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The singlet and triplet vertical excited states of tri-s-triazines have been investigated by using

time-dependent density functional theory (TDDFT). The solvation effects on the excitation

energies for tri-s-triazines in ethanol are taken into account by using the polarized continuum

model (PCM). The computed results show a good agreement with the available UV/Vis

absorption spectra.

1. Introduction

Over a decade ago, some theoreticians predicted that the

hardness of several structures of carbon nitride (C3N4) could

exceed that of diamond.1,2 This motivated numerous synthetic

efforts.3–8 The s-triazines (including melamine, C3N3(NH2)3)

are often used as synthetic precursors for the carbon nitride

materials. However, as pointed out by Kroke et al.,9 tri-s-

triazines are more suitable as a starting fragment for the

synthesis of extended C3N4 solids, because they provide a

bigger building block, which is composed of three s-triazine

units. This suggestion has drawn much attention to the tri-s-

triazine-based molecules. The study of tri-s-triazines can be

traced back to the 1830s.10,11 Owing to their insolubility and

chemical inertness, the tri-s-triazines remained structural puz-

zles for more than a century. It was not until 1937 that Pauling

and Sturdivant carried out crystallography experiments and

showed that the nucleus of tri-s-triazines has a planar structure

consisting of three fused s-triazine rings.12 Pauling apparently

maintained a very long interest in tri-s-triazines and, for

reasons unknown, the molecular formula of 2-azido-5,8-dihy-

droxy-tri-s-triazine was preserved on his office chalkboard at

the time of his death in 1994.13 However, in the past decades,

only the tri-s-triazine molecule itself was studied in detail.14–16

Its structural and spectroscopic properties including X-ray

crystal structure analysis were studied. In addition, its UV

photoelectron spectra were taken and ab initio calculations

were performed in order to explain its low basicity and high

stability.14–16 In 2002, Kroke et al. synthesized 2,5,8-trichloro-

tri-s-triazine and found that it is a promising starting material

for numerous compounds including graphitic C3N4 phases.9

In 2003, Schnick and coworkers determined the crystal struc-

ture of 2,5,8-triamino-tri-s-triazine,17 and in 2004, Gillan et al.

reported the synthesis and crystal structure of 2,5,8-triazido-

tri-s-triazine.18 To the best of our knowledge, other tri-s-

triazines were only briefly mentioned and no structural char-

acterization on them was reported.19

Previously, we investigated the geometric and electronic

structures, HEDM (high energy density material) properties,

isomerism, molecular interactions and hyper polarizabilities of

the tri-s-triazine-based molecules in details using ab initio

methods.20–23 In this work, the absorption spectra of tri-s-

triazines are characterized with time dependent density func-

tional theory (TDDFT).

The method of TDDFT has been developed and formulated

for the calculation of excitation energies within the DFT

framework.24–27 Properties of the excited states can be deter-

mined with DFT from the molecule’s linear response to an

external continuous wave field. A large data pool has been

accumulated over the past years to promote TDDFT as a

powerful tool for the calculation of vertical electronic excita-

tion spectra, particularly for valence-like transitions.28–31 It

has been claimed that reliable vertical excitation energies to

Rydberg states can only be computed using more sophisticated

tools, such as the asymptotically corrected potentials.32,33

Barone et al. have found that the PBE0 model,34 a hybrid

Hartree–Fock (HF)/Kohn–Sham (KS) approach based on the

Perdew–Burke–Erzenrhof (PBE) exchange–correlation func-

tional,35 could provide vertical excitation energies in good

agreement with experimental data.36,37 Furthermore, this

method could yield excitations to both valence and low-lying

Rydberg states with similar accuracy, even in the presence of

non-negligible contributions from double excitations.37 Ex-

cited states can also be modeled in the presence of a sol-

vent38,39 using the TDDFT method. In the present work, to

compute solvent shifts of UV spectra, we apply a recent

reformulation of the polarizable continuum model (PCM) to

TDDFT.

2. Computational details

All calculations were performed using the Gaussian 03

package.40

In TDDFT calculations, the B3LYP and PBE0 functionals

combined with aug-cc-pVDZ basis set are chosen, due to their

versatile usability. In particular, B3LYP is a standard for

geometry optimizations, and the PBE0 parameter-free hybrid
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model is based on the previous works of Becke41 and Per-

dew,42 which yield reliable results for several physico-chemical

properties including excitation energies and low-lying Rydberg

transitions.

The ground state geometries of all molecules were obtained

from optimizations using the B3LYP functional43,44 with the

aug-cc-pVDZ (5d) basis set.45 The results obtained by this

method are similar to those yielded by using PBE0 functional.

Since the ground state geometries are employed for all excited

state calculations, the theoretical excitation energies corre-

spond to the vertical transitions and they can be identified as

band maxima in the experimental spectra.

It is well known that solvent has a great influence on the

electronic spectra owing to the interaction between the solute

and the solvents. In this work, the non-equilibrium solvent

effect in vertical transition processes was described using the

PCM model39,46,47 to all calculations. The reliability of this

model for both ground and excited states is well documented.

In this formulation,48,49 the solvated system is partitioned into

a target molecule (the solute) and the surrounding solvent,

which is modeled as a continuum, infinite, homogeneous, and

generally isotropic medium, characterized by its dielectric

properties. The solute is assumed to be inside a molecular-

shaped cavity, and the electrostatic solute–solvent interactions

are calculated by introducing an apparent charge distribution

spread on the cavity surface. So the explicit interactions

between solute and solvent molecules, such as hydrogen

bonding and dispersion force, cannot be evaluated. The

current PCM version is called implicit volume charge (IVC)-

PCM, in which the contribution of the electronic charge lying

outside the solute cavity is taken into account more effectively

than in the previous PCM versions. At the same time, the error

connected with the numerical integration of the Poisson

equation is reduced.

The simulated spectra were obtained by broadening the

theoretical line spectra with Gaussian functions, i.e.,

Ið~nÞ ¼
X
i

fi exp �
1

2

~n � ~ni
s

� �2
" #

where s, equal to 1300 cm�1, is the Gaussian centered width at

the peak number i with wavenumber ~ni and oscillator strength

fi. This procedure roughly accounts for the finite experimental

resolution, vibrational and rotational broadening, finite life-

time, and nonvertical transition effects.

