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The electronic absorption and emission spectra of acridine have been studied by means of a multiconfigurational
second-order perturbation method (CASSCF/CASPT2) and its multistate extension (MS-CASPT2). The low-
lying valence singlet and triplet — #* and n — x* excited states have been computed. The location of the
lowest Rydberg state (3s) has been also estimated. By optimization of the geometries of the ground and
low-lying excited states and the calculation of transition energies and properties, the obtained results lead to
a complete analysis and assignment of the available experimental sisigiglet and triplet-triplet absorption

spectra and to the description of the basic features of the fluorescence and phosphorescence processes of
acridine. The photophysics of acridine and its protonated form are analyzed and the effects of solvation are
discussed. The present findings support the model of a state reversal on the lowest singlet excited state upon

increasing the solvent polarity.

1. Introduction and position have been extensively studikth acidic water
solutions the maxima of the absorption band remains basically
unaltered and a broad shoulder centered around 3.10 eV can be
observed:!! A second and more intense band in the acridine

Acridine is an important aza-aromatic compound mainly used
as a staining dye for biological tissues. Its derivatives have

significant antibacterial and potential antiviral activity and have absorption spectrum is located peaking near 5.-8\9 As

been \.N'dely useq n pha}rmacologff.Due to their prominent shown below, it has a complex structure and it is composed of
chelating properties, acridines also have been used as ligands

o o . .
for heavy metals in different areas of chemists regards (AT L RET T FEUARE MANONS RRCE
the photochemistry of these compounds, the attention has beenat 59 e\220 igyclee?rly observedpin diffe;ent solvents
mainly focused on the chemiluminiscence of acridine, a process ' o o

with a high quantum yield similar to those occurring in luminol ~ AS regards the emission spectroscopy of acridine, most of
and lucigenirf:® Two main questions in the photophysics of the _s.tudles have been.devo.ted to the de;crlptlon of the relative
acridine have been put forward: first, the solvent dependencePosition of the low-lying singlet and triplet states and the
of the observed fluorescence; second, the build up of triplet definition of the photophysical paths and their dependence on
state$~° There are, however, many other aspects to be solved,the environmental conditiorfs.?* The intense fluorescence
such as the nature and character of the lowest singlet and triplet€Ported in protic solvents with large lifetimes has been
excited states, a controversy constantly found in the experimental@ttributed to the presence ofia— 7 state as the lowest singlet
literaturel®-14 and the understanding of the tripidtiplet state in polar envwonm.ents.. On the other hand, the low
absorption manifold, in which the most intense feature has not fluorescence quantum y[eld in the vapor and nonpolar sol-
been yet characterizéd?1215 Previous theoretical studies Vents?®®has been explained by a more stable~ 7* state
performed with semiempirical methddst® could not answer, ~ and the predominance of nonradiative processes such as
however, many of these questions. The present CASSCF/MS-INtersystem crossings and internal conversions in these_ mecﬂa.
CASPT?2 study aims to a detailed and accurate study of the The influence of the state reversal and the effect of the vibronic

geometries, excitation energies, and transition properties involv- coupling  (the so-called proximity efféct) on the final
ing the low-lyingzzr — 7* and n — 7* excited states of the ~ Photophysics of acridine is a controversial issue of current
acridine molecule in order to get insight into the rich photo- interest:1%2326The effects of temperature, protonation, and gas
physics of the system, both in absorption and emission. or crystal matrices on the fluorescence process have also been
Two main bands form the measured absorption spectrum of Studied11:122%27%and will be discussed below. The triptet
acridine21920A low-lying and structured band is observed near triplet spectra of acridine in different solvents and the study of
the visible region, starting at 3.2 eV and peaking at 3.5 the formation rate of the lowest triplet st&té have been
eV/7:10-12.19-21 heing considered as a mixture of the, and'L, reported as indirect ways to determine the radiationless mech-
7 — 7 states of Platt's nomenclatu?d,long and short-axis ~ anisms in the corresponding emission spectra. A clear assign-
polarized, respectivel{32° The lowestn — z* excited state ~ Ment of the two bands of the absorption triptétplet spectra
has been proposed to lie in the same energy region, althoughha@s not been yet achieved. Moreover, their controversial
the detection of the state has been prob|erﬁ’&jecause of the behavior found in different solverft® requires further anaIySIS.
overlap with thex — x* features. The influence of the The present contribution aims to obtain reliable data to
environment, temperature, and protonation on the band shapecharacterize the electronic states of acridine and their transition
properties, both in absorption and emission, and give an accurate
* Author for correspondence: Luis.Serrano@uv.es account of the static aspects of the photophysics of the isolated
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molecule, in order to get insight into some of the many presence of spurious influences in the wave function is enhanced
phenomena related with the spectroscopy of the system. Theby the use of enlarged and diffuse functions such as those of
CASSCF/MS-CASPT2 methéti3? has proved to be an ac- the ANO-type basis sets. The parameter employed to apply the
curate tool to determine electronic state and transition properties.LS method is always selected after studying the stability of the
Geometry optimizations of the ground and low-lying singlet and energy and the weight of the reference wave function. Here a
triplet valence states have been performed at the CASSCF levelparameter of 0.3 au was employed in all cases.

of calculation. The absorption spectrum of acridine up to 6.0  Finally, an extension of the CASPT2 calculations, the
eV has been studied at the ground-state geometry, while multistate (MS) CASPT2 method,was used. In general, the
absorption and emission band origins and maxima have beenMS-CASPT2 approach can be useful when CASPT2 cannot
obtained at the respective optimized geometry of the excited account for the mixing of states in cases where the CASSCF
states. The position of the lowest Rydberg transition has alsowave function is not a good reference and a strong mixing occurs
been calculated. Dipole moments of the excited states, as wellbetween the reference state and one or more additional CAS-
as oscillator strengths, transition rates, and radiative lifetimes Cl states, for instance when crossing of states or strong valence-
will be computed and used to assign, discuss, and clarify Rydberg mixing takes place. The MS-CASPT2 method uses a
different aspects of the spectroscopy of acridine. Finally, selectedmultidimensional reference space that is spanned by the SA-
calculations will be performed on the protonated acridinium ion CASSCEF roots, leading to the interaction of these states. The
to get more information on the effects of protonation in the linear combination of the CAS states produced by the MS-

low-lying excited states of the system. CASPT2 computation has been named perturbatively modified
CAS (PMCAS) CI wave functiof® The PMCAS-CI wave
2. Methods and Computational Details function will be finally used to compute transition and state

) . .. properties. The present calculations are one of the many

Geometries for the ground and excited states were optimizedg;jy,ations where the addition of the MS-CASPT2 results to the
by computing analytical CASSCF gradients. An active spacé cASpT2 energies will be of minor importance because the
of 12 active electrons (1@, 2 lone-pairn) in 13 molecular jyteraction of the CASPT2 states is weak. The MS-CASPT2
orbitals (127, 1 n) was used in all the calculations except when approach, however, is especially sensitive to the good conver-
indicated. The lowest orbital of each of thesymmetries (b gence of the CASSCF wave function and to the absence of
and @) was kept inactive. The molecule is placed on #y¢  j qyder states. In other words, the weight of the reference
plane withz as theC; axis containing the nitrogen atom. The  fnction for the computed excited states must be very close to
Cz, symmetry is maintained all the time. The employed active he \yeight of the reference function for the ground state (closer
space can be therefore labeled (1705) within the symmetriesiha, it has been acceptable for the CASPT2 method in past
(aabibo2). The choice of the active space has been guided by g,4ieg8), otherwise the interaction among the CASPT? roots
the experience in precedent works for similar systems such asyjj| pe artificially large. For this reason, the final calculations
naphthalene, indole analogues, stilbene3®&ttand by checking on thelA; and!B, states used an active space (0805) in order
carefully the convergence of the employed methods for the 14 prevent intruder state interactions that, although affected the
number of excited states included in the study. excitation energies in a minor extent, had large effects in the

