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Theoretical Study of the Photophysics of Adenine in Solution: Tautomerism, Deactivation
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The lower singlet excited states of isolated and solvated tautomers of adenine and of the fluorescent isomer
2-aminopurine have been studied with different quantum mechanical methods: geometries have been obtained
at CIS level, while calculations of electronic structures have been performed using a multireference perturbed
Cl method and (for excitations) a TDDFT approach. In all calculations, the solvent (e.g., water) has been
described within the IEF polarizable continuum model (IEF-PCM). The results have been successfully compared
to experimental absorption and emission spectra. The same approach has been applied to the analysis of
possible deactivation mechanisms acting on adenine but not on 2-aminopurine: both effects due to the proximity
of m — w* and n — z* states and the chance of an intramolecular twisting of the amino group have been
considered.

1. Introduction excited state lifetime and thus lowers the resulting fluorescent
guantum yield.

In the specific context of the adenine chromophore, it is
interesting to introduce a comparison with its isomer 2-amino-

Detailed knowledge and understanding of the electronic
structure of the genetic material is one of the natural goals of

science; in practice, this interpretation relies heavily on data i L
for the excited-state properties of the constituent chromophores,purlne (ZAMP)’ Itis in far_:t well-known th"’.‘t th_e quore_scence
quantum yield for 2AMP in aqueous solution is G&hile it

the nucleic acid bases. A large number of theoretical and .

experimental studies have been performed (here we quote as only about 0.0003 for Adeand it is also known that their

“classic” review! but many other more recent references will absorption spectra are rather differen_t in the low-energy r(_egion.
be given in the following); most spectroscopic studies refer to For all these_ reasons, 2AM.P’ which can be synthetl_cally
dilute aqueous solutions, whereas theoretical works, for the mostmcorporatgd into DNA \.N'th little perturbaulon.of .the native
part, have been focused on the gas phase. Calculations Wi,[hdouble_-hellcad structure, is often used as an intrinsic fluorescent
explicit consideration of the solvent are in fact still limited, and probe in substlFut|on of Ade.. )
in general, they have been based on simple solvent models Several possible deactivation mechanisms have been proposed
(especially Onsager), and/or they have been focused on just fewf© explain the_low emission of Ad_e; here in particular, we rec_all
of all possible aspects of the problem. Consequently, the the hypothesis of vibronic couplings between nearby excited
literature appearing so far on condensed-phase studies on DNAStates, which could cause the quenching of the luminescence,
components mainly reduces to a set of fragmentary information @1d the chance of conformational changes such as twisted
with respect to the large and detailed body of gas-phase studiesintramolecular charge transfer, which could account for the
With this paper, we try to change this trend, aiming at dlfferences |_nthe_photo_py3|cs of the two isomers. The objective
realizing a coherent condensed-phase study more than a partia‘i’f th|slwork Is to mvelstlgate.tht.a physical packground fqr these
analysis of solvent effects. Both the nuclear and electronic V€'Y d|_fferent absorption/emission properties of the two isomers
structures of ground and excited states will be obtained in the WNen in the presence of a polar solvent like water. _
framework of an accurate quantum mechanical solvation ap- ~ Correlated quantum chemical calculations (DFT and CIS) will
proach also including possible nonequilibrium phenomena e used to investigate the geometry of ground and excited states
between solute and solvent due to the dynamical nature of the@nd the spectroscopy (Cl and TDDFT) of the two molecules in
problem. gas phase qnd in water_solution; for the latter, the rgvised version
In particular, the specific aspect we have selected within the ©f the polarizable continuum model (PCRyvhich is known
huge field of possible investigations on DNA bases is the With the acronym IEF (integral equation formalisfrill be
photophysics of adenine (6-aminopurine or Ade). Like the other &Xploited.
nuclei acid bases (guanine, cytosine, thymine, and uracil),
adenine is nonfluorescent at room temperatinegther words, 2. Computational Details
nature has developed a strategy to avoid damaging photochem-
istry in the nucleic acids carrying genetic materials. Such a
strategy seems to be related to a mechanism that limits the

Geometries. The geometry optimizations for ground and
excited states both in vacuo and in water solution were
performed with a development version of Gaussian program
* Corresponding author. E-mail: bene@dcci.unipi.it. paCk.agé' The ground St.ates were .Obtam.ed at the dqnsﬂy
T Universitadi Pisa. functional theory (DFT) using the hybrid functional which mixes
* Universitadi Milano. the Lee, Yang, and Parr functional for the correlation part and
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the Becke's three-parameter functional for the exchange TABLE 1: B3LYP/cc-pVDZ Geometrical Parameters of 9H
(B3LYP)S The basis set used was the correlation consistent and 7H Tautomers of Adenine in Vacuo and in Solution
valence doublé- (cc-pVDZ) developed by Dunning.To 9H 7H

evaluate excited state geometries, we used the simple ab initio

. A . . . . . : vac water vac water e)?p
configuration interaction, including only single excited con- NL—C2 1345 1346 1351 1348 L3a4
figurations (CIS). The basis set was still that used for ground- . ) ‘ ) ‘ :

. N N1-C6 1.346 1.352 1.339 1.348 1.355

state DFT calculation. Also, for CIS optimizations and fqr the co_N3 1.338 1.338 1.330 1.332 1331
DFT ones, the solvent was analytically included both in the N3-c4 1.341 1.346 1.347 1.354  1.344
energy and the gradient step of calculatién. C4-C5 1.401  1.402 1.410 1.406  1.396
Spectra and Transition Properties.To describe the ground C5-C6 1414 1417 1410 1.413 1416

d excited states of Ade and 2AMP, we used both the time- coN7 1.386 1.387 1.388 1.384 1.388
an ; : , € C6-N10 1353  1.349 1.366 1.352  1.340
dependent density functional theory (TDDFT) and the multi- N7—-c8 1.313 1.318 1.375 1.364  1.323
reference perturbation configuration interaction method, known C8-N9 1.382 1.377 1.312 1.322 1.368
with the CIPSI acronym? with the same basis set exploited to ~ C4—N9 1379 1376 1347 1382 1372

get geometries.