3. Results and discussion

The ground-state geometries of the tri-s-triazines studied in

this work were optimized using the B3LYP functional with the

aug-cc-pVDZ basis set both in gas phase and in solution (using

the PCM method). Comparison of the gas phase and solution

results shows very little difference. These geometries were

reported in detail in our previous work.20 The molecular

structures of the tri-s-triazines, along with the geometrical

parameters, are illustrated in Fig. 1. As shown in the figure,

all the optimized tri-s-triazine-based molecules have D3h sym-

metry, except that triazido-tri-s-triazine belongs to the C3h

point group. The tri-s-triazine ring in all species maintains a

rigid plane geometry, and the C–N bonds on the periphery of

the ring have a uniform bond length ranging from 1.310 to

1.347 Å, which lie between a normal C–N single bond length

(1.470 Å) and a normal CQN double bond length (1.280 Å).

3.1. Gas-phase absorption

The computed vertical excitation energies in the gas-phase and

the oscillator strengths of s-triazine and tri-s-triazines are

listed in Tables 1–7. Starting from the spin-allowed singlet

- singlet transitions, thirty singlet-excited states have been

calculated at the optimized structure of the ground state for

each species. The transitions from the ground state to several

singlet excited states have zero oscillator strength and hence

they do not contribute to the absorption spectra. In the tables,

only those transitions with oscillator strengths above 0.01 are

listed, together with the available experimental data. The

results are also presented graphically in Fig. 2. The UV/Vis

spectrum obtained from PBE0 calculation is shown in the top

panel of each figure. Although all the excitation energies

calculated using PBE0 are slightly higher than those calculated

using B3LYP, they have similar orders of magnitude. From

these tables, we can find that the B3LYP and PBE0 functionals

give almost the same transition order with a few exceptions

occurring at the high-energy end of the spectra of s-triazine,

trifluoride-tri-s-triazine and triamino-tri-s-triazine. That is to

say, the results obtained with two methods are similar, and

from now on we will confine our discussion to the B3LYP

results. The calculated UV/Vis spectrum of s-triazine in the gas

phase has an absorption maximum at 7.75 eV, which is in

excellent agreement with experiment50 (7.76 eV). Even a weak

band in the low-energy region (4.53 eV) is also in excellent

agreement with experiment (4.59 eV). Below 4 eV, no excited

state or absorption feature could be found. For tri-s-triazine,

there are two strong bands at around 4.48 and 6.03 eV, while

the corresponding experimental data are 4.07 and 5.66 eV,

respectively, with a difference15 of about 0.4 eV for each band.

The strongest absorption band of the tri-s-triazine exhibits red

shift with respect to that of the s-triazine. In the UV/Vis

spectra of trisubstituted tri-s-triazines shown in Fig. 2, we

see a strong band at 7.18 eV and two weak bands at 4.80 and

6.09 eV for trifluoride-tri-s-triazine, a strong band at 6.01 eV

and a weak band at 5.23 eV for triamino-tri-s-triazine, a strong

band at 4.60 eV for trinitro-tri-s-triazine and two strong bands

at 4.30 and 5.20 eV for triethynyl-tri-s-triazine, and two strong

bands at 4.53 and 5.27 eV for triazido-tri-s-triazine. Except

triethynyl-tri-s-triazine, all the strongest bands are blue-shifted

with respect to that of tri-s-triazine, and their oscillator

strengths are higher than that of the tri-s-triazine.

Common model of an excited state in the one-electron

picture describes an electron relocated from an occupied MO

to a virtual MO. However, the excited states in this work are

shown to be best described in terms of multiconfigurations

that a given optical transition comprises a linear combination

of several occupied-to-virtual MO excitations. Assignment of

the character of each excited state is based on the compositions

of the occupied and virtual MOs of the dominant configura-

tion(s) for that excited state. As an example, we have selected

the excited states with the highest oscillator strengths in tri-s-

1308 | New J. Chem., 2006, 30, 1307–1318 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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triazines for analysis. Contour maps of the corresponding

MOs are illustrated in Fig. 3. For the excited state S17 of tri-

s-triazine, the dominant excitation is 36 - 45. Since the

occupied orbital (36) is a p-type orbital and the virtual orbital

(45) is a p*-type orbital, the transition is denoted as a p - p*
transition. For the excited state S28 in trifluoride-tri-s-triazine,

the dominant excitation is 50 - 58. The occupied orbital (50)

is an n-type orbital mainly located on the fluorine atom, and

the virtual orbital (58) is a p*-type orbital around the tri-s-

triazine ring. Hence, the transition is denoted as an n - p*
excitation. For the excited state S23 in triamino-tri-s-triazine,

the dominant excitation is 50 - 59, and the occupied orbital

(50) is an n-type orbital located on the amino nitrogen atom

and the virtual orbital (59) is a p*-type orbital. Thus the

transition is denoted as an n - p* excitation. For the excited

state S17 in trinitro-tri-s-triazine, the dominant excitation is

77 - 79. The occupied orbital (77) is an n-type orbital, and

the virtual orbital (79) is a p*-type orbital. Hence the transi-

tion is denoted as an n - p* excitation. For the excited state

S10 in triethynyl-tri-s-triazine, the dominant excitation is 58-

63. The occupied orbital (58) is a p-type orbital located on the

CRC bond of the ethynyl and the virtual orbital (63) is a

p*-type orbital. Thus the transition is denoted as a p - p*
excitation. For the excited state S7 in triazido-tri-s-triazine, the

dominant excitation is 72 - 75. The occupied orbital (72) is

an n-type orbital, and the virtual orbital (75) is a p*-type
orbital. So the transition is denoted as an n - p* excitation.

From the above discussion, we may conclude that only the

excited states with the highest oscillator strengths in tri-s-

triazine and triethynyl-tri-s-triazine give p - p* excitations,

which lead to relatively larger transition energies.