An ANO type basis sétcontracted to C, N[4s3p1d]/H [2s1p] ~ pMCAS-CI properties. ThéA; and !B, excited states of the
was used in all the cases except for the calculation of the 3sprotonated acridinium ion were also computed at the same level
Rydberg state. This basis has proved its accuracy in manyof theory employing the MP2/6-31G* optimized ground-state
previous situationd!-32% For the calculation of the lowest  geometry and the active space (0705).
Rydberg state, an additional s diffuse function was added to = The CASSCF state interaction (CASSI) metffoiwas used
the previous valence basis set at the charge centroid of theg gbtain the transition properties. The oscillator strengths were
acridine cation. The coefficients of the diffuse basis were ¢omputed using PMCAS-CI transition dipole moments and MS-
optimized for the cation following a procedure described CASPT2 excitation energies. In the calculation of the spontane-
elsewheré? This specific calculation on the 3s Rydberg state oys emission rates (Einstein’s coefficients;Aand radiative
included one additionalaactive orbital in order to take the jifetimes a9, absorption transition dipole moments computed
Rydberg orbital into account, giving rise to an active space at the ground-state geometry and energy differencesv&tical
the carbon and nitrogen 1s core electrons were kept frozen ingeometries were used. In particular, the following expression
the form of the ground-state SCF wave function. was employed:

In the vertical calculations at the respective geometries, the
CASSCF wave functions are generated as state-average (SA) 1 o S
CASSCF roots within a given symmetry. The number of roots A== 2.142005x 10 < yy|uly, >* Ey,
has been chosen in order to contain all the important states at fad
low energies. In the vertical calculations at the ground-state
geometry, nine, eight, four, and three roots of tAg, 1B,, 1By,
and!A, symmetries were used, respectively. The calculations
on the triplet states included five roots, both at the singlet ground
state and lowest triplet state geometries. Finally, at each of the
excited-state geometries, three roots were included in the
treatment for all the symmetries. Using these multiconfigura-
tional functions as reference, second-order perturbation theory3 Results and Discussion
is employed to include the dynamical correlation energy effects, =
the CASPT2 methoéP3” where each root is computed inde- The next sections describe the obtained theoretical results,
pendently. To prevent the undesirable influence of intruder comparison with experimental data, and discussions about the
states, the level-shift (LS) technique was emplo$fed@he photophysics of acridine in the context of the present findings.

where Az is measured in8, 7149 in s, the dipole moment
operatoru in au, the energy difference,&in au, andy; and
1, are the wave functions of the ground and excited states,
respectivelyt!

All calculations were performed with the MOLCAS-5.0
quantum chemistry softwar@.
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TABLE 1: Optimized Geometries for the Ground and the
Low-lying Valence Excited States of Acridiné

parametel‘S 11A1 llBl 21A1 lle 13A1 1381 1382 1

R(C—-C;) 1.358 1.392 1.478 1.385 1.420 1.386 1.423

R(C—C3) 1439 1.390 1.344 1.429 1.355 1.397 1.429

R(C;—Cy) 1.341 1.401 1.444 1358 1.418 1.393 1.343

R(C,—Cs) 1440 1.376 1.387 1.415 1.390 1.382 1.453

R(GCs—Ce) 1.421 1.424 1.438 1.474 1437 1.420 1.437

R(GCs—C;) 1.393 1.427 1.419 1.413 1.425 1.422 1.405

R(Cs—Cy) 1.436 1.403 1.384 1.410 1.387 1.409 1.409 E
R(GCs—N) 1332 1.361 1.356 1.347 1.364 1.381 1.333

R(G—HJ) 1.075 1.075 1.076 1.075 1.075 1.075 1.074

R(C—H;)  1.074 1.074 1.072 1.073 1.074 1.074 1.073

R(Cs—Ha) 1.074 1.076 1.076 1.074 1.074 1.074 1.074

R(C,—Hs)  1.074 1.074 1.073 1.073 1.073 1.074 1.073

R(C—H>7) 1.076 1.074 1.075 1.074 1.074 1.074 1.075

O(C,CiC¢) 1205 121.2 1216 1209 1209 121.2 120.6

O(C,CiHy) 1207 120.1 1195 120.2 119.6 120.1 119.8

0(CeCiH,) 118.8 118.7 118.9 1189 1195 1186 119.6

0(C,CsCq) 120.8 1205 1221 121.0 120.1 120.3 120.7 Figure 2. Scheme of the computed energy differences between two
0(CsCsCs) 120.8 119.4 121.3 121.2 120.8 119.4 121.3 electronic statesE,, vertical absorptionEs, band origin; andEye,
0(C4sCsCe) 118.8 121.6 116.6 1185 119.2 121.8 119.0 Vvertical emission.

(C4CsN) 118.3 124.6 1209 118.8 118.1 124.1 118.1

O(CeCrHy) 1202 1189 1200 1202 120.1 1191 120.1 peen constrained to planarity within tBe, symmetry; therefore,
2 CASSCF(13,12)/ANO C,N [4s3p1d]/H [2s1p] level. Constrained ~certain minima might represent an approximation to the fully
to C,, symmetry. Bond lengths (R) in Agtroms and angles]) in relaxed geometries.
degrees. See Figure 1 for atom labeling and orientation. The use of CASSCF geometries in this type of studies has
been shown previously to be an adequate strategy to treat
!

va

systems with delocalized bonds such as acridin. Although
no experimental geometry for acridine seems to be available, a
recent CASSCF optimization of the geometry of a similar system
& < //N ~ 404 ~ such anthracefiégave bond distances within 0.01 A from the
Cs experimental determinations. A similar accuracy can therefore
y be expected for acridine.
C C c The main changes in the structure of the excited states with
10 % -8 \\ P \\ Pt respect to the ground-state geometry occurs in the A> 7*
Co C; C, (Ly) and B n — x* states, while the Bz — a* (L) states
Figure 1. Atom labeling and molecular orientation used in acridine. keep the basic structure found in the optimal ground-state
The hydrogen atoms (not drawn) have the label of their respective geometry. These trends related to the symmetry and character
carbon atom. of the states can be found in many polyacene derivatit/€be

Section 3.1 describes the computed optimized geometries forn — 7* B states, both singlet and triplet, are the product of an
the ground and low-lying excited states of the acridine molecule; €xcitation from the in-plane nitrogen nonbonding lone pair
section 3.2 deals with the vertical absorption spectrum of the to the out-of-planer structure. The consequences of this
system at the ground_state optimized geometry; section 3_3transiti0n in the geometry are important. In both states, the
describes the computed vertical triptetiplet absorption spec- ~ aromatic character increases in the benzenic rings: shortening
trum of acridine at the geometry of the lowest triplet excited Of the single bonds and enlarging of the double bonds, while
state; ﬁna”y, section 3.4 repor[s on the emission spectra of the C-N distance ianeases, a result of the loss of electronic
acridine’ and comments on the overall photophysics of the density near the nitrogen atom to be shared with the terminal
system in the vapor and in solvated media, including also the rings. The largest changes upon relaxation can be noted,
effects of protonation. however, in the geometry of the; &t — 7* (L 5) excited states,