Concerning the CIPSI algorithm, at each molecular geometry, N3—c4—C5 1270 1267 1234 1236 1273
both in solvent and in vacuo, configurations were selected with C4—-C5-C6 115.8 116.2 1185 118.8 116.4
the “aimed selection” schemié;this allows for defining a C5-C6-N10 1221 1226 1245 1243 1243
variational subspace of electronic configurations, giving a
balance_d de;cription of all the elec_tronic states c_)f inte_rest. The C5_N7-C8 103.9 103.9 106.0 106.3 103.8
calculations in vacuo were made in two macroiterations (the N7—cs—N9 1135 113.4 1140 1138 1138
first to get the natural orbitals used in the second one), which
in turn are constituted by three perturbative selections (micro-
iterations). For the calculations in solution, the macroiterations
are repeated until convergency of the final variational energy X .
for each electronic state (see below for further details). The water, the two values used for the dielectric constant are 78.39
resulting variational wave functions, expanded over up to about and 1'77_6' foe ande_m, respectlyely. In t.he framework of IEF-

16 000 selected determinants, were the basis for a diagrammatid’CM. this scheme is realized introducing two sets of apparent

quasidegenerate perturbation theory treatrifgatyith a Maller— charges representing the electronic (or fast) and the slow
Plesset (MP) partition of the Hamiltonian contributions of the solvent reaction, respectively.

CIPSI calculations were carried out interfacing the original hef\es z%'g ikr)ggr?r; tthe emiglug;e ilﬁtg?obci(ijgedslnhzrrgglig#tirrecgvg
algorithm, modified as described in ref 13 so as to take into selected nuclei (the heavy atoms plus ?he?m drogens bonded to
account the solvent, to a development version of GAMESS Y p ydrog

package The TDDFT calculations were run on a development nitrogen). The chosen radii are 1.9 for the aromatic carbons
version 6f Gaussian package bonded to an hydrogen atom, 1.7 for C bonded to amino

. . . nitrogen, 1.6 for all N, and 1.2 for hydrogens bonded to N. All
Solvation. In the PCM-IEF solvation modélithe solventis  q radii have been then multiplied by 1.2 in order to take into
mimicked by a dielectric continuum with dielectric constant

i A ith sh 4 di : gi p h account the impenetrable core of the solvent molectiles.
sur{oun '”gt"’? ca\{lty \;V't S fart)ﬁ an | |tmenS||on al ]uﬁ_tﬁ (I)nttt € we finally recall that in the PCM-IEF version used in this
:)%?ar%?ezntqr?er!scol\slerztc aunrg ir?ducees 2?1 l:zl(eac'?iS f?:ILcji%he “feaitis:\ paper, fo the solvent electrostatic reaction described above
. s . additional repulsive interactions between solute and solvent are
field”) which interacts with the solute. In the IEF model, the P

L S : included. For the latter, we have used the model originally
solute-solvent electrostatic interaction is represente(_j in terms ¢ lated by Amovilli and Mennucd®
of an apparent charge density spreading on the cavity surface,
which gives rise to specific operators to be added to the
Hamiltonian of the isolated system to obtain the final effective
Hamiltonian and the related Scldinger equation. Solvent terms It has been shown both theoretically and experimentally that
depend on the solute wave function they contribute to modify, Ade exists in two tautomeric forms (9H-Ade and 7H-Ade) in
and thus, the problem requires the solution of a proper SCF water solution, with the 9H tautomer as the major component

scheme. (about 80%Y while in the gas phase the 9H tautomer largely

This is the general approach, in which solute electronic and dominates? This dependence on solvent has been explained
nuclear charge distribution and solvent reaction field can by the 7H tautomer having a substantially larger dipole moment
mutually equilibrate; however, in vertical electronic transitions than that of the 9H tautomer. Furthermore, it has been said that
(both absorptions and emissions), the relaxation of the reactionthe major part of the emission of Ade comes from the 7H
field in the direction of the new solute electronic state may be tautomeri® Concerning AMP, recent experimental results show
incomplete. In particular, if we take into account the magnitude that the 9H tautomer is the predominant form preser@7%)
of the typical times characterizing electronic and nuclear (or and that the 7H contribution to fluorescence is very srall.
molecular) motions, we can safely assume that in these fast Following such suggestions in this work, we have limited
phenomena only the part of the solvent reaction which is induced the tautomeric analysis to Ade, treating 2AMP as the single
by the polarization of its electrons can immediately modify 9H tautomer.
according to the new electronic state reached by the solute in  3.1. Ground-State Geometries and PropertiesThe most
the transition process, while all the rest remains frozen in the important geometrical parameters of the ground state of the two
previous equilibrium condition determined by the initial state. Ade tautomers and of 2AMP are collected in Tables 1 and 2,
In a reasonable approximation, the fast component can be takerwhere the numbers used to labels atoms are reported in the
proportional to the dielectric constant at infinite frequergy following scheme for each of the three molecules (the afigle

aCrystalline 9-methyl adenir.

wheree,, ~ n? andn is the refractive index of the solvent. For

3. Results and Discussions
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TABLE 2: B3LYP/cc-pVDZ Geometrical Parameters of TABLE 3: Dipole Moments (D) and Relative (free) Energy
2-Aminopurine in Vacuo and in Solution Difference (kcal/mol) between 9H and 7H Tautomers of
Adenine in Vacuo and in Water Solution
vac water exp