The 30 lowest-energy triplet excited states for s-triazine and

tri-s-triazines were also calculated using analogous TDDFT

methodology. Only the first five triplet excited states are listed

in Tables 1–7. Most of them are mixed with the singlets. As

predicted by Hund’s rule, transitions to the triplet states

require lower energy than those to the singlets. For example,

in tri-s-triazine, the first triplet vertical transition calculated by

B3LYP takes place at 2.65 eV, which is 0.21 eV lower than that

of the first singlet excited state (2.86 eV). Both of these

transitions are represented by 44 - 45. The TDDFT results

do not provide information on singlet–triplet absorption

intensities since spin–orbit coupling effects are not included

in current TDDFT approaches. So the oscillator strengths in

Fig. 1 Optimized molecular structures for s-triazine and tri-s-triazines, with bond lengths in Å and bond angles in 1. Experimental data for s-

triazine and tri-s-triazine are given in parentheses.
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Fig. 2 Calculated absorption spectra in the gas phase (solid curves) and in ethanol (dotted curves) for s-triazine and tri-s-triazines.
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Fig. 3 Dominant occupied (O) and virtual (V) orbitals for excited states with highest oscillator strength of tri-s-triazines.
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Table 1 Selected calculated excitation energies (E), wavelengths (l), oscillator strengths (f), and dominant excitation character for singlet (Sn) and
triplet (Tn) states of the s-triazine in the gas phase and comparison with experimental data

B3LYP PBE0

Excited state
Main
configuration E/eV l/nm f

Excited
state

Main
configuration E/eV l/nm f Exp E/eV

Singlet excited state

S4 (A2
00) 0.49(20 - 22)

� 0.49(21 - 23)
4.53 273 0.012 S2 (A2

00) � 0.48(20 - 23) þ 0.48(21 - 22) 4.62 268 0.013 4.59

S6 (E
0) 0.70(21 - 24) 6.86 181 0.009 S7 (E

0) 0.70(21 - 24) 7.14 174 0.010
S7 (E

0) 0.70(20 - 24) 6.86 181 0.009 S8 (E
0) 0.70(20 - 24) 7.14 174 0.010

S12 (E
0) 0.49(20 - 25)

þ 0.49(21 - 26)
7.50 165 0.076 S12 (E

0) �0.24(18 - 23) þ 0.24(19 - 22)
þ 0.41(20 - 25) � 0.41(21 - 26)

7.78 159 0.252

S13 (E
0) �0.49(20 - 26)

þ 0.49(21 - 25)
7.50 165 0.076 S13 (E

0) 0.24(18 - 23) þ 0.24(19 - 22)
þ 0.41(20 - 25) þ 0.41(21 - 26)

7.78 159 0.252

S15 (E
0) 0.41(18 - 23)

þ 0.41(19 - 22)
7.75 160 0.361 S15 (E

0) 0.35(18 - 22) þ 0.35(19 - 23)
� 0.28(20 - 26) � 0.28(21 - 25)

7.89 157 0.198 7.76

S16 (E
0) �0.41(18 - 22)

þ 0.41(19 - 23)
7.75 160 0.361 S16 (E

0) 0.34(18 - 23) � 0.34(19 - 22)
þ 0.28(20 - 25) � 0.28(21 - 26)

7.89 157 0.198

S19 (E
0) 0.70(21 - 28) 8.21 151 0.025 S19 (E

0) 0.70(21 - 28) 8.49 146 0.018
S20 (E

0) 0.70(20 - 28) 8.21 151 0.025 S20 (E
0) 0.70(20 - 28) 8.49 146 0.018

S23 (E
0) 0.49(20 - 29)

þ 0.49(21 - 30)
8.57 145 0.013 S23(A1

00) 0.49(15 - 22) þ 0.49(16 - 23) 8.81 141 0.006

S24 (E
0) �0.49(20 - 30)

þ 0.49(21 - 29)
8.57 145 0.013 S24 (E

0) 0.49(20 - 30) þ 0.49(21 - 29) 8.83 140 0.016

S27(A1
00) 0.49(15 - 22)

þ 0.49(16 - 23)
8.71 142 0.006 S25 (E

0) 0.49(20 - 29) � 0.49(21 - 30) 8.83 140 0.016

Triplet excited state

T1(A2
00) �0.52(20 - 22)

þ 0.52(21 - 23)
3.89 319 0.000 T1 (A2

00) �0.10(17 - 37) þ 0.52(20 - 23)
–0.52(21 - 22)

3.91 317 0.000

T2 (E
00) 0.51(20 - 22)

þ 0.51(21 - 23)
4.09 303 0.000 T2 (E

00) 0.51(20 - 23) þ 0.11(20 - 37)
þ 0.51(21 - 22)

4.13 300 0.000

T3 (E
00) 0.51(20 - 23)

� 0.51(21 - 22)
4.09 303 0.000 T3 (E

00) 0.51(20 - 22) � 0.51(21 - 23)
þ 0.11(21 - 37)

4.13 300 0.000

T4(A1
00) 0.51(20 - 23)

þ 0.51(21 - 22)
4.31 288 0.000 T4 (A2

0) 0.18(14 - 37) � 0.60(18 - 22)
þ 0.60(19 - 23)

4.22 294 0.000

T5 (A2
0) 0.16(14 - 35)

� 0.59(18 - 23)
þ 0.59(19 - 22)

4.38 283 0.000 T5 (A1
00) 0.51(20 - 22) þ 0.51(21 - 23) 4.38 283 0.000

Table 2 Selected calculated excitation energies (E), wavelengths (l), oscillator strengths (f), and dominant excitation character for singlet (Sn) and
triplet (Tn) states of the tri-s-triazine in the gas phase and comparison with experimental data

B3LYP PBE0

Excited state
Main
configuration E/eV l/nm f

Excited
state

Main
configuration E/eV l/nm f Exp E/eV

Singlet excited state

S5 (E
0) 0.15(36 - 45) þ 0.64(44 - 47) 4.48 277 0.143 S5 (E

0) �0.13(37 - 45) þ 0.65(44 - 46) 4.61 269 0.159 4.07
S6 (E

0) �0.15(37 - 45) þ 0.64(44 - 46) 4.48 277 0.143 S6 (E
0) 0.13(36 - 45) þ 0.65(44 - 47) 4.61 269 0.159

S9 (A1
00) 0.15(38 - 45) þ 0.48(41 - 47)

þ 0.48(42 - 46)
4.68 265 0.004 S7 (A1

00) 0.16(38 - 45) þ 0.48(41 - 47)
þ 0.48(42 - 46)

4.81 258 0.004 4.16

S15 (A2
00) 0.66(38 - 45) � 0.11(39 - 47)

þ 0.11(40 - 46) � 0.10(41 - 47)
� 0.10(42 - 46)

5.46 227 0.006 S15(A2
00) 0.65(38 - 45) � 0.14(39 - 47)
þ 0.14(40 - 46) � 0.11(41 - 47)
� 0.11(42 - 46)

