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The excited-state properties and related photophysical processes of the acidic and basic forms of pterin have
been investigated by the density functional theory and ab initio methodologies. The solvent effects on the
low-lying states have been estimated by the polarized continuum model and combined QM/MM calculations.
Calculations reveal that the observed two strong absorptions arise from the strong* transitions to
Ymm*Ly) and(rz*Ly) in the acidic and basic forms of pterin. The fitgtr*L,) excited state is exclusively
responsible for the experimental emission band. The vert{palr*) state with a small oscillator strength,
slightly higher in energy than thzz*L,) state, is less accessible by the direct electronic transition. The
Y(ny*) state may be involved in the photophysical process of the excited pterin Vigethe. o/nyzz*) conical
intersection. The radiationless decay of the excited PT to the ground state experiences a barrier of 13.8 kcal/
mol for the acidic form to reach th&{S) conical intersection. Such internal conversion can be enhanced
with the increase in excitation energy, which will reduce the fluorescence intensity as observed experimentally.

1. Introduction and the pH of environments. Despite their important contribu-
tion, the electronic and geometrical features of related low-lying
states as well as the explicit mechanism of photochemistry and
photophysics of PTs are still unclear.

In the present work, we performed extensively theoretical
calculations on the acidic and basic forms of PT in their ground
and excited states. Their strong absorption 2560 nm) and
emission €450 nm) in aqueous solution have been interpreted
on the basis of sophisticated ab initio calculations. Possible
radiationless decay channels of the excited PT have been
discussed.

Pterins (PTs) and their derivatives are the important members
of heterocyclic compounds that are widespread in biological
systems. They participate in relevant biological functions,
behaving as inhibitorsenzymes,# coenzymes$ sensitizerd,?
and pigment8.For example, tetrahyrobiopterin as a coenzyme
was involved in the metabolism of some amino acids and nitric
oxides. Because of their high biological relevance, the deter-
mination of the concentration of pterins in body fluids also has
been used for clinical purposés.

Since the sensitivity of pterins to light was observed half a
century agd; these heterocyclic compounds have had a standing
interest in photophysics and photochemis 2 The develop-
ment and wide application of fluorescence analytical techniques =~ Geometry optimizations and vibrational analyses of the acid
also stimulate the study of photophysical and photochemical and basic forms of pterin in the gas phase have been performed
properties of PTs. The fluorescence emission from PTs has beerPy the B3LYP functionaf* In the calculation, different basis
used for analysis of their concentration and exploration of Sets, including the 6-311G** for the acidic form and the
interactions of nucleic acids with proteins_ Recenﬂy, some 6-31++G** for the basic form, have been used. In consideration
pteridine-based fluorophores as chemical analogues of the DNAOf the solvent effect, the equilibrium geometries of acid and
nucleosides have been established in the study of the physico-basic forms of PT in agueous solution have been optimized by
chemical properties of DNA%~16 the B3LYP approach in connection to the polarized continuum

In the past decade, the excited-state properties of PTs havemodel (PCMJ® with the 6-311G* and 6-3tG* basis sets,
been systematically studid@:23 More recently, Lorente and respec_tlvely. These calculations were carried out with the
Thomas reported their experimental study on the photochemistryGaussian 03 program packaie.
and photophysics of PTs in aqueous solution. From an experi- We also performed combined QM/MM calculations to
mental point of view, they assigned the absorption and emission€xplore the ground-state geometries of PT in agueous solution.
spectra of PTs and proposed plausible decay mechanism offhe QM/MM model was built by solvating the PT molecule in
excited PTs. Under UV-A irradiation, the excited PTs may @ water sphere of 10 A radius, followed by 10ps molecular
undergo photooxidation besides fluorescence emission. Thedynamics (MD) simulations with CHARMMZZ to bring the
reactive oxygen Species can be generated as the photoproducﬁystem to an equilibrium. The Spherical model of the acid form
such as the singlet molecular oxygé®4), which is one of the contains 419 atoms, including pterin and 134 water molecules.
main reactive species responsible for the light-induced damageFor the basic form of PT, a sodium cation is introduced into
of biological systems. Such fascinating photochemical propertiesthe model to balance the total charges. In the QM/MM

of PTs were found to depend on both the chemical structure calculation, the QM region consists of PT and the water
molecules, which have relatively strong hydrogen bond interac-

T Part of the “Sheng Hsien Lin Festschrift". tions with PT. The B3LYP fu_nctional and the 6-31G* basis set
* E-mail: zxcao@xmu.edu.cn. were used for the QM part in the QM/MM treatment, and the
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MM part was described by the CHARMMZ22 force field. The (a)
ChemsShell packadeé integrating TURBOMOLE® was em-
ployed in the QM/MM calculation.