N1-C2 1.361 1.365 1.355 CIPSI DFT
N1-C6 1.333 1.335 1.324 vac water vac water exp (dipole)
C2—N3 1.350 1.353 1.345 9H
N3—C4 1.330 1.331 1.319
Ca-C5 1.413 1.414 1.386 a 244 316 233 320
C5-C6 1.398 1.396 1.408 7H 2.4—(3.0+ 0.2y
C5—N7 1.391 1.393 1.386 A +6.92 +2.12 +9.02 +3.17
C2—N10 1.362 1.358 1.352 u 7.38 10.23 7.33 10.27
N7—C8 1.308 1.313 1.320 . . .
C8—N9 1.390 1.384 1.363 a Crystalline 9-methyladeniri. ® 9-Butyladenina in watet
C4—N9 1.375 1.372 1.373
N1-C2-N3 127.7 127.1 126.7 significant changesy-?>For a detailed discussion on the quality
(N%:gi:gg Eé-g i%gg E%g of ab initio structures for these and related molecules including
C4-C5-06 115.0 1153 1152 comparisons with experiments, the interested reader is referred
N1-C2-N10 115.6 115.9 116.2 to ref 24. _ _
C4—C5—-N7 110.9 110.7 112.2 Contrary to what was found for geometries, both the dipole
C5—-C4—N9 104.7 104.9 104.4 moment and the tautomerism between 9H and 7H forms of Ade
C5-N7—-C8 104.1 104.0 102.6 are largely affected by the solvent.
N7—C8—N9 113.8 113.8 1141

As shown in Table 3, the dipole moments of both tautomers
2 Ref 22. increase in water with respect to gas-phase-iyD and~3 D
) . . . . ) on the 9H and 7H tautomers, respectively. Both CIPSI and DFT
gives the orientation, in positive values, of the transition dipole ¢4|cylations show that the 9H tautomer is energetically favored
moment vector, according to the De Vg&inoco conventio??). both in vacuo and in water, where, however, the contribution
of 7H increases due to its larger dipole momenrtLQ vs~3
D); the relative (free) energy difference between the two
tautomers goes from 6.92 kcal/mol (9.02 at DFT level) to 2.12
kcal/mol (3.17 at DFT level), passing from gas phase to solution.
These findings agree with both experimefftal and previous
theoretical datd8
3.2. Absorption. The analysis of the observed absorption
spectrum of adenine is rather complicated due to two almost
overlapping transitions in the first absorption band. Furthermore,
this strong overlapping makes the evaluation of oscillatory
strengths largely uncertain; in fact, to obtain oscillatory strengths
for each individual transition, some type of band fitting is
necessary, and in the case of adenine, this methodology is
complicated by the fact that the two involved transitions are so
close to overlap. Even more complex is the determination of
the transition moment directions.
The *“historical” information we have is that the UV/vis
absorption spectrum of Ade exhibits a low-energy band, with a
2AMP peak measured around 252 nm (4.9 eV) in the gas phase which
is red-shifted to~260 nm (4.8 eV) in water solutiot?. Since
All the geometries have been obtained without imposing any the first observation by Stewart and Davidson in 19618 has
symmetry, but both in vacuo and in solution, the resulting been confirmed multiple times using various spectroscopic
structures are almost planar. The inclusion of solvent effects techniques that this band contains at least two electronic
leads to small differences in the value of bond distances andtransitions. In water solution and crystal environments, the
bond angles in any of the three molecules. In general, the resultstransitions are separated by approximately 10 nm, and typically,
agree with the available experimental data; however, such the first transition is weaker and centered around 270 nm (4.6
comparison lacks a real coherency, as both experimentaleV).3!n— z* transitions are also expected to be present in the
references are not exactly the molecules we are stuehing  electronic spectrum at intermediate energies. They are, however,
particular for Ade, we report the neutron diffraction geometry about 2 orders of magnitude less intense than z* transitions.
of 9-methyladenin® and for 2AMP the X-ray structure of 9-[4-  Clark has tentatively assigned— z* transitions in adenine at
acetoxy-3-(acetoxymethyl)-butyl]-2-AMP. 244 nm (5.08 eV) and around 204 ribut completely sure
The agreement is sufficiently good also with previous data are not available yet. Recent film dichroism and emission
calculations exploiting different approaches (we mainly refer anisotropy studies of the purine and 2-aminopurine chromo-
to MP2 and CASSCF dat&};26 for computations, the com-  phores have enabled the identificationrof~ z* transitions
parison is necessarily limited to gas-phase results, as no cleabelow (purine) and above (2-aminopurine) the lowest 7*
computed data are available for solvated structures (to the bestransition.
of our knowledge). The only significant difference is in the out- Information concerning transition moment directions stems,
of-plane angles of the amino hydrogens which, for both Ade on one hand, from polarized absorption spectra on 9-substituted
and AMP, were computed to be abotiR1° at the MP2/cc- adenine derivatives in the solid st#té?and, on the other hand,
pVDZ level (the improvement of the basis set showed no from linear dichroism measurements on 7 and 9 methyladenine
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TABLE 4: Summary of Experimental and Present different characteristics of the two approaches when applied to
Theoretical Values (CIPSI and TDDFT) for the Excitation solvated systems.

Energies (eV) for Adenine Tautomers in Vacuo and in . .