5.70 217 0.008

S17 (E
0) �0.23(35 - 46) þ 0.64(36 - 45) 6.03 206 0.188 S16 (E

0) �0.23(35 - 46) þ 0.64(36 - 45) 6.20 200 0.188 5.66
S18 (E

0) �0.23(35 - 47) þ 0.64(37 - 45) 6.03 206 0.188 S17 (E
0) �0.23(35 - 47) þ 0.64(37 - 45) 6.20 200 0.187

S22(A2
00) �0.16(38 - 45) � 0.48(39 - 47)

þ 0.48(40 - 46)
6.32 196 0.005 S22(A2

00) 0.20(38 - 45) � 0.47(39 - 47)
� 0.47(40 - 46)

6.61 188 0.005

S29 (E
0) 0.18(35 - 46) þ 0.35(36 - 47)

þ 0.35(37 - 46) þ 0.45(44 - 53)
6.99 177 0.004 S28 (E

0) 0.20(35 - 46) þ 0.36(36 - 47)
� 0.36(37 - 46) þ 0.42(44 - 53)

7.25 171 0.005

S30 (E
0) 0.68(42 - 48) 7.00 177 0.023 S29 (E

0) 0.20(35 - 47) þ 0.36(36 - 46)
–0.36(37 - 47) þ 0.42(44 - 54)

7.25 171 0.005

Triplet excited state

T1 (A2
0) 0.72(44 - 45) 2.65 468 0.000 T1 (A2

0) 0.73(44 - 45) 2.72 156 0.000
T2 (E

0) 0.76(44 - 46) 3.30 376 0.000 T2 (E
0) 0.77(44 - 47) 3.34 371 0.000

T3 (E
0) 0.76(44 - 47) 3.30 376 0.000 T3 (E

0) 0.76(44 - 46) 3.34 371 0.000
T4 (A1

00) �0.13(41 - 46) þ 0.13(42 - 47)
þ 0.69(43 - 45)

3.57 348 0.000 T4 (A1
00) �0.16(41 - 46) þ 0.16(42 - 47)
þ 0.67(43 - 45)

3.70 335 0.000

T5 (E
00) 0.69(42 - 45) þ 0.15(43 - 47) 3.61 343 0.000 T5 (E

00) 0.68(41 - 45) � 0.18(43 - 46) 3.72 333 0.000

1312 | New J. Chem., 2006, 30, 1307–1318 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

7 
Ju

ly
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
51

63
53

F

View Article Online

http://dx.doi.org/10.1039/b516353f


T
a
b
le
3

S
el
ec
te
d
ca
lc
u
la
te
d
ex
ci
ta
ti
o
n
en
er
g
ie
s
(E
),
w
a
v
el
en
g
th
s
(l
),
o
sc
il
la
to
r
st
re
n
g
th
s
(f
),
a
n
d
d
o
m
in
a
n
t
ex
ci
ta
ti
o
n
ch
a
ra
ct
er

fo
r
si
n
g
le
t
(S

n
)
a
n
d
tr
ip
le
t
(T

n
)
st
a
te
s
o
f
th
e
tr
ifl
u
o
ri
d
e-
tr
i-
s-
tr
ia
zi
n
e
in

th
e

G
a
s
p
h
a
se

B
3
L
Y
P

P
B
E
0

E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l/
n
m

f
E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l
n
m

f
S
in
g
le
t
ex
ci
te
d
st
a
te

S
5
(E
0 )

0
.1
4
(5
1
-

5
7
)
þ

0
.6
5
(5
6
-

5
8
)

4
.8
0

2
5
8

0
.1
3
7

S
5
(E
0 )

�
0
.1
2
(5
2
-

5
7
)
þ

0
.6
5
(5
6
-

5
8
)

4
.9
5

2
5
0

0
.1
5
6

S
6
(E
0 )

�
0
.1
4
(5
2
-

5
7
)
þ

0
.6
5
(5
6
-

5
9
)

4
.8
0

2
5
8

0
.1
3
7

S
6
(E
0 )

0
.1
2
(5
1
-

5
7
)
þ

0
.6
5
(5
6
-

5
9
)

4
.9
5

2
5
0

0
.1
5
6

S
9
(A

1
00 )

0
.4
9
(5
3
-

5
9
)
þ

0
.4
9
(5
4
-

5
8
)

5
.0
7

2
4
4

0
.0
0
9

S
7
(A

1
00 )

0
.4
9
(5
3
-

5
9
)
þ

0
.4
9
(5
4
-

5
8
)

5
.2
1

2
3
8

0
.0
0
9

S
1
3
(E
0 )

�
0
.2
6
(5
0
-

5
8
)
þ

0
.6
3
(5
2
-

5
7
)

6
.0
9

2
0
3

0
.1
6
3

S
1
3
(E
0 )

�
0
.2
5
(5
0
-

5
9
)
þ

0
.6
4
(5
2
-

5
7
)

6
.2
9

1
9
7

0
.1
6
8

S
1
4
(E
0 )

�
0
.2
6
(5
0
-

5
9
)
þ

0
.6
3
(5
1
-

5
7
)

6
.0
9

2
0
3

0
.1
6
3

S
1
4
(E
0 )

�
0
.2
5
(5
0
-

5
8
)
þ

0
.6
4
(5
1
-

5
7
)

6
.2
9

1
9
7

0
.1
6
8

S
1
9
(A

2
00 )

0
.6
5
(4
7
-

5
7
)
þ

0
.1
8
(4
8
-

5
8
)
�

0
.1
8
(4
9
-

5
9
)

6
.5
3

1
9
0

0
.0
0
3

S
2
0
(A

2
00 )

0
.6
3
(4
7
-

5
7
)
þ

0
.2
0
(4
8
-

5
9
)
�

0
.2
0
(4
9
-

5
8
)

6
.7
9

1
8
3

0
.0
0
4

S
2
2
(E
0 )

0
.1
1
(4
4
-

5
7
)
þ

0
.3
8
(5
0
-

5
8
)
þ

0
.3
6
(5
1
-

5
9
)

�
0
.3
6
(5
2
-

5
8
)
�

0
.2
3
(5
6
-

6
4
)

6
.9
3

1
7
9

0
.0
0
2

S
2
2
(E
0 )

0
.1
1
(4
4
-

5
7
)
þ

0
.4
3
(5
0
-

5
8
)
þ

0
.1
2
(5
1
-

5
7
)
þ

0
.3
4
(5
1
-

5
9
)

þ
0
.3
4
(5
2
-

5
8
)
þ

0
.2
0
(5
6
-

6
5
)