3.1 Geometries of the Stateslable 1 compiles the optimized ~ both singlet and triplet. A pronounced interchange in the bond
CASSCF geometries for several excited states of the acridinealternation of the benzenic rings is expected to have a significant
molecule. Figure 1 displays the acridine molecule and the labelsinfluence in the energy of the state and large vibrational
of the atoms. In addition to the ground state, six low-lying ~ Progressions along the-€C stretching modes can be predicted.
— 7* and n — 7* singlet and triplet excited states have been Finally, the geometrical changes in the 8 — 7*(L ) states
optimized in order to have all the necessary information to are small, although a slight expansion of the molecule takes
analyze the absorption and emission properties of the systempPlace, consistent with the results of vibrational spectroscopy,
At the ground-state optimized geometry, the singiglet and showing intense J transitions and short FraneiCondon
singlet-triplet vertical absorption spectra have been computed; progression?2The behavior of the Land L, states is similar
at the optimized geometry for the lowest triplet state, the triplet  to that found in the equivalent states of analogous com-
triplet vertical absorption spectrum has been analyzed, and,pounds!4547
finally, at the corresponding optimized geometries of the 3.2 Absorption Spectrum. The structure of excited states
different excited states, the vertical emission energies have beerof acridine can be immediately related to that of anthracene,
obtained. The combination of ground and excited states energieshe equivalent fused ring polyacene. In anthrac€menfigura-
at their respective optimal geometries leads to the estimationtions involving the three highest occupied and the three highest
of band origins. A scheme of the computed situations and energyunoccupiedr orbitals give rise, predominantly, to three pairs
differences is displayed in Figure 2. All the optimizations have of excited states and excitations, the dipole-allowed @d
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TABLE 2: Composition of the PMCAS-CI Wave Function
of the Low-lying Valence States of Acridine at the Ground
State Geometry

Platt's

staté configuratiot labeF %" state
1'A; (ground state) (22¥(2b1)?(2&)? 83

(3b)*(3a)A(41n)?

11B; (m—n*) (3a)— (5! H-1—-L 53 1,
(4by)—(4a) H—L+1 18

2'A; (m—a*) (4bg)—(5by)* H—L 74 L,
1'B 1 (n—x*) (22a)—(5hy)* 81
2'B, (m—*) (2a)t—(5hy)* H-2—L 45
(4by)—(4ap) H—L+1 16

3B, (n—n*) (2a)—(5hy)* H2—L 19 1B,
(33)—(5by)" H-1—-L 16
(4by)—(4a) H—L+1 31
3IA; (7—7%) (3a)—(5a)* H-1—L+2 12
(4by, 4b)—(5by, 5by)2 HH—LL 28
4B, (m—*) (4by)—(5a)" H—L+2 55
1A, (n—*) (22ay)—(4a)* 69
AA (T—m*) (4by)—(6by)* H—L+3 37
5YA; (m—*) (3a)—(5a)! H-1—L+2 17
(4by)—(6by)? H—L+3 11
(4by, 4by)—(5by, 5by)? HH—LL 11

BIA 1 (m—r*) (3a)—(4a)! H-1—L+1 59 1B,
21B | (7—39) (4y)—(3s) H—3s 79
5B , (7—*) (3a) (6! H-1—L+3 55
7IA 1 (T—7%) (3by)—(5by)! H-3—L 28
(2by)—(5by)? H-4—L 11
(4by)—(7by)? H—L+4 11

a States labeled using the MEASPT2 order? Configurations with
weights (%) larger than 109%6.HOMO (H) and LUMO (L).

By, transitions, and the dipole-forbiddemtransitions. Ac-
cording to their basic configurational composition, the states
can be classified following Platt’s rulé3ln particular, Platt’s

L and B states involve excitations between the two high-lying
occupied orbitals (HOMO, HOMO-1) and the two low-lying
unoccupied orbitals (LUMO, LUM@1), hereafter HOMO (H)
and LUMO (L). This classification is a useful way to discuss
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TABLE 3: Vertical Excitation Energies (AE, eV), Oscillator
Strengths ), and State Dipole Moments g, D) in Acridine?

theor exptl

state AEPCAsb AEMPsz f u Platt's AE fe
11A, 1.97
1B, (v—7*) 4.18 358 0120 1.98 1, 3.51} 0.09
2'A; (r—a*)  5.20 3.77 0.101 3.45 L, '
1B; (n—n*)  4.20 3.87 0.003-0.31
2B, (n—n*) 612 459 0274 351 4%
3B, (7—x*)  7.08 4.98 1.460 291 B, 5.0 1.0
3A; (r—a*)  6.02 5.02 0.009 241
1A, (n—n*)  5.91 518 —  —0.35
4B, (m—a*)  6.62 5.19 0.033 341
4A; (m—n*)  6.58 5.36 0.008 1.35
5IA; (7—n*)  6.65 554 0044 241
6A; (—7*) 758 569 0118 218 B, 5.6-5.7
2By (7—3s)  5.80 5.84 0.004 0.02
5B, (7—m*)  6.89 5.93 0.132 0.61 5(9 0.11
AL (r—n*) 737  6.00 0.002 215
13A; (m—n*)  2.83 248 — 2.56 2.2-2.3
138, (=—n*) 3.96  3.32 - 1.78 3.4
138, (n—7*) 429 359 —  —0.48

a Experimental absorption maxima and theoretical, vertical results
at the ground-state geometBPCAS: PMCAS-CI. MPT2: MS-
CASPT2. Platt’s: Platt's bands (see textl:rom extinction coefficients
in acetonitrile? Normalized to unity for!By. 9 Spectra in different
solvents2710.11.19.20 e Shoulders in the low-energy side of the most
intense band¥.  Most intense band (5.0 eV) and broad band (5.9 eV)
measured in different solvert&?2° 9 High-pressure oxygen spectrim.

h Spectrum in neon matricé%.' The valence basis set was enlarged
with an s Rydberg function (see text).

with a long tail toward higher energies. The third feature is a
broad band ranging from 5.8 to 6.0 eV measured in alco-
hols219-20ethyl ether, and acetonitrife.

Table 3 lists the computed PMCAS-CI and MS-CASPT2
transition properties for acridine at the ground-state geometry,
related to the vertical absorptioB.{). Analysis of the PMCAS-

Cl wave functions confirms the resemblance of the excited state

states and transitions that have similar behavior in polyacenes.structure in acridine and anthracene, even when the symmetry

The symmetric and antisymmetric combination of the excitations
H — L+1 and H-1 — L (both one-electron promotions are
close in energy) originates twosBstates, labeled J-.and B,
(states or bands). The+ L and H-1 — L+1 configurations
give rise to the B, states, labeledJand B, respectively. The

of the molecule has been lowereddg, in the former (see Table
2). Three low-lying states have been computed to lie vertically
at the MS-CASPT2 level: 1B, at 3.58 eV (oscillator strength
0.120), 2A; at 3.77 eV (0.101), and'B; at 3.87 eV (0.003).
While the latter is am — z* state, the other two give rise to

inclusion of new orbitals into the description produces new states 7 — 7r* transitions. As shown in Table 2, the transitions to the
and transitions, such as the dipole-forbidden excitations to the 1'Bz and 2A; states can be related to tHe, and*L, bands of

B4 States. By symmetry restrictions, only the transitions to the
1B3, and 1By, states will lead to important bands in the
absorption spectrum of anthracene. Excitations to tBg,Jand
11B,, states represent they, (low intensity) and'L, (medium)
bands in Platt’'s nomenclature, respectively, while transitions
to the 2Bz, and 3B, states constitute thidy, (strong) andB,
(medium) bands, respectively As in acridine there are no

— a* dipole-forbidden transitions, the correspondingyB
excitations in anthracene will become dipole allowed, but weak,
transitions of the Bsymmetry in acridine. Comparison of the
transitions in anthracene with the values in acridine, compiled
in Tables 2 and 3, reveals the similarity in the main bands of
their spectra.