Watera We note that both methods consider possible solvent non-

equilibrium effects due to the fast transition process, during

CIPSI TDDFT which the slow component of the solvent response remains fixed
vac water vac water exp to the value obtained after equilibration with the initial, ground
9H state; thus, the main reason for their discrepancy has to be
nT* 4.96 5.03 4.97 5.11 searched elsewhere, for example, in the basic structures of the
F 0.001 0.00 ~ 0.000  0.000 two calculations. In the TDDFT approach, as in a random phase
i g'gio ‘é‘%%ﬂ %‘%%7 50'02219 4(55055/0009 approximation (RPA) scheme for the Hartréeock wave
0 —a47 +77 ' ' 166748 function, excitation energies are obtained directly from the HF
TT* 5.34 4.98 5.35 5.29 4.81 ground state. On the contrary, in the CIPSI calculation, a real
f 0.359 0.164  0.065 0.085 0.98.24 ClI construction of each state is computed; this requires some
0 +53 +45 +199+35 specific refinements when coupled to the solvation IEF model.
H In particular, to take into account the dependency of the
][‘”* g'ggl ‘(1)'%%1 %%)%1 solvent response on the solute wave function, we nested an
pu— 4.89 464 4.97 497 453 additional iterative procedurg (|nd|ca_ted as macronerauon) to
f 0.076 0.143 0.0934 0.152 0.11 the general ClI algorithm. This algorithm, with the following
0 +14 +21 +45 Cl-diagonalization and evaluation of the density matrix, is
T 5.56 5.00  5.36 5.35 4.90 repeated so that at each stepa new set of apparent charges
[9 +1%037 20-066 0.002  0.050 1610-09 computed from the density matrix of step— 1 is calculated

and used to evaluate the current solvent operators. The procedure
2 Experimental data refer to 9 and 7 methyl adenine (9 and 7 MA). is repeated until convergency on the final energy is obtained
" In water solutiort? ©In crystals™-*2 ¢In PVA film with an error of (such a scheme constitutes the macroiteration). In addition, the
£ molecular orbitals defining the CI basis are renewed at each
step of the macroiteration in terms of the current natural orbitals;
in this way, in fact, solute wave function and solvent charges
can completely readjust in a self-consistent scheme. The
complete application of this scheme means that each electronic
state (ground and excited) requires a separated calculation
involving a macroiteration optimized on the specific state of
interest. This procedure is then generalized to include nonequi-
librium effects by performing first a ground-state calculation
from which the slow apparent charges and the related energies
are obtained and saved in a file, and then a successive calculation

oscillatory strength determined in PVA film for the lowest on the excited state with the previous ground-state apparent

transition is only 0.05, whereas that estimated for crystal is 0.09. charges as an additional sou'rc.e of solvgnt reactlgn.
For the second transition, PVA estimate of the oscillatory If we go back now to the original question (possible reasons
strength is 0.24 and crystal one is 0.18. It can, however, be for CIPSI-TDDFT dlfferen_ces in solut_|on), keeping in _mlnd th|s_
noted that the sum of the oscillatory strengths for the lowzest scheme for the construction of the different ellectronlc states in
— 7* transitions are almost the same regardless of methodology. S0lution, we can understand why CIPSI excited states which
Passing to calculations, in Table 4, we report the CIPSI and &€ computed with a more complete coupling between solute
TDDFET results of the three lowest transitions for the two and solvent can be stabilized more than in a TDDFT approach
tautomers of Ade both in vacuo and in solution. We recall that @nd thus why the resulting CIPSI absorption energies are always
in these and in all the following calculations, the zero-point 'OWer-
energy (ZPE) variations passing from one electronic state to a Passing to chemical aspects involving comparisons with the
different one have been neglected. experimental evidence, data reported in Table 4 show that for
As the 9H tautomer has been experimentally established (andthe gas phase, CIPSI and TDDFT results are very close and
confirmed by our calculations) as the predominant form both they both sufficiently agree with the only measured data
in the gas phase and in solution, we will try to interpret the available in the literature for the vapor (i.e., a band around 4.9
Ade spectrum preferentially considering the 9H transitions, €V):?°For the comparison with previous calculations, we mainly
adding results obtained for 7H as corrections (especially for refer to the CASPT2 results obtained byigaher et al® the
water solution, where the higher polarity of 7H-Ade stabilizes main difference between this study and our present results is
this tautomer with respect to the 9H form). the relative position of the@ — x* state (which is the lowest
As a first point of digcussion, let us consider a theoretical one at the CIPSI level for both tautomers while is the third at
aspect, namely, the comparison between the two different levelsCASPT2 for 9H Ade), whilex — z* transition energies
of calculation. We can note that CIPSI and TDDFT results are sufficiently agree.
very similar for gas phase (the being difference always less than For solution, CIPSI behaves much better than TDDFT. The
0.1 eV, with the exception of the second— z* transition in larger stabilization of the excited states obtained within CIPSI
7H Ade, for which the difference is around 0.2 eV). Significantly scheme in fact allows to obtain absorption energies very close
larger differences, on the contrary, can be found for solvated to the experiments (4.61 and 4.98 eV computed for 9H Ade
systems for which CIPSI always gives lower absorption energies with respect to 4.554.81 e\#3). This behavior does not
than TDDFT of about 0.20.4 eV. This discrepancy between significantly change if we also consider the other possible isomer
the two methods can be explained taking into account the (7H), as both its absorptions differ of less than 0.05 eV with