7
.1
6

1
7
3

0
.0
2
3

S
2
3
(E
0 )

0
.1
1
(4
5
-

5
7
)
þ

0
.3
8
(5
0
-

5
9
)
þ

0
.3
6
(5
1
-

5
8
)

þ
0
.3
6
(5
2
-

5
9
)
þ

0
.2
3
(5
6
-

6
5
)

6
.9
3

1
7
9

0
.0
0
2

S
2
3
(E
0 )

0
.1
1
(4
5
-

5
7
)
þ

0
.4
3
(5
0
-

5
9
)
þ

0
.3
4
(5
1
-

5
8
)
þ

0
.1
2
(5
2
-

5
7
)

�
0
.3
4
(5
2
-

5
9
)
þ

0
.2
0
(5
6
-

6
4
)

7
.1
6

1
7
3

0
.0
2
3

S
2
7
(A

2
00 )

0
.2
5
(4
7
-

5
7
)
�

0
.4
7
(4
8
-

5
8
)
þ

0
.4
7
(4
9
-

5
9
)

7
.1
8

1
7
3

0
.0
0
1

S
2
7
(E
0 )

0
.4
4
(5
0
-

5
8
)
þ

0
.1
6
(5
1
-

5
7
)
–
0
.3
2
(5
1
-

5
9
)
�

0
.3
2
(5
2
-

5
8
)

7
.3
5

1
6
9

0
.6
1
1

S
2
8
(E
0 )

0
.4
7
(5
0
-

5
8
)
�

0
.2
8
(5
1
-

5
9
)
þ

0
.1
8
(5
2
-

5
7
)

þ
0
.2
8
(5
2
-

5
8
)

7
.1
8

1
7
3

0
.6
1
8

S
2
8
(E
0 )

0
.4
4
(5
0
-

5
9
)
�

0
.3
2
(5
1
-

5
8
)
þ

0
.1
6
(5
2
-

5
7
)
þ

0
.3
2
(5
2
-

5
9
)

7
.3
5

1
6
9

0
.6
1
1

S
2
9
(E
0 )

0
.4
7
(5
0
-

5
9
)
þ

0
.1
8
(5
1
-

5
7
)
�

0
.2
8
(5
1
-

5
8
)

�
0
.2
8
(5
2
-

5
9
)

7
.1
8

1
7
3

0
.6
1
8

S
2
9
(A

2
00 )

�
0
.2
9
(4
7
-

5
7
)
þ

0
.4
5
(4
8
-

5
9
)
�

0
.4
5
(4
9
-

5
8
)

7
.5
3

1
6
5

0
.0
0
1

T
ri
p
le
t
ex
ci
te
d
st
a
te

T
1
(A

2
0 )

0
.7
2
(5
6
-

5
7
)

3
.2
5

3
8
1

0
.0
0
0

T
1
(A

2
0 )

0
.7
2
(5
6
-

5
7
)

3
.3
5

3
7
1

0
.0
0
0

T
2
(E
0 )

0
.7
5
(5
6
-

5
9
)

3
.6
6

3
3
9

0
.0
0
0

T
2
(E
0 )

0
.7
5
(5
6
-

5
9
)

3
.7
2

3
3
4

0
.0
0
0

T
3
(E
0 )

0
.7
5
(5
6
-

5
8
)

3
.6
6

3
3
9

0
.0
0
0

T
3
(E
0 )

0
.7
5
(5
6
-

5
8
)

3
.7
2

3
3
4

0
.0
0
0

T
4
(A

1
00 )

0
.1
4
(5
3
-

5
8
)
�

0
.1
4
(5
4
-

5
9
)
þ

0
.6
8
(5
5
-

5
7
)

4
.2
1

2
9
5

0
.0
0
0

T
4
(A

1
00 )

�
0
.1
6
(5
3
-

5
8
)
þ

0
.1
6
(5
4
-

5
9
)
þ

0
.6
7
(5
5
-

5
7
)

4
.3
6

2
8
4

0
.0
0
0

T
5
(E
00 )

0
.6
8
(5
3
-

5
7
)
þ

0
.1
7
(5
5
-

5
8
)

4
.2
5

2
9
2

0
.0
0
0

T
5
(E
00 )

0
.6
7
(5
3
-

5
7
)
�

0
.1
1
(5
3
-

5
9
)
þ

0
.1
1
(5
4
-

5
8
)
�

0
.1
9
(5
5
-

5
8
)

4
.3
8

2
8
3

0
.0
0
0

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1307–1318 | 1313

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

7 
Ju

ly
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
51

63
53

F

View Article Online

http://dx.doi.org/10.1039/b516353f


T
a
b
le
4

S
el
ec
te
d
ca
lc
u
la
te
d
ex
ci
ta
ti
o
n
en
er
g
ie
s
(E
),
w
a
v
el
en
g
th
s
(l
),
o
sc
il
la
to
r
st
re
n
g
th
s
(f
),
a
n
d
d
o
m
in
a
n
t
ex
ci
ta
ti
o
n
ch
a
ra
ct
er

fo
r
si
n
g
le
t
(S

n
)
a
n
d
tr
ip
le
t
(T

n
)
st
a
te
s
o
f
th
e
tr
ia
m
in
o
-t
ri
-s
-t
ri
a
zi
n
e
in

th
e

g
a
s
p
h
a
se

B
3
L
Y
P

P
B
E
0

E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l/
n
m

f
E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l/
n
m

f

S
in
g
le
t

ex
ci
te
d
st
a
te

S
5
(E
0 )

�
0
.1
8
(5
5
-

5
7
)
þ

0
.6
4
(5
6
-

5
8
)

4
.8
9

2
5
4

0
.0
5
8

S
5
(E
0 )

�
0
.1
3
(5
4
-

5
7
)
þ

0
.6
5
(5
6
-

5
9
)

5
.0
6

2
4
5

0
.0
8
8

S
6
(E
0 )

�
0
.1
8
(5
4
-

5
7
)
þ

0
.6
4
(5
6
-

5
9
)

4
.8
9

2
5
4

0
.0
5
8

S
6
(E
0 )

�
0
.1
3
(5
5
-

5
7
)
þ

0
.6
5
(5
6
-

5
8
)

5
.0
6

2
4
5

0
.0
8
8

S
7
(E
0 )

�
0
.1
8
(5
0
-

5
9
)
�

0
.1
3
(5
4
-

5
8
)
þ

0
.6
3
(5
5
-

5
7
)

