption
spectra. The band maximum recorded in the gas phase at
4.56 eV with estimated values for the oscillator strength of
0.013%% or 0.0210%9 is therefore attributed to the one-photon
allowed transition to the 'A,” nm* state, computed to be at
4.30 eV, with a calculated oscillator strength of 0.027. The weak
feature observed at 5.7 eV***® can be assigned as correspond-
ing to excitation to the one-photon forbidden 'A, mm* state.
The peak reported at 3.97 eV (312 nm)®**¥ has been previously
assigned to the 6] vibrational excitation of the 'E” state.
Different band origins have been assigned from experimen-
tal studies. There is strong evidence that the 'E” state, located
in the vapor phase at 3.83eV (324 nm),***% yijelds the
lowest-lying singlet-singlet absorption from the ground state.
The theoretical data support this conclusion. The CASPT2//
CASSCF results place the 'E” band origin (T,) at 3.69 eV, 0.2 eV
below any other singlet excited state. Therefore, this state can
be considered to be the lowest singlet excited S, state. Note,
however, that the geometry optimization led to splitting of the
two components of the D, 'E” state into two different G,, ex-
cited states. The component labeled a becomes adiabatically
the first singlet state of 'A, (C,,) symmetry, while the b compo-
nent becomes the second singlet state of 'B, symmetry. Webb
et al.*”! estimated the T, transition to the one-photon allowed
A, state to be 0.19 eV above the 'E” origin, that is, at 4.02 eV
(302 nm). This is in fair agreement with our calculation for the
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vertical emission computed at
2.67 eV (which can be consid-
ered as a lower bound for the emission maxima), and the pre-
vious arguments on the basis of experimental radiative life-
times, we can assign the fluorescence as originating from the
'E” nm* state. This is expected on the basis of Kasha’s rule®!
that radiative processes always take place from the lowest
electronic state of a given spin multiplicity, independent of the
energy of the electronic state to which the species was initially
excited. Only the transition to the 'A,” state is one-photon al-
lowed in the low-lying spectrum, and we can estimate from
theory the SB radiative lifetime of the 'A,” state to be 53 ns. In
water, and based on the lowest energy absorption band, the
SB radiative lifetime of 1 was estimated to be 160 ns. Consider-
ing that a state different from that related to the lowest one-
photon allowed band in absorption (S, 'A,”, nit*) is computed
to be the fluorescing state, S, ('E”) nm*, the measured radiative
lifetime can be expected to be several orders of magnitude
larger. From the experimental fluorescence decay time in
water, and assuming a similar fluorescence quantum yield to
those of 2 and 3 in this solvent, an experimental lifetime of
about 3x 10* ns can be estimated.

For the much larger molecule of 2, only vertical calculations
at the ground-state geometry were performed at the different
levels of theory. The results are compiled in Table 4. Unlike 1,
the enumerative labels (S,, T,) follow the order established by
the vertical (not the adiabatic) calculations at the CASPT2 level.
The structure and appearance of the low-lying absorption
spectrum of 2 are significantly different to those of 1. Two ab-
sorption bands are observed in water, with maxima at 4.71 eV
(263 nm) and 5.56 eV (223 nm). The positions of the bands are
very similar to those observed for 1 in the vapor phase (4.59
and 5.70 eV), but this is just a coincidence that may lead to
confusion. In atrazine the low-energy band is much weaker
than the 5.56 eV band. The analysis of the theoretical spectrum
confirms that the ordering of excited states has changed with
respect to 1 at the ground-state geometry. Vertically, the
lowest excited singlet state of 2 has wzt* character and is com-

ChemPhysChem 2005, 6, 306 — 314
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Table 4. Computed Cl singles (CIS), TD-DFT/B3LYP (B3L), CASPT2 (PT2) energy differences [eV], oscillator strengths f, dipole moments p (CASSCF), and radiative
lifetimes for the low-lying excited singlet and triplet states of 2. Recorded band maxima in water.