partially aligned in stretched PVA fili® For the first two
transitions, resulting transition moment directions are very
similar in the two studies. Thus, both crystal measurements and
stretched film measurements indicate that the lowest z*
transition is polarized at an angle(see the scheme above for
the definition) of about-83° to +66° from the short molecular
axis and that the second transition is polarized at an angle of
about+19° to +35°, depending on the surrounding environment.
However, the oscillatory strengths of both transitions show
significant variations between the two sets of experiments. The
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TABLE 5: Summary of Experimental and Present TABLE 6: Selection of Geometrical Parameters for the
Theoretical Values (CIPSI and TDDFT) for the Excitation Lowest Singlet Excited States of 9H and 7H Adenine as
Energies (eV) of 2-Aminopurine in Vacuo and in Water Predicted with CIS/cc-pVDZ in Vacuo and in Water
CIPSI TDDFT 9H-Ade 7H-Ade
vac water vac water erp vac water vac water
Tr* 4.26 4.07 4.40 4.27 4.05 HL nz* HL HL1 no* #an*  #an*
b e A o odar 010 e 1328 1.359 1314 1357 1.361 1.322 1.306
o 4.46 451 4.47 4.52 <45 N1-C6 1.310 1.285 1.323 1.374 1.289 1.371 1.391
f 0'004 0'002 0'002 0'002 ’ C2—N3 1.403 1.389 1.411 1.346 1.393 1.346 1.353
- 5.58 5'22 5 .48 5 '45 5.13 N3—C4 1.281 1.317 1.283 1.309 1.321 1.323 1.328
f 0.208 O. 103 0'045 O 039 O 06 C4—C5 1.429 1.383 1.433 1.451 1.384 1.460 1.455
0 —64. _72' : ’ ~70 ’ C5-C6 1.462 1.444 1.464 1.409 1.444 1.399 1.406
C5—N7 1.322 1.370 1.313 1.356 1.374 1.345 1.332
a|n water solutior? C6—N10 1.343 1.354 1.341 1.324 1.349 1.348 1.339
N7—C8 1.337 1.280 1.352 1.320 1.284 1.429 1.422
respect to those of 9H Ade; the experimental data for 7TMA gi:“g 1223 igg; ig?g iggg i'ggg igzg i'ggg
confirm this similarity?® N1-C2-N3 127.0 1140 127.0 129.6 113.9 130.7 130.9

Concerning then — z* transition, the most evident resultis ~ C2-N3—-C4 112.6 120.6 1125 114.1 1204 1146 114.1
that in gas phase (both at CIPSI and TDDFT level), it is the N3-C4-C5 126.8 124.6 126.8 124.0 1246 1208 1215
lowest one with transition energy very close to the first> C4-C5-C6 1148 1146 1151 1164 1150 1188 118.8
a* transition, while in solution, it is shifted to the second Ci:gg:“%o ﬁg'g %ﬂ);‘ ﬂg'g ﬁg'g ﬁég %(2)23 %gz'g
(TDDFT) and the third (C'PS') pOSitiOﬂ. Unfortunately, this shift C5—-C4—N9 103.0 104.7 103.3 1035 1049 109.8 109.6
cannot be confirmed by experimental data (due to the small c5-N7-C8 105.2 105.1 105.4 104.7 104.9 106.8 107.3
probability for this transition); however, the low dipolar N7-C8-N9 1124 1125 111.6 1153 1127 111.8 1134
character of the corresponding excited electronic state gives a
sufficient proof about the accuracy of our results, indicating a  Passing to solution, for which experimental data are well-
clear destabilization of the — z* state with respect to the  known, we remark that CIPSI results present a good agreement
more polarr — s* states in water solution. More details on with experiments both in the transition energies and in the
this point will be given below in the analysis of possible de- transition properties (oscillatory strengths and transition dipole
excitation processes. directions), while TDDFT transition energies are slightly too

The good agreement of the CIPSI solvated results with large. The considerations about differences between the two
experiments is confirmed also by the analysis of both oscillatory methods made for the parallel Table 4 of Ade could be repeated
strengths and transition moment directions (see the schemehere. For 2AMP, an experimental value is available also for
above for the definition of convention). Concerning transition the lown — z* absorption, and the corresponding computed
moment directions, much attention has been devoted to it from value maintains the agreement observed for the other two bands
the experimental point of view even if the situation is still not both in the relative position of this absorption (between the two
completely clear. As reported above, the most recent results bylowestx — 7*) and in the absolute value of the transition
Holmen et al. on PVA films of 7 and 9 M& confirm what energy.
was previously determined by Clark for crystalline sampl€s, 3.3. Excited-State Geometries.The band maximum of
i.e., polarizations at angles of abot66°/+-83° for the lowest fluorescence spectrum corresponds to an adiabatic (vertical)
7 — r* transition and+-19°/+35° for the second one in 9MA.  transition from the geometrically relaxed excited-state to the
The computed values df in gas phase and in water solution ground-state potential energy surface at a nonequilibrium
are reported in Table 4 for both tautomers. The very good position. Thus, the transition energy for the fluorescence has to
agreement of solvated results with both experimental data in be computed using the geometrically relaxed excited states. As
the two different environments (the polymer matrix and the said above, these geometries are obtained at the CIS level. We
crystal) is evident. note that for solvated systems we assume a complete equilibra-

Passing to 2AMP, the experimental absorption spectrum tion of all components of the solvent response to the electronic
shows three major bands in the near-UV region, which have state we are considering in the geometry search; a qualitative
been assigned to the lowest— z* transitions, and a hidden  valuation of the validity of this approach can be derived from
weak low-lyingn — zz* transition between the lowest two large ~ simple considerations on specific solvent and solute relaxation
bands. The related transition energies and properties are reportetimes. As for the ground-state absorption, here we also consider
in Table 5 with the computed results obtained in vacuo and in two isomers for Ade and just one for 2AMP.
water solution. There is no experimental method to directly determine the