Platt’'s model, respectively. The structured band found in the
absorption spectra of acridine from 3.2 to 4.1 eV certainly
contains the overlap of the three transitions. Figure 3 displays
the highest occupied and lowest unoccupied molecular orbitals
obtained at the SCF level. Some basic trends can be predicted
on the basis of the orbital shapes and the composition of the
wave functions. For instance, théAstate, mainly described

as H— L, is expected to relax its geometry via the interchange
of the benzene ring bond alternation, as the topology of the H
(4hy) and L (5h) orbitals indicates. As regards théB}, state,
described as — L, the charge transfer from the centsasystem

to the terminalr system and the final similarity of the benzene
ring bonds can be also expected. The actual optimized geom-

The absorption spectrum of acridine up to 6 eV has three etries confirm such trends (see Table 1).

different band systemi$:?0 Starting at 3.2 eV, a medium-
intensity and highly structured band is displayed up to 4.1 eV,
with prominent peaks that are almost invariant with the solvent.

The vertical absorption energieg,§), the computed band
origins Eo), and the vertical emissiorE() for the three low-
lying singlet excited states are compiled in Table 4 (see also

In ethanol, three main peaks are observed at 3.27, 3.50 (theFigure 2), together with the available experimental data

most intense), and 3.66 e\'?2°Following, and beginning with
a shoulder near 4.6 e¥;2° the most intense band of the
spectrum peaks near 5.0 eV (4.98 eV in eththaind continues

(experimental band originsf. It can be clearly seen that the
largest relaxation (0.7 eV) takes place for tABdn — 7* state,
becoming the lowest adiabatically,{Sor the isolated system.



9668 J. Phys. Chem. A, Vol. 105, No. 42, 2001 Rubio-Pons et al.

E(eV) polarized'L, (2'A,) state while the observed peaks at higher
energies are related to the long-axis polariziegl(1'B,) state.

The same order for the — 7* states is proposed by Narva
and McCluré? in the spectrum of acridine in a biphenyl host
crystal. The reverse ordering of the— z* states with respect

to the present theoretical results might be related to the limit in
the accuracy of the methodology (the energy difference is less
than 0.1 eV), although we cannot compare to data measured in
the vapor. It is expected that solvent effects (excimer effects in
crystals) stabilize the'A; state, with higher dipole moment,
more than the B, state.

Aaron et aP estimated ground and excited singlet-state dipole
moments of acridine by the solvatochromic method. They
concluded that in dioxane the dipole moment gfiSalmost
: N twice that of the ground state. The ratio between the dipole
| ‘ ‘ moments of $and S is consistent with the presence of the
‘ 21A1 (L) state as the lowest adiabatic singlet excited state in
polar environments. The red shift observed in the low-energy
tail of the 3.2-4.1 eV absorption band of acridine upon
increasing solvent polarity, for instance in the series hexane,
acetonitrile, and ethanélis consistent with théL , state as the
. lowest in polar environments, a common situation in polyacene
L derivatives such as indofs'51or purines?253

Vo i Calculations were made at the same CASSCF/MS-CASPT2
level on the protonated acridine molecule. The consequences
on the two low-lying singlet excited states are within expecta-
tions. Figure 3 displays the stabilization experienced by the
orbital energies of the protonated system, more pronounced for
the virtual orbitals. As a result, on protonation, the transition to
the ZA; 1L, state (H— L) decreases its energy by 0.42 eV and
its oscillator strength by a half of the value in acridine. The
transition to the 1B, L, state is within 0.1 eV with respect to
its counterpart in acridine, and the oscillator strength decreases

lr Neutra! Protonated

3.0

2.0 o A

-2.04

-8.0-

-9.0-

-12.0-

-13.0-]

Figure 3. Highest occupied and lowest unoccupied molecular orbitals,
labels, and energies computed at the SCF level for the acridine (Neutral)
molecule and its acridinium (Protonated) ion.

TABLE 4: Calculated and Experimental Energy Differences just slightly. The rest of the spectrum, except for the absence
(eV) for the Low-lying Excited Valence Singlet States of of the n — z* transitions, remains basically unaltered. These
Acridine® results agree perfectly with the experiments. Ryan &t laave
theor exptl reported spectra of acridine at different pH values. On increasing
states = Eo Eve Eva = Eve the acidity of the medium, a new broad shoulder has been
1B, (m—") 'Ly 358 328 328 35 348 det_ected in the Iow-gnergy tail of the ab_sorptlon band of_ qcndlne,
2A; (m—n*) L. 377 334 271 3.23 2.8 while the band maximum, corresponding to thBAtransition,
1'B; (n—x*) 3.87 3.18 257 3.1 3.C¢ is unaltered.

aE,. Vertical absorption energy from the ground-state minimum. T he band system that has the strongest peak at 5.0 eV begins
Es: Computed band origin (see Figure 2),EExperimental band  with a shoulder around 4.6 €¥ The computed spectrum places
origin. B Vertical emission energy from the excited-state minimum the transition to the B, state at 4.59 eV with an intermediate
to the ground staté. Absorption maximum in different solvert$:0411920 ggiliator strength, 0.274. The state, having2+— L character,
cSuggeste_d band_ origins in biphenyl crystal hé%_t§.Fqurescence has a large dipole moment, 3.51 D. The excitation to #8 3
maximum in alkaline watef!! ©Fluorescence maximum in nonpolar ~ ; : ’ : ;
solvent§™19 (see text). (*Byp) state is computed at 4.98 e\( with the largest osc_lllator

strength value, 1.460. It can be easily related to the most intense

The other two states have similar relaxations (close to 0.4 eV), feature of the spectrum measured near 5.0 eV in different
maintaining the same relative ordering. The main peaks observedsolvents>1%20A number of transitions computed in the energy
in the lowest band at 3.27, 3.50, and 3.66 eV do not changeinterval 5.0-5.4 eV are probably obscured in the recorded
their position on different solventsl?-12.19-21 Considering the spectrum because of their overlap with the most intense band.
vibrationally structured character of the, band in other related ~ Those are the transitions to théA3 state at 5.02 eV, which
systemg?5it is reasonable to assign these peaks to the vibrational has a pronounced doubly excited character, to #e &tate at
progressions on the'B, state. It has a computed dipole moment 5.18 eV (seconch — xz* state), to the 4B, state at 5.19 eV,
of magnitude similar to that of the ground state. The dipole and to the 4A; state at 5.36 eV. Above 5.4 eV, the measured
moments for the A, (1L, and 1B; states, 3.45 anet0.31 D, spectra of acridine have a broad band centered near 5.9 eV in
respectively, differ, however, from the ground-state value. different solvent$:12°The computed absorption spectrum of
Accordingly, red and blue shifts can be expected for the acridine predicts a number of transitions in that region. The
corresponding transitions in polar solvents. Zanker and Sémid 5'A; excitation is placed at 5.54 eV with an oscillator strength
measured the polarization spectrum of acridine in ethanol. They of 0.044. The 8A; transition, corresponding to tH8, Platt’s
reported a sudden change in the polarization of the low-lying band, is obtained at 5.69 eV with a nonnegligible oscillator
band near 3.4 eV. Their interpretation of this experiment seemsstrength, 0.118. Finally, the'B, transition, H-1 — L+3 in
clear. The band origin corresponds in ethanol to the short-axis nature, is computed at 5.93 eV with an oscillator strength of
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0.132. The excitation to the'B; state is probably responsible =~ TABLE 5: Calculated and Experimental Energy Differences