The vertical transition energies of the low-lying excited states
of PT have been calculated by the time-dependent density Q)
functional theory (TD-B3LYP¥ at the optimized ground-state
structures under different conditions. For comparison, the
vertical transition energies in the gas phase have been estimate:
by the multiconfiguration second-order perturbation theory
(CASPT2) method incorporating the dynamic correlation effects.
A level-shift technique with an imaginary shift of 0.3 au was 1 B3LYP 2 B3LYP-PCM
applied in order to moderate the effect of intruder states in the
CASPT2 calculation.

The search for local minima, conical intersections, and saddle
points on the excited-state potential energy surfaces of PT were
performed with the CASSCH approach implemented in the
Gaussian 03 program package. The active spaces used in th
CASSCF computation were mainly composed of low-energy
frontier = orbitals and two lone pair orbitals, which were
important for description of the molecular nature of PT. In the
geometry optimization of the acid form of PT in the excited
state, the active space includes 12 electrons distributed over nine
low-energy valence orbitals, denoted as CAS(12, 9). For the 3 QM/MM
basic form, the CAS(12, 10) active space was employed. The p)
6-311G* and 6-31G** basis sets were used in the CASSCF
calculation for the acidic and basic forms, respectively.

In the location of the conical-intersection and saddle-point
geometries, the active space in the CASSCEF calculation has beer
reduced to CAS(8,6) and CAS(8,7) for the acidic and basic
forms, respectively, considering the computational costs and
avoiding the intrusion of outer states. Test calculations indicate
that use of relatively small active space was still adequately for
geometry optimization. The initial geometry of the saddle point
connecting a given conical intersection and a given local
minimum on the excited-state potential energy surface was
obtained by constructing a linearly interpolated internal-
coordinate (LIIC) reaction path. The LIIC reaction path was
defined as the straight line in the multidimensional internal-
coordinate space connecting two given structures. The LIIC
strategy provides a qualitative overview of the diabatic state
correlations, although it does not give quantitative energetic
information. The single-point energies on the LIIC path were
calculated at the CAS(12,9)/6-311G* and CAS(12,10)/6-31G**
levels for the acidic and basic forms with the MOLPRO 2006
programs? respectively. After the key points on the potential

energy surfaces of the low-lying states were located, their £ 1 Optimized dstat tries (dist ) .
; ; igure 1. Optimized ground-state geometries (distances in angstroms
relative energies were reevaluated by CASPT2. and angles in degrees) of the acidic form (a) and the basic form (b) of

6 QM/MM

. . pterin in the gas phase and in solution by B3LYP and QM/MM (QM
3. Results and Discussions = B3LYP; MM = CHARMM).

3.1. Ground-State GeometriesThe equilibrium geometries  geometrical features can be ascribed to hydrogen-bond interac-
of the acidic and basic forms of PT at the ground state in the tions between water molecules and PT, as shown in Figure 1.
gas phase and in aqueous solution have been determined by For the basic form, the equilibrium geometries both in the
different methods. The acidic form of PT has four tautomers in gas phase4j and in aqueous solutio® Gnd6) exhibit a slightly
its ground staté® but only the most stable species was pyramidized amino group. Like the acidic form, in aqueous
considered here. Figure 1 displays the optimized structures ofsolution, the Go—0O1; and G—N32 bond lengths increase relative
the lowest-energy acidic and basic forms by B3LYP, B3LYP- to those of the gas-phase structure. The presence of the solvent
PCM, and QM/MM calculations. water enhances the distortion of the amino group. The B3LYP