State cls f B3L f PT2 f wID] 7 [ns] Absorption maxima [eV] ([nm])

So 416

S, (wm*) 6.92 0.176 5.15 0.032 4.89 0.025 444 170 4.71 (263)*

S, (nm)® 7.56 0.011 543 0.005 5.06 0.001 345 4363

S, (n*)® 7.30 0.000 5.281 0.001 522 0.001 2.81 4500

S, (mm*) 7.75 0.030 5.46" 0.002 5.37 0.157 7.16 30

S (n*)®! 8.21 0.000 5.98 0.000 5.54 0.025 2.02 } 5.56 (223)

Se (Tm*) 8.49 0.449 6.24 0.147 5.79 0.153 5.44

S, (nt*)® 8.63 0.034 6.04 0.150 5.95 0.050 3.01

Sg (7o) 7.93 1.319 6.27 0.791 6.05 0.667 4.97

T, (uor¥) 5.35 - 4.27 - 4.81 - 4.67

T, (muar¥) 5.39 - 4.32 - 4.85 - 3.94

T, (nor*) 6.98 - 5.04 - 5.05 - 3.39

T, (n*) 6.75 - 5.02 - 5.12 - 5.54

Ts (uor¥) 6.61 - 4.93 - 5.33 - 3.34

Te (nor*) 7.94 - 5.77 - 5.56 - 411

T, (n*) 7.89 - 5.72 - 5.70 - 1.51

Tg (uat¥) 6.66 5.05 5.85 6.14

[a] Radiative lifetime computed by using the Strickler-Berg approach®"*® and the experimental emission (415 nm). [b] The correspondence to 1 nmt* states
is: S, ('E",), S5 ("E"y), Ss (" A)), and S, ('A,"). [c] Both states have mixed nmt* and m* character at the B3LYP level. [d] The correspondence to 1 nit* states is:
T; CE",), T, CE”,), Ts CA,”), and T, (A,,"). [e] Extinction coefficients in water: 3500 and 34400 m~'cm™, respectively (this work).

puted to lie at 4.89 eV with an oscillator strength of 0.025.
Four other nit* and three mmw* excited singlet states are sug-
gested to be located at energies up to 6.1 eV. The largest oscil-
lator strengths correspond to the mz* transitions to S, (0.157),
Se (0.153), and Sg (0.667). While the S, (mtt*) state, computed to
be at 4.89 eV, can be related to the weak band observed in the
absorption spectrum in water at 4.71 eV (263 nm), the 5.56 eV
(223 nm) band seems to be formed by the superposition of at
least two mmt* transitions to the S, and S states. The difference
in dipole moments for the two states leads one to think that
the gas-phase spectrum may exhibit two well-resolved bands
in this region. A more intense m* transition is predicted to
the S; state lying slightly above 6.0 eV. With respect to the nx*
states, the analysis of their wave functions can help us estab-
lish a correspondence with the D, states of triazine: 'E”,, 'E”,,
'A,”, and 'A,” (see Table 4). Comparing 1 and 2, the general
trends observed in the latter are that, for the singlet excited
states, there is a stabilization of the mm* states (near 0.7 eV for
the low-lying state) and destabilization of the nx* states (0.8-
1.6 eV).

Using the Strickler-Berg approach and the observed emis-
sion band at 2.99 eV (415 nm), we estimated the radiative life-
times of the four low-lying excited states of 2 to be 170, 4363,
4500, and 30 ns, respectively, for the emissions from the states
labeled S, to S, in Table 4. These values may help us to predict
the nature of the fluorescing state. From the recorded fluores-
cence quantum yields and lifetimes in Table 1, the experimen-
tally estimated radiative fluorescence lifetime of 2 in water is
21300 ns. This value would be more consistent with the nxt* S,
and S; states than with the mm* states. One may then specu-
late that the fluorescing state (the true S;) in 2 has an nm*
nature, as occurs in 1, while a similar conclusion can be
reached for 3, given the resemblance of their spectra.
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Phosphorescence of Triazines