for the broad band at 5.9, while the long tail in the low-energy fV_) dfor thehL%w-lylng Exc#]teds_\/allencGe T”D('jetSStateS of

side near 5.55.6 eV in ethand? can be better attributed to ~ A¢"ldine with Respect to the Singlet Ground Staté

the transition to the ®\; (1B,) state. In relation to th&éB, state, theor exptl

mainly composed (59%) by the singly gxcited configuration states Ewa Eo Ew Eva Eqg Eve
H—_l - L_+1, a large geo_metncal rglaxgtlon on the geometry 1AL (7—7*) L, 248 175 1.75 2223 1.9 1960
optimization can be predicted considering the topology of the 135, (7—7+) 3., 332 3.09 2.97 3% 323 3d

involved orbitals displayed in Figure 3, mainly because of the 138, (n—x*) 359 2.90 2.37

enlargement of the €C bond lengths parallel to the short axis aE,a Vertical absorption energy from the ground-state minimum.
of the_ mol_ecule. As regards the solvent effects on these bandsEo: Computed band origin (see Figure By Experimental band
the high dipole moment of the'8, state, 2.18 D, and the low  origin. E,: Vertical emission energy from the excited-state minimum
dipole moment of the 8, state, 0.61 D, lead to predict a red to the ground state’.High-pressure oxygen spectri#n ¢ Spectrum in
and a blue shift of the observed bands, respectively, in polar ethanof’*? ¢ Spectrum in neon matricés.

solvlents. . » TABLE 6: Vertical Excitation Energies (AE, eV), Oscillator
Finally, we have also explicitly computed the transition to  strengths (), and State Dipole Moments g, D) for the

the lowest Rydberg state of the spectrum. ThB, {7 — 3s) Triplet States of Acridine at the 1%A; State Optimized

state of acridine is located at 5.84 eV. We consider this an upperGeometry

limit for the proper calculation of the valence states skipping theor exptl

the mclysmn of Rydbe_rg functions. Above 6.0 eV, a full state AErcas® AEwpra®  f P Platts AE

calculation including simultaneously valence and Rydberg

functions would be necessary to get an accurate description of 1231&’:10:)) 169 149  0.017 1'13‘30 z::a 126
the states. This Rydberg series should converge to the first 1sBi(nﬁg*) 152 172 0001 —0.42 : '
ionization potential of the molecule at 7.88 &¥/. 2B, (7—p*)  2.61 1.97 0.000 1.90

The low-lying excitations in the singletriplet absorption ~ 2A:(—p")  3.04 2.3r 0000 065
spectrum of the acridine molecule have also been calculated.3382(”_’pi) 3.64 268 0001 225 3
The S — T+ absorotion. involving the s (H — L. 3L..) stat FBAL(r—p*)  3.35 277 0.002 148 3B,

ey 1 absorption, involving the?A; ( , 3Lo) state, 4By (n—p) 413 294 0168 289 3B, 295

is found at 2.48 eV. Next, the®B, (°Lp) state at 3.32 eV is BA; (m—p*)  3.61 317 0.002 1.48

computed, while the third vertical state corresponds to #Bg 1 5B, (7—p*)  3.99 346 0.032 0.66

n— s* at 3.59 eV. As it occurs for the singlet excited states,  apcas: PMCAS-CI. MPT2: MS-CASPT2. Platt's: Platt's bands

the relaxation of the@ — z* state is more pronounced and there  (see text)® Absorption maximum in nonpolar solvents. A red-shift

is a change of order for the band origin of thi81and £B, 0.05 eV observed from hexane to alkaline watéf. ¢ Absorption

states in the isolated system. THA 1 state becomes the lowest maximum in the vapot.The band maximum has a small red shift in

in any case, and the |arge energy difference with respect to thepolar solvents: 2.88 eV in hexane and 2.79 eV in alkaline water.

13B; n— 7* state, 1.11 eV, prevents any further change in the

Zﬁégrgtrigir?r?ereg\?gg fI:r f)r;);a_[ ;Sﬁ?&i;;g;gﬂ%u;% \ée?:tzlcal been used to locate high triple_t states of acridine and _to
- i : understand the global photophysics of the system by studying

eV, respectively, are close to those computed at a comparablethe formation rate of T which corresponds to the total

level of theory for the corresponding polyacene, anthracene: radiationless decay rate (;{.SThe BA, 7 — 7* state has been

2.00 and 3.40 eV, respectlveﬁgl. ) o found to be the lowest triplet state at all levels of theory.
The measurements of the singtétiplet spectrum of acridine Consequently, the low-lying FT absorption spectrum was
have certain obscure points which should be clarified. The computed at this geometry. The-T results are compiled in
phosphorescence bgnd origin from fas been_ clearly estab-  Taple 6. The lowest excited state corresponds to e & —
lished near 1.96 eV in etharfdf and neon matrice¥. Evans® 7* state, computed at 1.49 eV with a related oscillator strength
has reported a singletriplet absorption of acridine in high-  § 017. The second transition involves tHB1n — x* state at
pressure oxygen matrices starting at 1.96 eV, with maximum 1 72 ev and has a low associated oscillator strength. The
near 2.2-2.3 eV. All these data clearly match to the computed remaining spectrum up to 3.5 eV is composed of a number of
absorption band maximum (2.48 eV) and origin (1.75 eV) for ;. zx transitions, most of them weak, except for that to the
the PA; z — * T, state. From the comparison of theffand 43, state, computed at 2.94 eV with the largest oscillator
origin and triplet-triplet absorption data, Kasama et “al. strength, and the3A; — 53B, transition at 3.46 eV with a
estimated the Fband origin near 3.2 eV in ethanol. This is  poderate intensity.
also consistent with our compute@ ansition for the 3B, & The assignment of the measured-T spectra is quite
— 7* state at 3.09 eV. Prochorow et #l.have reported @  straightforward. Two band systems are observed. A very weak
phosphorescence excitation spectrum of acridine in neonand structured feature is found from 1.26 to 1.98 eV, with its
matrices, monitored to the;F~ S band origin at 1.96 eV, and  maximum at 1.26 eV. There is not full agreement in the literature
a band starting at 3.3 eV with a maximum near 3.4 eV. On the ahout the influence of solvent effects on the band. Indeed, the
basis of our computed results, we can confirm that this ayaijlable data are contradictory. While Kasama et ahve
absorption does not correspond to the-S T, transition, but  reported a shift of 0.2 eV toward higher energies on changing
to the § — T, = — * involving the 1°B; state, with a band  the solvent from benzene to alkaline water, Periadarhgs

origin at 3.09 eV, an absorption maximum at 3.32 eV, and a informed that a small displacement to lower energies occurs
predlCtEd relaxed emission at 2.97 eV. NeVErthe'eSS, Contrlbu-from hexane and benzene to alkaline water. The present

tions to the observed band from the transition related to the calculations give support to the finding of Periasathyrhe

1%B1 n — x* state cannot be ruled out. dipole moment of T(13A1) is computed to be somewhat smaller
3.3 Triplet—Triplet Absorption Spectrum. The triplet- than that of B (1°By), both at the T and T, optimized

triplet (T—T) absorption spectrum of acridine has been recorded geometries. A small red shift in the lowest energy and of the

in benzene, ethanol, and alkaline watét.The spectrum has
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Figure 4. Scheme of the photophysics of acridine in the vapor based on the present computed results. Each state is represented with its relative
band origin (in eV) and its corresponding dipole moment (in D, within parentheses) at its optimized geometry. The included processes are: A,
absorption; ISC, intersystem crossing; IC, internal conversion; F, fluorescence, and P, phosphorescence.