�
0
.1
3
(5
5
-

5
9
)

5
.2
3

2
3
7

0
.2
3
5

S
9
(A

2
00 )

0
.4
9
(5
1
-

5
9
)
�

0
.4
9
(5
2
-

5
8
)

5
.4
1

2
2
9

0
.0
0
8

S
8
(E
0 )

0
.1
8
(5
0
-

5
8
)
þ

0
.6
3
(5
4
-

5
7
)
þ

0
.1
3
(5
4
-

5
9
)

�
0
.1
3
(5
5
-

5
8
)

5
.2
3

2
3
7

0
.2
3
5

S
1
0
(E
0 )

�
0
.1
7
(5
0
-

5
9
)
þ

0
.6
5
(5
5
-

5
7
)

5
.4
4

2
2
8

0
.2
8
9

S
1
1
(A

1
00 )

0
.4
9
(5
1
-

5
8
)
þ

0
.4
9
(5
2
-

5
9
)

5
.2
8

2
3
5

0
.0
0
8

S
1
1
(E
0 )

0
.1
7
(5
0
-

5
8
)
þ

0
.6
5
(5
4
-

5
7
)

5
.4
4

2
2
8

0
.2
8
9

S
2
0
(E
0 )

0
.4
4
(5
0
-

5
9
)
�

0
.3
7
(5
4
-

5
8
)
�

0
.3
7
(5
5
-

5
9
)

5
.6
9

2
1
8

0
.0
2
0

S
1
8
(E
0 )

0
.4
4
(5
0
-

5
9
)
�

0
.3
7
(5
4
-

5
8
)
�

0
.3
7
(5
5
-

5
9
)

5
.8
9

2
1
0

0
.0
0
8

S
2
1
(E
0 )

0
.4
4
(5
0
-

5
8
)
�

0
.3
7
(5
4
-

5
9
)
þ

0
.3
7
(5
5
-

5
8
)

5
.6
9

2
1
8

0
.0
2
0

S
1
9
(E
0 )

0
.4
4
(5
0
-

5
8
)
�

0
.3
7
(5
4
-

5
9
)
þ

0
.3
7
(5
5
-

5
8
)

5
.8
9

2
1
0

0
.0
0
8

S
2
3
(E
0 )

0
.4
9
(5
0
-

5
9
)
þ

0
.2
6
(5
4
-

5
8
)
þ

0
.1
7
(5
5
-

5
7
)

þ
0
.2
6
(5
5
-

5
9
)
þ

0
.1
3
(5
6
-

5
8
)

6
.0
1

2
0
6

0
.8
9
4

S
2
3
(E
0 )

0
.4
9
(5
0
-

5
8
)
�

0
.1
4
(5
4
-

5
7
)
þ

0
.2
8
(5
4
-

5
9
)

�
0
.2
8
(5
5
-

5
8
)
�

0
.1
2
(5
6
-

5
9
)

6
.1
6

2
0
1

0
.8
6
3

S
2
4
(E
0 )

0
.4
9
(5
0
-

5
8
)
�

0
.1
7
(5
4
-

5
7
)
þ

0
.2
6
(5
4
-

5
9
)

�
0
.2
6
(5
5
-

5
8
)
�

0
.1
3
(5
6
-

5
9
)

6
.0
1

2
0
6

0
.8
9
4

S
2
4
(E
0 )

0
.4
9
(5
0
-

5
9
)
þ

0
.2
7
(5
4
-

5
8
)
þ

0
.1
4
(5
5
-

5
7
)

þ
0
.2
8
(5
5
-

5
9
)
þ

0
.1
2
(5
6
-

5
8
)

6
.1
6

2
0
1

0
.8
6
3

S
2
8
(A

1
0 )

�
0
.2
9
(5
0
-

6
0
)
þ

0
.4
5
(5
4
-

6
1
)
þ

0
.4
5
(5
5
-

6
2
)

6
.1
9

2
0
0

0
.0
1
9

S
2
7
(A

2
00 )

�
0
.3
1
(5
0
-

6
0
)
�

0
.4
3
(5
4
-

6
2
)
þ

0
.4
3
(5
5
-

6
1
)

6
.4
6

1
9
2

0
.0
2
9

S
3
0
(E
0 )

0
.5
5
(5
1
-

6
0
)
�

0
.1
8
(5
1
-

6
2
)
þ

0
.1
8
(5
2
-

6
1
)

�
0
.3
5
(5
3
-

6
2
)

6
.4
0

1
9
4

0
.0
3
6

S
3
0
(E
0 )

0
.1
8
(5
1
-

6
2
)
þ

0
.5
5
(5
2
-

6
0
)
�

0
.1
8
(5
2
-

6
1
)

�
0
.1
0
(5
2
-

6
3
)
þ

0
.3
2
(5
3
-

6
1
)

6
.7
2

1
8
4

0
.0
3
9

T
ri
p
le
t

ex
ci
te
d
st
a
te

T
1
(A

2
0 )

0
.7
1
(5
6
-

5
7
)

3
.7
5

3
3
1

0
.0
0
0

T
1
(A

2
0 )

0
.7
1
(5
6
-

5
7
)

3
.8
5

3
2
2

0
.0
0
0

T
2
(E
0 )

0
.1
0
(5
4
-

5
8
)
þ

0
.1
2
(5
5
-

5
7
)
þ

0
.1
0
(5
5
-

5
9
)

þ
0
.7
2
(5
6
-

5
8
)

3
.8
9

3
1
9

0
.0
0
0

T
2
(E
0 )

0
.1
2
(5
4
-

5
8
)
þ

0
.1
4
(5
5
-

5
7
)
þ

0
.1
2
(5
5
-

5
9
)

þ
0
.7
2
(5
6
-

5
8
)

3
.9
5

3
1
4

0
.0
0
0

T
3
(E
0 )

0
.1
2
(5
4
-

5
7
)
�

0
.1
0
(5
4
-

5
9
)
þ

0
.1
0
(5
5
-

5
8
)

þ
0
.7
2
(5
6
-

5
9
)

3
.8
9

3
1
9

0
.0
0
0

T
3
(E
0 )

0
.1
4
(5
4
-

5
7
)
�

0
.1
2
(5
4
-

5
9
)
þ

0
.1
2
(5
5
-

5
8
)

þ
0
.7
2
(5
6
-

5
9
)

3
.9
5

3
1
4

0
.0
0
0

T
4
(E
0 )