Attempts were made to observe the phosphorescence of 1, 2,
and 3 in a variety of solvent glasses at 77 K. For 1 in 50%
EtOH/MeOH glass, a broad emission was observed, with a max-
imum around 431 nm (2.88 eV), while in water it was at
424 nm (2.93 eV) and in 3MP at 428 nm (2.90 eV). Phosphores-
cence decay in all three solvents could be fitted by a single ex-
ponential, and lifetimes of a few milliseconds were observed.
Phosphorescence for this compound has previously been re-
ported in an EPA (2 ethanol, 5 i-pentane, 5 Et,0) glass, and
shown to have a maximum around 455nm and lifetime
0.44 s> At present, the reason for the difference in lifetimes
in this work and in our previous studies is not clear. Phosphor-
escence has also been observed for 2 and 3 in 3MP glasses at
77 K. The spectrum for 2 (Figure 3) shows a broad band with
maximum at 450 nm (2.76 eV). The phosphorescence decay is

Phosphorescence intensity —=

T T T
350 400 450 500 550 600 650
Alnm —=

Figure 3. Phosphorescence emission spectra of 2 (0) in 3MP at 77 K.
hexe =262 nm (0), 280 nm (e). Inset: phosphorescence decay.
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monoexponential with a lifetime of 12.6 ms. Phosphorescence
data for 1-3 are summarized in Table 1. The phosphorescence
lifetimes are intermediate between those expected for lowest
lying nmt* and m* triplet states, and do not permit state as-
signment.

Theoretical calculations were also carried out on the triplet
excited states, and data are given in Tables 2-4. For the triplet
states of 1, the computed CASPT2 results place four excited
ni* states vertically below the lowest mr* *A,’ state at 4.76 eV.
The lowest lying excited triplet state is computed vertically to
be the nm* 3A,,” state at 3.87 eV, while the *E” and 3A,,” excit-
ed states are obtained at 4.04 and 4.15 eV, respectively. The
onset of 1,3,5-triazine phosphorescence is around 3.54 eV
(350 nm). Also, an absorption band reported at 3.59 eV
(345 nm) has been suggested to be related to T,,*" while Haag
et al.®? predicted the presence of the triplet band origin near
3.3-3.4 eV (365-376 nm). This state was suggested to be of E”
character. The present theoretical results support this assign-
ment. The lowest energy band origin is computed to corre-
spond to the a component of the 3E” state (1°A,, in G,, sym-
metry) at 3.54 eV, close to the experimental observation. Exper-
imentally, the singlet-triplet (S-T) splitting has been estimated
to be 0.24 eV in the spectrum of triazine in the crystal,’®" and
0.5 eV in an argon matrix.”? Considering the band origins, our
theoretical S-T splitting is 0.15 eV. The four low-lying nmt* trip-
let states were computed to have band origins within a range
of 0.4 eV, so that major congestion of the triplet spectra can
be expected. Evidence for singlet-triplet coupling in the 'E”
fluorescence involving at least two different triplet states has
been found.®*®® The most effective coupling can be expected
with the 3A,,” mr* state. The presence of its band origin com-
puted at 4.39 eV, close to the vertical excitation to the 'E”
state (4.32eV), might justify the suggested coupling of the
two states.” As for the triplet states, adiabatically it is the a
component of the E” state which is the lowest lying triplet
state, with a computed vertical emission to the ground state
at 2.67 eV, while the other states remain at least 0.4 eV higher
in energy. The *E” nm* state (symmetry broken to ?A,, in G,) is
therefore likely to be responsible for the observed phosphores-
cence. The experimental phosphorescence lifetimes are consis-
tent with emission from an nst* state, although they do not
allow an unambiguous assignment.