As Figure 1 displays, the acid form has a near planar structure calculations predict that the neutral acid form and the anionic
in the gas phasdy). In agueous solution, the acidic form exhibits  basic form have dipole moment of 4.47 and 4.39 Debye in the
an elongated carbonyl grou@ @nd 3) and C-NH, bond in gas phase, respectively.
comparison with the gas-phase structure. In particular, the QM/  3.2. Vertical Excitations. Properties of the interested low-
MM-optimized geometry §) showed a pyramidized amino lying singlet excited states in both acid and basic forms have
group in solution, where the =60 bond length is 1.243 A,  been studied by different theoretical methods. Predicted vertical
longer than the 1.208 A length in the gas phase. Such excitation energies, oscillator strengths, and dipole moments,
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TABLE 1: Vertical Transition Energies (in eV) of Low-Lying Singlet Excited States of the Acidic Form and Basic Form of
Pterin by Different Approaches

gas phase aqueous solution
State CASPT2 TD-B3LYP TD-B3LYP TD-QM/MM expP

acidic form

Ym*L g) 3.984(0.1783)[3.425] 3.950(0.0908) 3.694(0.1224) 3.756(0.1058) 3.65

Y(nnat*) 4.015(0.0066)[0.659] 3.151(0.0019) 3.619(0.0023) 3.601(0.0014)

Y(nom*) 4.714(0.0016)[0.241] 4.430(0.0001) 4.501(0.0000) 4.458(0.0014)

YL p) 5.800(0.1423)[2.544] 4.831(0.2103) 4.750(0.2487) 4.778(0.1781) 4.59
basic form

Ymm*Ll 5) 3.228(0.1166)[3.085] 3.407(0.0702) 3.527(0.1246) 3.891(0.1262) 3.46

Y(nnat*) 3.563(0.0003)[0.137] 3.123(0.0006) 3.420(0.0011) 3.537(0.0017)

Ym*Ly) 4.123(0.0798)[2.759] 4.638(0.2564) 4.796(0.3432) 5.207(0.3012) 4.92

a Oscillator strengths are in parentheses, and dipole moments (in Debye) are in brackets by CASSCief 23.

TABLE 2: Predicted and Experimental Emission Energies
(F, eV) and Lifetime (zrag, NS) of Low-Lying Singlet Excited
States of the Acidic Form and Basic Form of Pterin

the ground states, except tha*L,) states. Thus, the solvent
effect on the low-lying states may be remarkable in polar
aqueous solution. TD-B3LYP with the PCM model and

state theory exp® condensed-phase QM/MM calculations have been employed to

acidic form determine the absorption spectra of PT in agueous solution.

Y L Q)min 3.14 (2.66) 2.82(22) Inspection of the data in Table 1 reveals that predicted transition
Hnar*) min 3.36 (0.26) energies by both TD-B3LYP and QM/MM agree with the
(o) min 3.42 (4.25) experimental observation. Especially the TD-B3LYP calcula-
basic form tions with the PCM model give excitation energies with an

e L min 2.61(0.94) 2.72(18) accuracy of no more than 0.15 eV. The calculations show that

the strong absorptions of the acidic and basic forms in aqueous
solution occur at 4.75 and 4.80 eV, respectively, which can
match the experimental bands centered at 4.59 eV (270 nm)
and 4.92 eV (252 nn?? The red-shifted transition in the acidic
as well as the character of the electronic excitations, are form is relatively weak in comparison with the corresponding
presented in Table 1. For comparison, available experimentalpeak in the basic form. Other strong absorptions in the acidic
values are incorporated into Table 1. and basic forms occur at 3.69 and 3.53 eV, respectively. Both
All calculations show that all electronic transitions to the  transitions have comparable oscillator strengths, whereas the
(mm*) states have large oscillator strengths and that they — z* transition in the acid form exhibits a blue-shifted character
correspond to the strong absorptions observed in experiment.related to that in the basic form.
On the contrary, the electronic excitations from the ground state  The present TD-B3LYP calculations suggest that in aqueous
to Y(nz*) states have relatively small oscillator strengths less solution, thel(ny*) absorptions are blue-shifted as compared

a| ifetimes are in parenthesesSee ref 23, wherg.q = 7/ ®r; for
the acidic form®g = 0.33+ 0.01,7 = 7.6 ns; for the basic fornpg
= 0.27+ 0.01,7 = 5.0 ns.

than 0.01, and thus direct transitions to th&®er*) states are
difficult to characterize experimentally, especially when they
overlap with strongmr — x* transitions. Because of the
inaccessibility of thé(nz*) state, the reliable experimental data
for thel(nz*) state is scarce. However, tHeuwr*) state is usually
vitally important for the ultrafast internal conversion (IC)
processes to the ground stéte.