0
.1
7
(5
0
-

5
9
)
þ

0
.1
5
(5
4
-

5
8
)
þ

0
.6
6
(5
5
-

5
7
)

þ
0
.1
5
(5
5
-

5
9
)
�

0
.1
4
(5
6
-

5
8
)

4
.4
5

2
7
8

0
.0
0
0

T
4
(E
0 )

0
.6
1
(5
0
-

5
7
)
�

0
.3
0
(5
4
-

5
8
)
þ

0
.3
0
(5
5
-

5
9
)

4
.5
6

2
7
2

0
.0
0
0

T
5
(E
0 )

�
0
.1
7
(5
0
-

5
8
)
þ

0
.6
6
(5
4
-

5
7
)
–
0
.1
5
(5
4
-

5
9
)

þ
0
.1
5
(5
5
-

5
8
)
�
0
.1
4
(5
6
-

5
9
)

4
.4
5

2
7
8

0
.0
0
0

T
5
(E
0 )

0
.1
9
(5
0
-

5
9
)
þ

0
.1
6
(5
4
-

5
8
)
þ

0
.6
5
(5
5
-

5
7
)

þ
0
.1
6
(5
5
-

5
9
)
�

0
.1
6
(5
6
-

5
8
)

4
.5
6

2
7
2

0
.0
0
0

1314 | New J. Chem., 2006, 30, 1307–1318 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

7 
Ju

ly
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
51

63
53

F

View Article Online

http://dx.doi.org/10.1039/b516353f


T
a
b
le
5

S
el
ec
te
d
ca
lc
u
la
te
d
ex
ci
ta
ti
o
n
en
er
g
ie
s
(E

),
w
a
v
el
en
g
th
s
(l
),
o
sc
il
la
to
r
st
re
n
g
th
s
(f
),
a
n
d
d
o
m
in
a
n
t
ex
ci
ta
ti
o
n
ch
a
ra
ct
er

fo
r
si
n
g
le
t
(S

n
)
a
n
d
tr
ip
le
t
(T

n
)
st
a
te
s
o
f
th
e
tr
in
it
ro
-t
ri
-s
-t
ri
a
zi
n
e
in

th
e
g
a
s

p
h
a
se

B
3
L
Y
P

P
B
E
0

E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l/
n
m

f
E
x
ci
te
d
st
a
te

M
a
in

co
n
fi
g
u
ra
ti
o
n

E
/e
V

l/
n
m

f
S
in
g
le
t

ex
ci
te
d
st
a
te

S
6
(E
0 )

0
.6
8
(7
3
-

7
8
)
þ

0
.1
5
(7
7
-

8
0
)

4
.3
1

2
8
7

0
.0
8

S
1
0
(E
0 )

�
0
.1
2
(6
6
-

8
2
)
�

0
.1
6
(6
6
-

8
3
)
þ

0
.3
7
(7
1
-

8
1
)

þ
0
.2
6
(7
5
-

8
2
)

þ
0
.3
5
(7
5
-

8
3
)
þ

0
.2
6
(7
6
-

8
1
)

4
.4
7

2
7
7

0
.0
0
1

S
7
(E
0 )

0
.6
8
(7
4
-

7
8
)
þ

0
.1
5
(7
7
-

7
9
)

4
.3
1

2
8
7

0
.0
8

S
1
1
(E
0 )

0
.1
6
(6
5
-

8
3
)
�

0
.1
2
(6
6
-

8
1
)
þ

0
.3
7
(7
1
-

8
2
)

þ
0
.2
6
(7
5
-

8
1
)

�
0
.2
6
(7
6
-

8
2
)
þ

0
.3
5
(7
6
-

8
3
)

4
.4
7

2
7
7

0
.0
0
1

S
1
4
(E
0 )

þ
0
.1
5
(6
6
-

8
3
)
�

0
.1
3
(6
9
-

7
8
)
þ

0
.3
7
(7
1
-

8
2
)

�
0
.2
6
(7
5
-

8
2
)

þ
0
.3
6
(7
5
-

8
3
)
þ

0
.2
6
(7
6
-

8
1
)

4
.4
1

2
8
1

0
.0
0
3

S
1
4
(E
0 )

0
.6
5
(7
4
-

7
8
)
þ

0
.2
2
(7
7
-

7
9
)

4
.5
8

2
7
1

0
.0
5
5

S
1
5
(E
0 )

�
0
.1
1
(6
5
-

8
2
)
�

0
.1
5
(6
5
-

8
3
)
þ

0
.1
1
(6
6
-

8
1
)

þ
0
.1
3
(6
8
-

7
8
)

þ
0
.3
7
(7
1
-

8
1
)
þ

0
.2
6
(7
5
-

8
1
)
þ

0
.2
6
(7
6
-

8
2
)

þ
0
.3
6
(7
6
-

8
3
)

4
.4
1

2
8
1

0
.0
0
3

S
1
5
(E
0 )

0
.6
5
(7
3
-

7
8
)
þ

0
.2
2
(7
7
-

8
0
)

4
.5
8

2
7
1

0
.0
5
5

S
1
7
(E
0 )

�
0
.1
3
(6
3
-

7
8
)
�

0
.1
4
(7
4
-

7
8
)
þ

0
.6
2
(7
7
-

7
9
)

4
.6
0

2
6
9

0
.2
4
8

S
1
7
(E
0 )

�
0
.1
1
(6
3
-

7
8
)
�

0
.2
2
(7
4
-

7
8
)
þ

0
.6
1
(7
7
-

7
9
)

4
.7
4

2
6
1

0
.3
1
8

S
1
8
(E
0 )

0
.1
3
(6
4
-

7
8
)
�

0
.1
3
(7
3
-

7
8
)
þ

0
.6
2
(7
7
-

8
0
)

4
.6
0

2
6
9

0
.2
4
8

S
1
8
(E
0 )

0
.1
1
(6
4
-

7
8
)
�

0
.2
2
(7
3
-

7
8
)
þ

0
.6
1
(7
7
-

8
0
)

4
.7
4

2
6
1

0
.3
1
8

S
1
9
(E
0 )

0
.6
8
(6
9
-

7
8
)

4
.6
3

2
6
8

0
.0
0
5

S
1
9
(E
0 )

0
.1
1
(6
7
-

7
9
)
þ

0
.6
8
(6
8
-

7
8
)

4
.8
6

2
5
5

0
.0
0
4

S
2
0
(E
0 )