In the case of 2AMP, gas phase results also present someexcited-state geometries of molecules of this size, and thus, in
discrepancies between the two methods (CIPSI and TDDFT), Tables 6 and 7, we report the set of computed geometrical
especially for the lowest — z* transition (4.26 eV vs 4.40  parameters for the singlet — 7* and n — 7* states of Ade
eV). No experimental spectra exist for vapor-phase 2AMP or and 2AMP without making comparisons with experimental data.
its derivatives, so calculated transition energies can be only For the 9H tautomer of Ade, the absorption results showed
validated by comparison with other calculations. The most that between the twar — s* absorptions, the lowest one is
accurate calculations have been recently done by Rachofsky ethat with the smallest oscillator strength; this seems to suggest
al 34 at the CASSCF level, supplemented by multiconfigurational that both states (the lowest and the most probable) could
quasidegenerate perturbation theory (MCQDPT): in this case, contribute to the emission. This should not happen for both the
the order of the excited states coincides with the present CIPSI7H isomer and 2AMP, for which the lowest— z* transition
calculation, and also, the excitation energies are in sufficient coincides with that of larger probability (i.e., larger oscillatory
accord. strength): for both, we can thus explain the fluorescence
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TABLE 7: Selection of Geometrical Parameters for the

First Singlet 7 — a* Excited State of 2-Aminopurine Frergy 2V . Tl BT HSD)
(2AMP) as Predicted with CIS/cc-pVDZ in Vacuo and in 53 T ESD 54
Water . 5 16 T2 oL
4,97 TR (H->L+1)
vac water 496 o PETI ol A o3 Do
N1-C2 1.325 1.325
N1-C6 1.348 1.349
C2—-N3 1.387 1.393
N3—C4 1.311 1.307
C4-C5 1.430 1.435 GS
C5-C6 1.430 1.433 Gs 16—
C5-N7 1.345 1.336 00— M
C2—-N10 1.332 1.327
N7—-C8 1.319 1.336
C8—N9 1.356 1.348 geometry GS T H-L) n-n’
C4-N9 1.367 1.363 Figure 1. Gas-phase energy level diagram for 9H Ade: all energies
N1-C2-N3 130.1 129.2 (in eV) are with respect to the ground state (GS) energy at its optimized
C2-N3-C4 109.4 110.4 geometry.
N3—C4—-C5 127.5 127.0
C4-C5-C6 116.8 116.6 TABLE 8: Summary of Experimental and Present
N1-C2-N10 116.9 117.7 Theoretical Values {CIPSI)pof Fluorescence Energies (eV) for
C4-C5-N7 110.1 110.1 Adenine and Aminopurine in Vacuo and in Water
C5—-C4—N9 104.2 104.3
C5—N7-C8 105.5 105.6 vac water
N7—C8—N9 112.9 112.4 Ade
9H 7H 9H 7H exp

spectrum in terms of a single excited state. For these reasons; -
the geometry optimization in water solution has been repeated " 3.77 3.57

twice for the two differentt — z* states; for simplicity, let us gg:g:::)l) 411 4.41 34928 4.14 3.9
indicate them according to the molecular orbitals which are '

mainly involved—we thus have HL (as the two MOs are HOMO . 3.05 2AMP 355 3.45
and LUMO orbitals) and HL1 (as in this case the transition | .« 4.99 5.00 '

HOMO — LUMO+1 is the main one), respectively. The
geometry of the HL1 state in vacuo is not reported, as the

corresponding CIS optimization had serious convergence prob- ) )
lems since the character of the state changed during the©On the contrary, 2AMP has high fluorescent quantum yield,
optimization. and experimental data are available in various solvents.

Once again, the resulting structures are almost planar for all f In Table 8, we repforr'i the expenment?lAgnd gal?gfﬁg
molecules (deviations of the dihedral angles from planarity are Tl;orescence er}ergleslo tle two t?utomers 0 (laa_n OA” h ’
less than 1); these findings are confirmed by previous papers e two experimetnal values refer to water solution. the

using different quantum leveéfsand/or different basis set8. results h_ave be_en_ computed at CIP_SI level, e>_<p|oiting the CI.S

As observed for the ground states, here the geometries Ofgeometnes optlml_zed for each exc |t¢d state in vacuo _and n

- ’ - solution. For solution, the nonequilibrium scheme described in

the excited states QISO do not change too much passing fromsection 2 has been adopted with a solvent completely equili-

gas phase to sqlutlon. On the contrary, dlfferencgs beftweenbrated with the emitting excited state, but only partially relaxed

ground_ and exm_ted states are significant, es_peually in the in the final vertical state that this time is represented by the
aromatic part, with the 9H Ade state presenting the largest ground state.

changes. These difference paraliel the changes in electron The first comment to make regards the effect of tautomerism
density upon each excitation, as can be easily visualized in terms 9

; e . e on emission spectra of Ade. As said before, it was experimen-
of the molecular orbitals mainly involved in the transition: for tallv hinted that part of the emission of Ade arises from the 7H
the twoszr — #z* transitions of 9H Ade in solution, these are y p

reported in Figure 1 tautomer, and our results indicate that both in vacuo and in
P . 9 ' . solvent the 7H contribution induces a decreasing of the emission
Thus, in the HL state, the GIN3 and C5-C6 bond distances

i - energy and that in solution this goes in the correct direction for
are increased, and the adjacentN34 and C5-N7 bonds are 5 petter agreement with the experiment. However, for 9H

correspondingly shortened, consistently with the nodes of the tautomer, we have to take into account also the effect of the
LUMO, an antibonding orbital centered on C2 and C5. In gecondr — 7+ excited state we have commented above. The
parallel, the HL1 state shows the largest changes in the C4 . 0\jation of the emission energy for such a state in water
C5 and C9-C8 bonds: the first is increased due to t_he Presence go|ytion (at its optimized geometry) leads exactly to the
of a node _aloryg the CACS bon.d in the LUM.Grl antibonding . experimental result. This perfect equivalence can be fortuitous,
orbital which is occupied, while the latter is shortened as this due to some cancellation of errors; however, the shift toward
time the node appears in the HOMO but not in the LUMD lower emission frequencies, obtained by considering this ad-