T—T spectrum can be therefore expected as it was actually foundthat decreases the efficiency of the fluorescence process in
by Periasamy? It is also in agreement with another report of nonpolar phases. The model is known, in general, as the
the band in ethanol peaking at 1.26 &/gontradicting the proximity effec425and relies especially on the influence the
measurement of Kasama et’al. solvent has on the state splitting. The solvent polarity would
A second prominent and more intense peak is observed inincrease the state separation, decreasing the effigients*
the 2.8-2.9 eV region’%101215The experimental evidence ton— z* coupling and therefore decreasing the radiationless
clearly indicates in this case that the position of the band dependsrelaxation®®-5” The consequence would be an intense emission
on the solvent polarity. The observed band maximum has beenfrom thesr — 7* state in polar and protic solvents. In crystalline
found at 2.95 eV in the gas phasét moves to 2.88 eV in matrices of dimethylnaphthalefganthracen&®5°methyl meth-

hexane and 2.79 eV in alkaline watérOur computed FT acrylate glassesand poly(vinyl alcohol) films! the character
spectrum has a transition with a large oscillator strength at 2.94 of the § state has been suggested tobe- *, while in other
eV. It is the BA; — 4°B, vertical excitation ofx — x* matrices such as biphenyl, phenazine, and fludfgann —

character. The 3B, state has a dipole moment almost 1.5 D * is invoked as the lowest singlet excited state. An inherent
larger than that of the lowest triplet state, and therefore the stabilization of thex — x* states by the arrangement of
observed red-shift is clearly understood. The report by Kasamamolecular dimers and the formation of excimers has been
et al” showing no dependence of the energy of the band from reported in acridine microcrystal8As it has been proposéd,
benzene to water is probably wrong. In the region near 3.5 eV, to consider the character of the lowest singlet state -ass*

the transition to the 3B, can be predicted to be observed in the ands — z* is just a zeroth-order description to describe a mixed
T—T spectrum, although, to our knowledge, no experimental situation dependent on the state separation, something which
data are available at present. clearly changes under the solvent effects.

3.4 Emission Spectra: Fluorescence and Phosphorescence. Figure 4 displays the energy-level diagram for the low-lying
The emission spectra of acridine is strongly dependent on thesinglet and triplet states of isolated acridine computed at the
properties of the environment. In the vapor, aprotic, nonhydro- MS-CASPT2 level. The excitation energies (eV) are band
gen-bonding, and hydrocarbon solvents, acridine has virtually origins Eg) and the dipole moments (D), obtained at the
zero fluorescence quantum yields and fluorescence lifetimes inPMCAS-CI level, correspond to the states at their optimal
the picosecond range. In hydrogen-bonding solvents, i.e.,geometry. It is believed that the present methodology yields
alcohols and alkaline water, both the fluorescence quantum accurately the relative position of the states, within-D12 eV
yields and lifetimes increase, the latter up to the nanosecondwith respect to the actual data; further refinements are obviously
scale®1%23 As in many N-heterocyclic and aromatic carbonyl out of the scope of the present study.
compounds, the photophysics of acridine is controlled by the  The 1!B; n — x* state is the lowest singlet excited state in
relative position of the closea — z* and & — 7* low-lying isolated acridine. The geometrical relaxation from the vertical
singlet and triplet excited states of the molecule, a position that excitation at the ground-state geometry is large, near 0.7 eV,
may be extremely perturbed by the solvent. Two models have from 3.87 to 3.18 eV, as it is common in this type of transitions
been used to provide an explanation of the photophysics of where the density charge moves from th® thesr systentt6:47
acridine. First, a reversal of the two lowest singlet excited state The computed transition rate (Einstein’sz;Acoefficient)
has been suggested. Whilemr> 7* state could be the lowest  obtained using the transition dipole moment in absorption and
S, state in the vapor and aprotic solvents, giving rise to a weak the energy of the vertical emissioB,f) toward the ground state,
radiative process, a stabilized— z* state could become the  2.57 eV (cf Table 4), is low, 8.1% 10* s71, and the state has
S; state in polar and protic solvents, because of such environ-a large radiative lifetime of 12.3s. Consequently, in the vapor
ment destabilizes the — x* state, leading to an intense phase or nonpolar solvents, where thestte hasn — a*
fluorescence (see, e,gef 23). A second model considers that character, the low intensity of fluorescence (proportional4g A
it is the efficient vibronic coupling that occurs among close can be predicted and the radiationless processes should prevail.
electronic states the responsible of the radiationless mechanismét is necessary to bear in mind that the total emission rate of a
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TABLE 7: Experimental and Computed Fluorescence
Parameters in Acridine

Experimenta

solvent  Emax(eV) 7 (pS) oF Axi(sY)  Traa(NS)
vapoFf 3.0 13 <10° 7.69x 10° 1300
hexané 3.06 45 9.6x 105 2.13x 10° 470
benzengé 3.02 54 3.3x10% 6.13x 108 163
ethanot 2.99 350 7.9 10°% 2.22x 107 45
methandl 2.97 377 0.0102 2.76 107 37
watef 2.88 11300 0.34 3.03 10/ 33

Theoreticdl

state  Emax(eV) 12 (au) A1 (sY) Trad (NS)

1'B; 2.57 0.178 8.1 10* 12300.0

21A; 2.71 1.046 2.3% 107 42.9

1'B, 3.28 1.170 5.18¢ 107 19.3

@ Selected experimental data. More values reported in refs 6, 8, 10.
buiy transition dipole moment in absorptiofEma.. fluorescence
maxima. See text for the other parametérBransient spectrum in the
vapor? ¢ Time-resolved fluorescence in solutibn® Time-resolved
fluorescence in alkaline watér.

transition (1) is related to the radiative (&4 and nonra-
diative (1fnonrag rates byt

1

Tk

1

T,

1

nonrad

rad T

with 754 being large for transitions with a low transition dipole
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maximum) is computed at 2.71 eV for this state, which
represents a Stokes shift of 1.0 eV. The fluorescence rate for
the ZA state is computed to be 2.3310" s ! and its radiative
lifetime, 42.9 ns, more than twice the calculated rate for the
11B, state.