0
.6
8
(6
8
-

7
8
)

4
.6
3

2
6
8

0
.0
0
5

S
2
0
(E
0 )

0
.1
1
(6
7
-

8
0
)
þ

0
.6
8
(6
9
-

7
8
)

4
.8
6

2
5
5

0
.0
0
4

S
2
4
(A

2
00 )

0
.1
0
(7
5
-

7
9
)
�

0
.1
0
(7
6
-

8
0
)
þ

0
.6
8
(7
7
-

8
3
)

4
.7
6

2
6
0

0
.0
0
1

S
2
2
(A

2
00 )

�
0
.2
5
(6
5
-

7
9
)
�

0
.2
4
(6
6
-

8
0
)

þ
0
.2
4
(7
1
-

7
8
)
�

0
.3
9
(7
5
-

8
0
)

þ
0
.3
9
(7
6
-

7
9
)

4
.9
9

2
4
8

0
.0
0
4

T
ri
p
le
t

ex
ci
te
d
st
a
te

T
1
(A

2
0 )

0
.7
2
(7
7
-

7
8
)

2
.8
1

4
4
1

0
.0
0
0

T
1
(E
00 )

0
.5
4
(6
7
-

8
1
)
�

0
.3
9
(6
8
-

8
1
)
þ

0
.3
9
(6
9
-

8
2
)

þ
0
.5
4
(6
9
-

8
3
)
�

0
.1
4
(7
7
-

8
1
)

2
.8
2

4
4
0

0
.0
0
0

T
2
(E
00 )

0
.5
1
(6
7
-

8
1
)
þ

0
.3
7
(6
8
-

8
2
)
þ

0
.5
2
(6
8
-

8
3
)

�
0
.3
7
(6
9
-

8
1
)

3
.0
0

4
1
3

0
.0
0
0

T
2
(E
00 )

�
0
.5
4
(6
7
-

8
2
)
�

0
.3
8
(6
8
-

8
2
)
þ

0
.5
4
(6
8
-

8
3
)

�
0
.3
9
(6
9
-

8
1
))

2
.8
2

4
4
0

0
.0
0
0

T
3
(E
00 )

�
0
.5
1
(6
7
-

8
2
)
�

0
.3
8
(6
8
-

8
1
)
�

0
.3
6
(6
9
-

8
2
)

þ
0
.5
2
(6
9
-

8
3
)
þ

0
.1
5
(7
7
-

8
2
)

3
.0
0

4
1
3

0
.0
0
0

T
3
(A

2
00 )

�
0
.5
3
(6
7
-

8
3
)
þ

0
.5
5
(6
8
-

8
2
)
�

0
.5
4
(6
9
-

8
1
)

þ
0
.1
4
(7
7
-

8
3
)

2
.8
2

4
4
0

0
.0
0
0

T
4
(A

2
00 )

�
0
.5
0
(6
7
-

8
3
)
�

0
.5
2
(6
8
-

8
1
)
þ

0
.5
3
(6
9
-

8
2
)

þ
0
.1
5
(7
7
-

8
3
)

3
.0
0

4
1
3

0
.0
0
0

T
4
(A

2
0 )

0
.7
2
(7
7
-

7
8
)

2
.8
8

4
3
0

0
.0
0
0

T
5
(E
0 )

0
.7
5
(7
7
-

8
0
)

3
.4
2

3
6
2

0
.0
0
0

T
5
(E
0 )

0
.7
6
(7
7
-

8
0
)

3
.4
6

3
5
9

0
.0
0
0

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1307–1318 | 1315

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

7 
Ju

ly
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
51

63
53

F

View Article Online

http://dx.doi.org/10.1039/b516353f


triplet excited states are all zero. Spin–orbit coupling can mix

singlet character into a triplet state and thus allows the latter

to acquire intensity in both absorption and emission.

3.2. Absorption in solution

We used the continuous medium theory to perform calcula-

tions for the solvent effect. Transition energies of the excited

states of s-triazine and tri-s-triazines in ethanol were computed

with the PCM solvation model linked to TDDFT (B3LYP and

PBE0), with the aug-cc-pVDZ basis sets. The overall solvation

effect on geometry is negligible. Thirty singlet and triplet-

excited states were calculated at the optimized structure of the

ground state in solution for each species. The corresponding

UV/Vis spectra (grey curves) are displayed in Fig. 2. Again, we

will use the B3LYP results in our discussion. Gillan et al. have

recorded the absorption spectrum of triazido-tri-s-triazine in

ethanol.19 There are two peaks at 275 and 295 nm in their

spectrum, which are in reasonable agreement with our calcu-

lated absorption peaks located at 242 and 276 nm.

In going from the gas phase to ethanol solution, a small

variation for all the energy bands can be observed, while all

oscillator strengths are increased. By considering the excited

energy with strongest oscillator strength for each species in this

study, the solvent effects produce a red shift of 0.17 eV for

s-triazine, a blue shift of 0.01 eV for tri-s-triazine, a red shift of

0.09 eV for trifluoride-tri-s-triazine, a red shift of 0.24 eV for

triamino-tri-s-triazine, a blue shift of 0.08 eV for trinitro-tri-s-

triazine, a blue shift of 0.02 eV for triethynyl-tri-s-triazine, and

a red shift of 0.04 eV for triazido-tri-s-triazine. As in the gas

phase, most of the excited states in solution have mixed

character. The dominant configurations of the excited states

with strongest oscillator strengths of tri-s-triazines in solution

are almost invariably the same as those in the gas phase. The

only exception is in triamino-tri-s-triazine, where in solution

the dominant excitation with the highest oscillator strength is

53- 59 (p- p*); in the gas phase the most intense transition

is from 50 - 59 (n - p*).

4. Conclusions

We have investigated the vertical electronic excitations of

tri-s-triazines by using the TDDFT method. The solvation

effects have been taken into account through the PCM model.

Thirty singlet and triplet excited states have been examined

for each species in the gas phase and in solution. Our calcula-

tions show that excitation energies calculated using PBE0

are slightly higher than those calculated using B3LYP, but

the energies obtained by these two functionals are in similar

order. Our computational results are in good agreement

with the available experimental data. Only the excited

states with highest oscillator strength in tri-s-triazine and

triethynyl-tri-s-triazine give p - p* excitation and have

transition energies higher than those of other tri-s-triazines.

The energies of all bands in solution are very close to those in

the gas phase, despite the oscillator strengths are higher in the

solution phase.T
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