Similar considerations can be also exploited to rationalize ditional excited state, can be a signal of a real contribution in
the differences in the geometry of the— 7z~ excited state of  the observed spectrum. As explained above, the contribution
9H Ade and of ther — #* of 7H Ade and 2AMP with respect  of this additional excited state can be safely neglected for both
to the corresponding ground states. the 7H tautomer and 2AMP; for both molecules in fact, the

3.4. Fluorescence.As reported in the Introduction, the excited state with the largest oscillatory strength coincides with
fluorescence quantum yield of Ade is very low; however, some the lowest in energy, and thus, the final emission can be assumed
experimental data are known, at least for the solvated molécule. to be due to this state only.

a|n water solutiort. ? In water solutior?®
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Energy (eV) IO 665 The two figures refer to 9H tautomer in vacuo and in solution,
PRl SORSEGI respectively. _ _
- : ; T EoL) Starting from the ground-state geometry, an important dif-
19 TS rmon 4 L2t EeD L o ference to note between gas-phase and solution results is the
oLy T relative position o — z* excited state, which is shifted from
R — the lowest state in gas phase to the third one in solution; this is
easily explained in terms of a preferential stabilization of the
pa—Ss more dipolarr — 7* excited states with respect to— z* in
s os1—F 03058 a polar solvent like water. The resulting effect is that the-
W= ‘ 7* state, which in gas phase is very close in energy to the lowest

: m— 7* state (i.e., to the HL1 state), becomes almost degenerate
geometry a8 TTE-L) o T AL with the secondr — n* state (i.e., the HL state), indicating a
Figure 2. Solution energy level diagram for 9H Ade: all energies (in  very probable coupling between them. When the results obtained
eV) are with respect to the ground state (GS) energy at its optimized ot the other geometries (corresponding to minima on the
9§°metry' Dotted lines refer to excited states in the presence of a,iantia| energy surfaces of each excited state) are added, the
ecoupled” solvent, normal lines refer to states in the presence of a' . . . N -
nonequilibrium solvent, and bold lines refer to states in the presence main feature to note in gas ph_ase is thatrthe 7* state remains
of a fully equilibrated solvent. the lowest one at all geometries, and we can suggest a probable
avoided crossing between the two— 7* states (which invert
their relative positions passing from ground-state geometry to
that corresponding to HL); at the — z* geometry, the HL1
state is very high in energy, and thus, it has not been reported
in the diagram.

From these results, the most probable mechanism one can
suggest for the isolated system is that the excited-state reached
from the ground state upon absorption of one photon fthe
a* HL state), by geometrically relaxing, is mixed with the other
z — m* state (the less probable HL1 state), with consequent
population of both of them. However, this mixing is not
sufficient to stabilize the states enough to shift them below the
n— s* state, which, vibronically interacting with them, can be
populated with following quenching of the fluorescence.

In solution, the results indicate a more complex picture; the
avoided crossing between HL1 and HL— 5* states still
remains, but in addition, the— s* state is no longer the lowest

LUMO LUMO+1 state at all geometries (i_n particular_, _the absolute minimum
. o . - energy is that corresponding to the minimum of the HL1 state).
Figure 3. Molecular orbitals involved in the twa — z* transitions As done for the gas phase, if we assume here that upon

of 9H Ade in water solution. absorption the state which is mainly populated is the HL state,

It is notable that for both Ade and 2AMP. the results W€ can suggest that the final emission will be almost negligible

computed for solvated systems are by far closer to experiffents du to the very probable shifting toward the- 7* state, which

than gas-phase analogues, showing once more the importancé’-"i” radiationlessly convert to the ground state. Clearly, this
of a proper solvation model to have reliable comptted scheme is just one of the mechanisms which might be operative,

experimental comparisons. and further analyses are worth being done.

3.4.1. Deactiation MechanismsTo analyze possible deac- Recent experimental observations on several alkylamine
tivation mechanisms which operate on Ade but not on its isomer, derivatives have shown that these systems give dual fluores-
2AMP, in Figures 2 and 3, we report the energy level diagrams cence; i.e., in addition to the normal weak short wavelength
for 9H Ade in vacuo and in solution as a function of geometry. fluorescence, a long wavelength emission was observed. These
In particular, the geometries we have selected refer to groundfindings seem to suggest that a twisted intramolecular charge
state (and thus we have the absorption spectrum) and the  transfer (TICT) could be operative also in Ade but this time as
7* and @ — n* excited states, respectively; for the reasons @ deactivation mechanism. To check this model, we have studied

reported above, in solution we have considered two different  the potential energy curves of the ground state and of the three
— 7* excited states, corresponding to the states previously excited states of Ade as a function of the dihedral angle between
defined as HL and HL1. We stress that the data computed for the amino group and the plane of the aromatic group. This
the solvated system at the geometries optimized for an excitedanalysis has been limited to the solvated 9H tautomer only, and
state are obtained with the solvent response equilibrated to thethe results are reported in Figure 4.