As it was stated above, the experimental evidence in
absorption points out the following order for the band origins
of the transitions: B;, 3.16 eV; 2A4, 3.23 eV; and 1B,, 3.48
eV. These assignments have been performed for acridine in a
biphenyl crystdl® and might be representative of the state
ordering in nonpolar environments, although small excimer
effects have to be considered in the matfixompared to the
theoretical results: B, 3.18 eV; 2A4, 3.34 eV; and 1B,
3.28 eV there is a reversal in the order of the~ =* states.
One possibility is that the methodology employed is not accurate
enough to give the appropriate ordering. In a nonpolar solvent
such as benzend? acridine has a weak and structured
fluorescence band with maximum at 3.02 eV. In alkaline
watef."11.28the band is broader and shifts slightly toward lower
energies (maximum 2.88 eV). Considering the computed dipole
moments of the states at their equilibrium geometrie®8;,1
—0.18 D; By, 1.82 D; and 2A;, 2.61 D, compared to the
ground-state value, 1.97 D, it is reasonable to expect a
destabilization of the B; n — z* state and a stabilization of
the 2ZA; m — 7* state on increasing the interaction with the
solvent. In the extremes of the scale we will find a low-lyimg
— gr* state in vapor giving rise to a nonfluorescent system (
< 1075 1 = 13 p$9), while in alkaline water (to prevent

moment. Table 7 compiles the computed and measured datdyrotonation) the I, state will be stabilized to give a strong
for the energy differences, lifetimes, and quantum yields related fluorescence de = 0.34, 7 = 33 n$) corresponding to the

to the fluorescence process. The hypothesis of an S 7*
state seems confirmed by the data reported in the Vapor,
hexané® and benzenél® In all these environments the
measured quantum yieldgd) and fluorescence lifetimesH)

are low,~10° and~10"11 s, respectively. Considering that
the relation between the radiative rater(dyj and the total decay
rate (1t¢) is the fluorescence quantum yiéld

¢F = TIJTrad

the estimated radiative lifetimerfg) in nonpolar solvents is
about 10° s, clearly corresponding to a weak emission from
the long-lived 1B; n — 7* state.

The 1B, 7 — z* state is computed as the lowest singlet

XCi in the vertical rption rum. Th metrical ;
excited state in the vertical absorption spectru © geomet Caé‘lowever, as an argument to diminish the importance of the

relaxation decreases its energy with respect to the ground stat

by 0.3 eV. As can be seen in Table 1, the changes in the bond

lengths and angles from the ground-state structure are small
as it is usual for the long-axis polarizétl, states in other
aromatic and heterocyclic compourfd§ransitions to thes_j,
states usually produce structured bands where the origin
transition corresponds to the most intense feattiithe band
origin for the 1B, state is computed at 3.28 eV, as is the vertical

emission computed for the— s* states. In particular the'2

state, with a computedaq= 42.9 ns, should get stabilized more
than the 1B, state by the effect of polar solvents because of its
larger dipole moment. Between the two situations, the vapor
and aqueous phases, a crossing of the three states has probably
taken place depending on the environment. One can suggest
that there is no contradiction between the two models mentioned
before to explain the acridine photophysics. The present results
support the idea of a state reversal, from> 7* to 7 — 7%,

for the lowest singlet state on increasing the solvent polarity,
but obviously all states are close enough to make the vibronic
interactions to play an important role in many of the environ-
ments. The absence of out-of-plane-B bending modes
neighbors to the nitrogen atom in acridine has been used,

Vibronic coupling in this cas&.

The dependence of the fluorescence maximum of acridine
in different solvents was reported by Diverdi and Tefpvary
from 3.06 eV in hexane to 2.88 eV in alkaline water. The results
in polar solvents agree with the computed fluorescence maxi-
mum for the 2A; 1L, state at 2.71 eV. The shift of the peak to
higher energies for nonpolar environments, where g 4tate

emission. These results probably underestimate the Stokes shiftiS suggested to be the lowest singlet excited state, cannot be

as previous experience indicafé$>because th&_, band origin

is placed too low by the calculations. As it could be expected
by its larger transition dipole moment, the computed fluores-
cence rate is much larger in théBk than in the 1B; state, and
therefore the radiative lifetime falls in the region of nanosec-
onds: 19.3 ns. Theld; &# — #* 1L, state relaxes 0.43 eV,
yielding a band origin of 3.34 eV. Thd_, state optimized

easily related and explained by the computed vertical emission
from the £B; minimum at 2.57 eV, lower than for the previous
state. It must be pointed out, however, that the> 7* state

has a large geometry relaxation and, therefore, a large vibrational
progression can be expected. This makes the usual assumption
based on the FranekCondon principle that relates vertical
emission with emission band maximum to be probably less

geometry is quite different from that of the ground state (see valid. Instead, the band maximum tends to the band origin

Table 1). For instance, the bond alternation in the rings reverses,

as it occurred for the equivalent short-axis polariZegistates
in many other systent$:54"The vertical emission (fluorescence

around 3.2 eV.

The relative position of the triplet states is also of crucial
importance when considering the photophysics of acridine. The
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computed results displayed in Figure 4 place as the lowest tripletinternal promotion from §x7 — a* to S, (or &) n — x*

state the 3A; & — 7* 1L, state with a band origin of 1.75 eV  followed by ISC toward Tz — %, as it has been suggestéd

and a dipole moment slightly smaller than that of the ground to explain the increase of ISC with temperature in polar solvents.

state. This state will keep the relative order despite any solvent Assuming the radiative rate constant to be temperature inde-

effect due to the large energy separation with respect to the pendent! the decrease ofr with temperature reflects the

other electronic states. The relaxation from the vertical absorp- dependence ofnonrad that is, the nonradiative paths such as

tion is large, near 0.7 eV. Band origin and vertical emission ISC. Other explanation could be related with the decrease of

are, however, computed at the same energy. Correspondinglythe m — n*—n — z* energy gap by thermal activation (for

phosphorescent emission (band origin and maximum) has beerinstance by breaking hydrogen bonds), favoring the internal

measured at 1.96 eV in neon matri€nd ethanol. The second conversion to the $state and decreases the fluorescence lifetime

triplet state is computed to be théB, n — x* state, placed at ~ and intensity:!

2.90 eV with a very small dipole moment0.39 D. This state The acridine photophysics has many other aspects that have

will be destabilized in the presence of polar solvents, decreasingbeen studied and discussed, such as the changes on the emission

the separation with respect to the— x* singlet excited states,  properties by protonation. The absencenof> &* states and

in particular to thell, state. Finally, the calculations in the the presence of'A; !L,as the lowest singlet excited state upon

isolated system place the T°B; & — 7*(lLp) state at 3.09 eV protonation guarantees the intense fluorescence of the acridinium

with a dipole moment of 1.67 D, similar to that of the ground ion, recorded at pH 2 with a fluorescence maximum 0.3 eV

state, 1.97 D. It is known, experimentally, that the position of lower than acridine in alkaline aqueous solutiéhg:urther

this state is almost solvent-independ&t effects such as those related to the dimerization of acriine,
Considering the computed state ordering, the photophysicsthe photophysics in solid matric&or photoreductioff can

of acridine can be summarized as follows. In the vapor, the be found in the I|_te_rature. To get insight into certain questions

lowest — 7* S, state is produced by optical excitatiors (3 related to the acridine spectroscopy, we have, however, focused

— 7* in a minor extent). Subsequently, a rapid internal the presentstudy to the characterization of the low-lying excited

conversion to the Sh — 7* state, close by near 0.1 eV, takes States of the isolated system, mainly because we are confident

place. As the radiative lifetime of the — =* is large (in the of the quantitative, predictive character of our theoretical results

order of microseconds), the nonradiative processes, intersystenPn €lectronic states. Studies are in their way on acridine

crossing (ISC), and internal conversion (IC) will prevail, derivatives with the aim to give an overall picture of the

preventing the fluorescence to occur. An efficient intersystem Photophysics of this family of compounds.