CASPT2 calculations at the B3LYP-optimized geometries of

with those in the gas phase, which leads to the close-ling
(m* Ly andi(nyz*) states. Therefore, tHénz*) state may be
involved in the deactivation processes back to the ground state
via conical intersection caused by the strong vibronic interaction
betweenl(zz*Ls) and }(nyz*),%* though thel(nye*) state is
difficult to directly populate because of its relatively small
oscillator strength with respect to tAérz*) state.

3.3. Key Structures on the Excited-State Potential Energy

the ground state indicate that in the gas phase, the lowest excitedurfaces.Acidic Form of PTEquilibrium geometries of excited

states of both the acidic and basic forms dretfL,) states,
derived mainly from one-electron promotion from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). Thé(nyr*) states are characterized
by one electronic excitation from one N lone pair orbital in
molecular plane to a antibonding orbital. Thé(nyz*) state

of the acidic form of PT is slightly higher in energy than the
(bzm*Ly) state by~0.03 eV, but the energy splitting between
thel(ny*) and {r* L) states increases to 0.3 eV in the basic
form. For both forms, higher-lyin§(zzz*) states were identified
asLy,3® which basically arise from the HOM&- LUMO + 1
and HOMO-1— LUMO transitions.

It should be noted that the energy order of the two lowest-
lying excited singlet states depends on the use of methodology
and CASPT2//B3LYP calculations predict that thest* L ;) state
is the first excited state, whereas fiay*) state is the lowest
excited-state by TD-B3LYP//B3LYP (Table 1).

As shown in Table 1, the calculated dipole moments of the
low-lying excited states are evidently different from those of

states(7zzz* L g)min, 2(MN7T* )min, @nd(Nost*)min ON the potential
energy surfaces of the acidic form of PT have been determined
by CASSCF. Figure 2 displays the CASSCF-optimized struc-
tures of these low-lying states. Like the ground state, these
excited states have optimized planar structures XTHe* L 3)min
state {) has elongated {Dlg, N;Cg and GC,0 bonds related to
the ground state, as a result of the HOMQ {~ LUMO (x*)
transition. The pyrazine ring in thEnna* )min structure §) is
significantly deformed, where the angle of A{GC,) increases
from 116.5 in the ground-state geometry to 1268ecause of
the involvement of electronic excitation from the in-plane long-
pair orbital of Ns.

In the ground state, theatom adopts a gphybridization,

,and strong repulsion interactions of in-plang Mne pair

electrons with @N3 and NsC4 bonds lead to a small bond angle
of A(C2N3Cy). With the electronic transition from the in-plane
N3 lone pair orbital to the perpendicular orbital, the repulsion
interactions decrease and give rise to the relaxation ofMdC).
However, no out-of-plane distortion has been found in the
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Figure 2. 2. CASSCF-optimized geometries (distances in angstroms
in their excited states, conical intersections, and saddle points.

present optimized(nn*)min Structure. This is different from
the I(nr*) equilibrium geometry of 9H-adenine where there is
an out-of-plane distortion arising from vibronic coupling of the
(n*) state with thel(zz*) state via out-of-plane coupling
modes’6-39 A possible explanation is that there is a stronger
sr-electron conjugation in PT with two six-membered rings. The
remarkably elongated carbonylic bond of 1.34 A is the most
evidently geometrical feature of tH¢nor*) state @) arising
from excitation of the oxygen lone pair electron to the carbonylic
antibonding orbital.

To have an insight into correlation among t&z* L 3)min,
(Nn7t* Ymin, @nd(Nort* )min Structures in photophysics, we have
investigated the conical-intersection geometries(afr* L4/
NN )en, Horm* Lo/nom* ) e, and(ny* Inomt* )cy. First, we com-

and angles in degrees) of the acidic form (a) and the basic form (b) of pterin

puted the adiabatic potential energy profiles of #er*L,)
and?(nyr*) states along the LIIC reaction path, connecting their
minimum-energy geometries at the CASSCF level. As Figure
3 displays, thé(wz* Li/nya*) conical intersection exists. Note
that the formation of thé(zzzz* Lo/ny*) conical intersection is

a facile process from the FrankCondon (FC) region on the
I(nyt*) state potential energy surface. The optimized geometry
of Y(ma*Lynnat*)c is depicted in Figure 210) and it has a
planar structure similar to thgz* L )min. Accordingly, we can
expect that the molecule at the optimized geometi(af* L/
NNt )er prefers to relax to thé(aa* Ly)min rather than thé-
(nnat* )min Structure. As Figure 4 shows, the internal conversion
from the Y(m* Lg)min to the Y(nnat* )min Structure has a barrier
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Figure 3. 3. CASSCF energy profiles along the LIIC reaction path
from Y(7zr* L g)min t0 (Nnat* )min Y the two-root state averaged CAS-
(12, 9) calculation.

of 6.8 kcal/mol via thel(zzzz* L/nyt*) conical intersection at
the CASPT2 level.