electronic state corresponding to the selected geometry, and thus, At each value of the dihedral angle, we have repeated the
in each set, all the other excited states are computed with aoptimization of the geometry of the HL state at the CIS level:
“decoupled” solvent, indicating with “decoupled” a solvent itis in fact this state which is mainly populated upon absorption.
which is equilibrated to a different state and thus seen as fixed. Also, we have assumed here that the solvent can completely
On the contrary, to have data coherent with the emission equilibrate with the solute electronic state of interest during the
spectrum, we computed the ground-state values differently, geometry optimization. The resulting geometries are reported
namely, using a nonequilibrium scheme with a solvent not in the figure to have a more direct evaluation of the important
completely decoupled but instead partially relaxed according geometrical changes along this coordinate (in particular, the out
to the ground-state electronic charge distribution. of plane motion of the amino group). Once the CIS optimized
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6 T T 7 r T T L] above the twor — sr*states; see Figure 3). This large separation
should prevent possible couplings between HL1 staterard
a* contrary to what was found for the parallel HL state;
however, HL1 has a small transition dipole moment (see Table
4), and thus, the fluorescence lifetime could still be large enough
to observe a further radiationless decay to the ground state by
vibronic couplings and/or solvent-induced quenching. On the
contrary, if some emission can be observed, the corresponding
computed emission energy agrees exactly with the low measured
fluorescence (3.99 eV).

In this attempt to rationalize the possible mechanisms leading
to the low fluorescent character of Ade, we have also to include
3r . a further possibility which has been extrapolated from experi-
ments, namely, that the major part of the emission of Ade comes
from the 7H tautomer. In the previous section, we have shown
that from our calculations the emission energy of 7 Ade was in
2r . slightly better agreement with experiments than 9H tautomer
(4.14 eV vs 4.18 eV with respect to 3.99 eV) if it was assumed
that only ther — #* HL state contributes to the fluorescence
of 9H Ade. Here we can add that for 7 Ade the analysis is far
1r . simpler; as no interactions between HL and Ht1> 7* states
have to be introduced (HL is in fact both the most probable
and the lowest excited state), possible mechanisms for quenching
of the fluorescence reduce to coupling between thesHt
0 o 1'0 2'0 3'0 4'0 5'0 6'0 7'0 a* and then — z* states, following radiationless vibrational

Twisting angle, dgrees transition to the ground stat(?. -

’ As clearly shown by experiments, the situation is completely
Figure 4. Ground and low-lying singlet excited states potential curves djfferent for 2AMP, for which an high fluoresce is observed in
(energy relative to the minimum of the ground state) of 9H Ade in 5|5¢ solvent. This is completely confirmed by our calculations
water solution as a function of the twisting angle. Energies are in eV . . .
and angles in degrees. in water solution; contrar_y to what was found for Ade,_ in f{ict,

for 2AMP, ther — 7* excited state reached by absorption (i.e.,

geometries are obtained, the corresponding electronic energieshat with the largest oscillatory strength) is always well separated
were computed at the CIPSI level in the presence of an from the all others states (e.q.~ 7* and the othetr — 7*),
equilibrium solvent. The CIPSI curves reported in Figure 4 show and consequently, the resulting fluorescence is strong and
an avoided crossing between the two first excited states, completely due to a single emitting state. For 2AMP, we have
indicated here with the generls; and S labels, due to their  not reported the corresponding energy diagrams at the various
changing nature that cannot be univocally associated to the sameyeometries, as the absorption and emission energies by them-

transition along the coordinate. selves exhaustively prove the agreement of computational results
From O to the avoided crossin@ presents — z* character and the experimental evidence.

and$; HL, while after the crossing the respective character is
reversed. The two states are very close up to the avoided4- Summary
crossing; therefore, a nonadiabatic transition fi&to S; should Extensive calculations of the ground and the lowest single
be likely in the range 0-40°. Recalling that the curves have excited states of adenine have been carried out using different
been optimized for the HL state, one could argue abnce guantum mechanical levels. In all calculations, we have included
populated, should be stabilized due to both nuclear and solventthe effects of the solvent either assuming a complete equilibrium
relaxation with following separation in the energy. However, with the solute nuclear and electronic charge distribution or
in Figure 3, we have shown that tie— z* optimum energy introducing a partial nonequilibrium when fast transition
(i.e., at its optimized geometry and with an equilibrated solvent) processes are considered. Solvent effects on both nuclear and
is just 0.05 eV below the corresponding value obtained at the electronic relaxation of the ground and the excited states have
geometry and the solvent reaction field of the HL state; this been described in terms of a continuum model (the IEF), taking
should be sufficient proof that the almost flat curve reported in into account electrostatic and repulsive sottgelvent interac-
Figure 4 forS, before the avoided crossing is a valid description tions and exploiting an accurate molecular cavity modeled on
also for the relaxed state. In this schemeSiifvere populated, the real structure of the molecular solute. To have a more
a fast access to the HL portion of the curve would be very complete description of the photophysical properties of adenine,
probable with following fluorescence decay. It is thus clear that we have considered both the N(7)H and N(9)H tautomers as
the TICT mechanism alone cannot account for the extremely well as adenine’s highly fluorescent isomer, 2-aminopurine.
low fluorescence quantum yield of Ade (at least in water). Absorption and emission spectra in gas phase and in water
In water solution, a further possibility can be considered; this solution have been simulated at the CIPSI (and TDDFT for
is related to the role of the second— 7* state (the HL1). The absorption) level of calculation and compared (in the case of
relative position in the energy level diagram of the optimized water solution) with available experimental data; the very good
excited states seems to suggest that the HL1, and not the HL,agreement obtained for both confirms the accuracy of our
is the state which determines the fluorescence behavior of Adeapproach (CIS geometrigs CIPSI electronic descriptions, both
(at least its 9H tautomer). In fact, at the HL1 geometry, we coupled with the IEF solvation model), as already shown in a
find that this state becomes the lowest state, with all the othersprevious application on the photophysics of dimethyl amino-
well separated in energy (in particular, with— * state well benzonitrile (DMABN)35

Energy, eV
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