crossing, $(n— z*) to T3 (= — 7*), takes place (the computed _

energy separation is less than 0.1 eV) followed by internal 4- Summary and Conclusions

conversion to the T(z — =*) state. The internal conversion Ab initio CASSCF and MS-CASPT2 calculations have been
from S; to S becomes also a very efficient process. Finally, a performed on the singlet and triptet— 7+ and n — 7* valence

weak phosphorescence will be observed from Higure 4 excited states of acridine. The geometries of the ground and
mcludes.the state ord'erlng and properties, describing the overall|0v\,_|yirlg singlet and triplet states have been optimized in order
mechanism schematically. to obtain appropriate energy differences to study the spectros-
The relative position of the states will be perturbed by copy of the system. Vertical absorption energies from the
different effects, such as polarity of the environmehexcimer ground-state geometry, tripletriplet absorption energies at the
effects in crystal matrices,? temperaturé;*2 and acidity of ~ optimized geometry of the lowest triplet state, band origins
the medium'! Focusing on the solvent effects and considering between state relaxed minima, and vertical emissions from the
the energy and dipole moment values listed in Figure 4, the relaxed minima of the excited states to the ground state have
major perturbations upon increasing the solvent polarity are been computed together with other properties such as dipole

expected to occur for the'®; (S) and £B; (T) n — * states, moments and transition properties (oscillator strengths, radiative
and by the 2A; (Sg) 7 — #* state, because of their small and rates, and lifetimes). The lowest Rydberg state has also been
large dipole moments, respectively. The— z* states experi- located in the spectrum of acridine. In addition, calculations on

ence a more pronounced destabilization, probably placing themthe states of the acridinium ion have been performed in order
above ther — n* states. The 2A; state, on the contrary, and  to analyze the effects of protonation on the spectroscopy of the
as it has been already discussed, will become thst&e on system.

polar solvents such as ethanol or water. The photophysics of The three main band systems observed in the spectrum of
the system will be perturbed accordingly. To have amS~ acridine in different solvents®20have been fully assigned here.
7* state means to have an emission with short radiative lifetime The lowest energy band of medium intensity reported from 3.2
(computed 42.9 ns for thelR; state) leading to an intense to 4.1 eV has been found to be composed of three electronic
fluorescence. In nonpolar solvents, an efficient 1ISC (15— transitions: 1A; — 11B; (Lp) and FA; — 2'A; (1L,), bothz

7*) — T3 (r — r*), may occur’® enhancing the radiationless — x* promotions computed vertically at 3.58 and 3.77 eV,
decay rate. The interchange of the singlet states to giva an S respectively, and the!A; — 1'B; n — z* transition computed

— sr* state deactivates this type of relaxation path because of to lie vertically at 3.87 eV. The latter becomes the lowest singlet
the unfavorable spinorbit coupling betweemr — n* states excited state by geometry relaxation and has a band origin of
(new S and T3).56 Another coupling may take place between 3.18 eV. Thell,, state at 3.28 eV is computed to be the second
the § 7 — z* and T, n— x* states depending on their relative  excited-state adiabatically, very close to the state at 3.34
position and separation upon solvation. In the isolated system,eV. In polar solvents, and mainly because of the smaB{jL

the computed energy difference between th&; Xtate (better and large {L,) dipole moments of the states, the reverse ordering
candidate to become, $1 polar solvents) and the’R; state is can be predicted, making the— 7* 1L, state the lowest singlet
0.44 eV. The energy separation is too large to originate an excited state. This fact is consistent with the observed red shift
effective coupling. It is more probable that an efficient ISC is in polar solvents and the dramatic change in the fluorescence
produced with an increase in the temperature, and after thequantum yield. In absorption, the band peaking at 5.0 eV is
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mainly attributed to the transition to théB !By, state, while

the broad band observed at 5.9 eV can be assigned to th
excitation to the 5, state. Shoulders to some of these bands

J. Phys. Chem. A, Vol. 105, No. 42, 2004673

(22) Platt, J. RJ. Chem. Phys1949 17, 489.

e (23) Prochorow, J.; Kozankiewicz, B.; Gemi, B. B. D.; Morawski, O.

Acta Phys. Pol.A 1998 94, 749.
(24) Lim, E. C. InExcited StatesLim, E. C., Ed.; Academic Press:

have been also assigned to excitations of different states of theNew York, 1977; vol. 3.

absorption spectrum. The lowest Rydberg transition has been

located at 5.84 eV. Regarding the triptetiplet spectrum, the

(25) Wassam, W. A., Jr. lExcited StatesLim, E. C., Ed.; Academic
Press: New York, 1982; vol. 5.
(26) Prochorow, J.; Deperasika, |.; Morawski, OChem. Phys. Lett.

two observed peaks at 1.26 and 2.95 eV have been assigned t@goq 316, 24.

the transitions to the second3Bk) and eighth (2B,) triplet

(27) Kasama, K.; Kikuchi, K.; Nishida, Y.; Kokubun, H. Phys. Chem.

states, and the contradictory dependence of these bands witd981 85 4148.

the solvent found in the literature has been clarified. Finally,

(28) Gafni, A.; Brand, LChem. Phys. Lettl978 58, 346.
(29) Andersson, K.; Malmgvist, P.-ARoos, B. OJ. Chem. Phys1992

calculations on the low-lying states of the acridinium ion have 96, 1218.

established the stabilization of théAa 1L, state with respect

to the analogous state of the neutral system, while the remaining

states basically maintain their position and nature.

(30) Finley, J.; Malmgvist, P ARo0s, B. O.; Serrano-AntseL. Chem.
Phys. Lett.1998 288 299. i

(31) Roos, B. O.; Andersson, K.;"Beher, M. P.; Malmqvist, P.-A
Serrano-Andrs, L.; Pierloot, K.; Mercha, M. In Advances in Chemical

As regards the emission properties of acridine, the presentPhysics: New Methods in Computational Quantum Mechamidgogine,
findings support the model of a state reversal in the ordering of 1, Rice. S. A., Eds.; John Wiley & Sons: New York, 1996, Vol. XCIll, p

the low-lying singlet states upon increasing the polarity of the

(éZ) MercHa, M.; Serrano-Andrg L.; Fischer, M. P.; Roos, B. O. In

solvent. A scheme for the photophysics of acridine in the vapor Recent Adances in Multireference Thearyirao, K., Ed.; World Scien-

has been built, where the— z* state is the $nonfluorescent

state and the radiationless processes are proposed as the main

tific: Singapore, 1999; Vol. IV, p 161.
(33) Serrano-Andg L.; Roos, B. OChem=—Eur. J. A1997, 3, 717.
(34) Molina, V.; Mercha, M.; Roos, B. O.J. Phys. Chem. A997,

relaxation mechanisms on the basis of the relative position of 101 3478,

the low-lying singlet and triplet states. The intense fluorescence

(35) Widmark, P.-O.; Malmgqvist, Pf-ARoos, B. OTheor. Chim. Acta

of acridine in polar media can be easily rationalized by the 1999 77, 291.

expected energetic stabilization of tRe, # — z* state,

(36) Roos, B. O.; FHscher, M. P.; Malmqvist, P-A Mercha, M.;
Serrano-Andrs, L. In Quantum Mechanical Electronic Structure Calcula-

predicted in terms of the computed dipole moment. In this tions with Chemical AccuragyLanghoff, S. R., Ed.; Kluwer Academic

manner, thell, # — z* state becomes the short-lived,
fluorescent $state in polar solvents.
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