Thel(no*) state is the third excited-state at the FC ground-
state geometry as mentioned in previous section. Thus, the
conical intersection§s* L o/nort* )c) and(nns* Inost* )¢ prob-
ably exist on thel(nom*) state energy profile from the FC
structure to its equilibrium stat&(no*)min. The optimized
geometries of(s* La/nom*)cr and Y (nn*/nom*)cr have been
given in Figure 2. As shown in Figure 2, the structures of both
Yza* Lydnom*)cr (11) andi(nn* Ino* ) e (12) are nearly planar
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Y*La)min State (5) has almost a planar structure with a
pyramidal amino group. Just as the situation for the acidic form,
the structural change in tHé€r* L o)min State of the basic form
mainly focus on the bond lengths with respect to the ground
state.

The geometry optimization of th§nyz*)min State (6) was
performed within theCs symmetry at first, in order to avoid
intrusion of other states. Although the located structure was
allowed to fully relax in subsequent reoptimization, it still
maintains a planar structure. In tH@en* )min State of the basic
form, because one lone-pair electron of N the molecular
plane is excited to the verticat* orbital, the bond angle of
A(C1NeCs) is enlarged by~11°. In calculation, we noticed that
the relative energy of(nysz* )min and(zr* L) depends on the
methodology. At the CASSCF level, th@n* )min State is lower
in energy, whereas it switches with therz*L,) state at the
CASPT2 level. Their conical intersectidtra* La/ny*)ci (17)
was found by CASSCF.

To understand the relaxation mechanisms of the excited PT,
we have given the relative energy profiles of figez*L,) and
I(ny*) states in Figure 5. It is evident that th@ys*) state
with a small oscillator strength easily decays to the low-energy
Y(mr* L) state via the conical intersectidfrz* L/nna*)ci. The
CASPT2-predicted fluorescence maximum frépar* L) at its
optimized structure is about 2.61 e¥/4 = 0.94 ns) in the gas
phase, which is comparable with the observed emission band
centered at 456 nm (2.72 e¥aq= 15 ns¥3in aqueous solution
at 350 nm. An interesting experimental finding is that the
fluorescence spectra of PT maintain unchanged, regardless of
the excitation wavelength in the range of 23860 nm?3 This
suggests that th¥zz*L,) state exclusively is responsible for

the emission under high-energy irradiation, and the IC processes
' from high-energy excited states to tHaz*L,) state should be
facile in the excited PT.

and lie at high energy levels of 113.5 and 100.7 kcal/mol
respectively.
Figure 4 summarizes the possible photophysical processes

of the excited acidic form of PT from the FC geometry to their
local minima(zwz* L a)min, *(MN*)min, and Y(Nor*)min ON the
potential energy surfaces of low-lying excited states. In con-
sideration of energy and absorption allowance, the acidic form
of PT molecule basically was excited to thfen* L) state under
350 nm light. Thel(ny*) state lying near thé(zz*L,) state

at the FC structure is difficult to directly populate by electronic
promotion because of the small oscillator strength. However
the(nyt*) state is thermodynamically accessible fré@rz*L,)

via Y(zz* L/nnat* )i, which is lower in energy than tHéra* L)

FC structure. On the contrary, two conical intersections on the
potential energy surface of thénoz*) state,}(7wz* La/no*)c
and(ny* Inor*)cy, lie at the higher energy levels, and the high-
energyl(noz*) state with a quite small oscillator strength may

3.4. Radiationless Decay Path fron$; to the Ground State.
The fluorescence intensity of PT was found to decrease as the
excitation energy increaséssuggesting that radiationless decay
channel was activated under excess energy. Previous calculations
on the some DNA bas&s“ have identified IC processes via
the S/S conical intersection (denoted a&/&)c) as the
dominant radiationless deactivation channel. &, conical
intersections are induced by out-of-plane distortions arising from
the twisting of C-C or C—N bonds of the six-membered ring.