For the triplet excited states of 2, the stabilization of the
nt* with respect to the nm* states is not as large as in 1, and
therefore the S-T splitting for the low-lying mmt* state is drasti-

+4.59 eV Sy ]
+2.88 eV S,
Tl +2.76 eV
So

Figure 4. Schematic Jablonski diagram for 2.
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cally reduced on going from 1 to 2, from 0.83 to 0.04 eV, re-
spectively. Considerable coupling is suggested between nmx*
and mm* states and leads to a dramatic reduction in the S-T
energy gap, as represented schematically in the Jablonski dia-
gram of Figure 4. This is expected to lead to efficient intersys-
tem crossing, which may explain the high nonradiative rates
obtained from the fluorescence data and the low fluorescent
quantum yields observed for these compounds. On the other
hand, the nx* states undergo a destabilization by more than
1eV.

Comparison of Theoretical Methods

The results in Tables 2-4 allow us to comment briefly on the
performance of the different theoretical methodologies em-
ployed. The CASPT2//CASSCF approach has become a robust
computational approach for studying excited states,*® and
therefore we can use the CASPT2 results to calibrate, in partic-
ular, the TD-DFT/B3LYP (TD) data. The B3LYP functional was se-
lected as the most general and widely used approach in the lit-
erature. The CIS results are known to be of low quality due to
an unbalanced treatment of electron correlation energy includ-
ed in this approach. Both the state ordering and the absolute
energies are clearly erroneous, with deviations ranging from
0.5 to 2.6 eV in the two molecules. Oscillator strengths in 2 are
also quantitatively incorrect. The CASSCF results, including
only nondynamical correlation effects and forming the zeroth-
order reference for CASPT2, may help to understand the per-
formance of the CIS approach. The TD energies and oscillator
strengths are closer to the CASPT2 results. The energy ordering
of the states is practically the same in 1 for the two methods,
although TD theory overestimates the CASPT2 energies by
0.3-0.7 eV. In particular, the experimental mm* absorption is
overestimated by 0.55 eV at the TD level. In some cases the
CASPT2 excitation energies may slightly underestimate the cor-
rect values, but in general it is well known that the energies
for the singlet excited states are usually overestimated by TD-
DFT approaches.®” The situation seems to be different for the
triplet states.

Unlike 1, in 2 the TD values underestimate the CASPT2
values, and the computational problems are more serious. he
TD/B3LYP method seems to be unable to deal with the mixture
of states (see Table 4), and this may affect especially the calcu-
lation of the oscillator strengths, although different behavior is
possible for other functionals.®® No TD band is computed
below 6.0 eV that may be assigned to the intense 5.58 eV ex-
perimental transition.

Conclusions

The lowest excited singlet and triplet states of three sym-tria-
zines have been studied experimentally by absorption, fluores-
cence, and phosphorescence spectroscopy and lifetime mea-
surements, and have been analyzed theoretically by various
approaches. High-level results, obtained by using the CASPT2
method, allowed elucidation of the different absorption and
emission features. The main absorption bands have been clear-
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ly assigned in 1 and 2. Four low-lying nmt* singlet transitions
have been identified in the absorption spectrum of 1 below
the lowest mm* singlet transition, and the same structure is
found for the triplet states. The low-lying emissions of 1 are as-
signed to the 'E” nm* state (fluorescence) and the °E” nm*
state (phosphorescence), which become S, and T,, respectively,
on decreasing their symmetry to G,,. In 2, a @w* transition is
proposed to be the lowest vertical absorption, both in the sin-
glet and triplet spectra. Considerable coupling is suggested be-
tween close-lying nnt* and mm* states, while a dramatic de-
crease in the S-T energy gap relative to 1 increases intersystem
crossing and therefore reduces the fluorescence quantum
yield. An nm* state is also suggested to be the fluorescing
state in 2 and 3 on the basis on the computed and observed
energies and lifetimes.
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