Here, the IC process for both acid and basic forms of
PT was discussed. The possible barrier for the formation of
(S/S)ci on the energy surface & for the acidic form have
been investigated. We optimized the geometrySfF)c (13)
on the basis of a starting geometry with a twisteg-G8g bond.

not participate in the photophysical and photochemical processesAS shown in Figure 2, the optimizedS(S)ci structure is

at 350 nm. Hence, only th§nyz*) and Y(zz*L,) states are
responsible for the observed fluorescence emissions experimen
tally. The CASPT2-predicted fluorescence spectra frbm
(m* Ly and(ny*) at their minimum-energy geometries are
centered at 3.14 eVt— 2.7ns) and 3.36 eVrfa— 0.3ns) in

the gas phase, respectively. Becauselthgr*) state is blue-
shifted in aqueous solution, whereas figen*L,) state with
strong adsorption is red-shifted, th@rz*L,) state should be
mainly responsible for the experimental emission band centered
at 439 nm (2.82 eVr1ag = 22 ns) in agueous solution under
irradiation of 350 nm light.

Basic Form of PTWe have successfully located the equi-
librium geometries of thé(za*L,) andi(ny*) states of the
basic form of PT by the CASSCF method, and at the CASPT2
level they areS; andS;, respectively. As Figure 2b shows, the

remarkably nonplanar. The dihedral angles @sN;CsN;,) and
O(C10NgCgN12) are 118.8 and —144.6 in the acid form,
respectively. The pyramidized NHyroup is twisted by~90°
around the N1, bond.

The LIIC reaction path energy profiles have been calculated
from the S; minimum geometry/(7zz* L g)min 10 (S/S0)ci at the
CASPT2 level. As Figure 6 shows, the IC decay from
*La)min to the ground state viaS(/Sp)c is unfavorable
thermodynamically and there is a saddle point separating the
Yzm*)min and &/S)c) on the potential energy surface 8f.

The saddle point structurd4) with one imaginary frequency
of —34 cnt?! has been located by CASSCF (Figure 2). The
structure is similar to that ofS/Sy)c;, with the pyramidized
and twisted amino group, and a out-of-plane deformation of
ring (6(C5N7C8N12) = 143.0, 5(C10NQCSN12) = —159.4’).
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CAS(12, 9) calculation.
h
Y structure of thé(nz*L ;) state from §/S)ci. These results can
explain the experimental observatiéhthat the excited PT is
in favor of fluorescence emission, wherea the corresponding
decay efficiency is slowz¢ = 7.6 ns) in water under the low-

0.0 . .
(28)min Reaction coordinate

Figure 5. Relative CASPT2 energy profiles for the low-lying states

of the basic form of the excited pterin. Like the acid form, the conical intersectioBi{S)c) in the
The CASPT?2 relative energies tfrz* La)min, the saddle point  basic form has a distorted structuds| as shown in Figure 2.

(SP), and &/S)c) have been given in Figure 7. There is a barrier As Figure 5 shows, there is a energy gap~a30 kcal/mol

of 13.8 kcal/mol (0.6 eV) separating the minimum-energy separating the minimum-energy structure ofl'(ha*L,) state

energy light. Once the excess energy available, the IC process
via (S/S)c with a out-of-plane distorted geometry will become
important for fluorescence loss of PT.
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Figure 7. 7. CASPT2 energy level diagram of different configurations
the Y(zr* La)min, the saddle point (SP), and th&/&)ci on theS, and

S potential energy surfaces of the acidic form related to the minimum
energy of the ground state.

from (S/S)ci. Therefore, the activation of such IC process

requires higher energy with respect to the radiationless decay

in the acid form.

If the PT molecules were elevated to higher excited-states in

the FC region, e.d(zr*Ly), they will rapidly decay to the more

stable!(zz*L,) state, releasing excess energy. Subsequently,

certain excited molecules at therz* L) state emit fluorescence

and return the ground state, whereas others with exces
vibrational energies may overcome the barrier and evolve to

the ground state throug®(Sy)ci. The latter IC process presents

one plausible radiationless deactivation mechanism for the
excited PT. The presence of barrier for the IC process agrees

with the experimental fact that the fluorescence intensity
decreases under higher-energy excitation.

4, Conclusion

For both the acidic and basic forms of PT, the most stable
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