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The CASPT2/CASSCF method with the 6-311G* basis set and an active space up to (14, 11) was used to
explore the ultrafast internal conversion mechanism for excited 9H-adenine. Three minima, two transition
states, and seven conical intersections were obtained to build up the two deactivation pathways for the internal
conversion mechanism. Special efforts were made to explore the excited-state potential energy surfaces near
the Franck-Condon region and determine the various barriers in the processes of deactivation. The barrier
required from thézz* (1L,) state to deactivate nonradiatively is found to be lower than that required from
the Lzr* (IL,,) state. On 250 nm excitation, thex* (1L,) state is populated, and the transition fréma*

(*L,) to the lowestns* state involves very low barriers, which may account for the observed sk6A {s)

lifetime of thelzz* excited state. The deactivation of the lowést* state is required to overcome a barrier

of 3.15 kcal/mol, which should be responsible for the 750 fs lifetime of tiveaxcited state. On 267 nm
excitation, the vibrationally activerz* (1L,) state is populated. Excitation at 277 nm preparesahe (1L,,)

state without much excessive vibrational energy, which may be responsible for the obs@rpsdifetime.

As the most important building blocks of the genetic material TABLE 1: Calculated Lowest Singlet-State Vertical
of life, the nucleobases in DNA/RNA have demonstrated a high EXcitation Energies for 9H-Adenine?
degree of photostability, which can protect life from the DNA/ vertical excitation energy (eV)
RNA photochemical damage from the UV irradiation of this work other theoretical values expt
sunlight!2 The DNA/RNA nucleosides, nucleotides in solvent,
and isolated purine and pyrimidine bases in the gas phase all_St® CASPT2  CASPTZ  TD-DFT"
exhibit short excited-state lifetimes (picoseconds) at room ?m:(iLb) 4.754(0.002) 4.852(0.006) 5.08(0.167) 4:58.63
temperaturé=® It seems that the ultrafast nonradiative deactiva- 1;’;’* ("La 28;59 ((g-g’g%) é-ggg ((8-38‘5)) 5-375 ((8-838)) 492
tion of excfred nucleqbase§ back .to tlhe.ground state to avoid i, _« 5.626 (0.005) 5.685 (0.006)
photochemical reactions is the intrinsic property of these ) ]
molecules. An ultrafast internal conversion is proposed for the . “ Oscillator strengths are in parentheseBhe ground-state geometry
ultrafast nonradiative deactivatié As shown in the theoretical :SR%‘?tg'inge%giLg;/gf’1"1]6a;ne:]haosdéRef 12.9Ref 16.°Ref 18.
study of cytosine, the conical intersection (Cl) is found to ' ' Hngasp '

account for the ultrafast internal conversitit: tively understand the ultrafast excited-state dynamics in 9H-
Recently, a theoretical wotkperformed at the CASSCF/6-  adenine, which is the primary goal of this study.
31G** level with a relatively small active space (6, 6) led to Here, we will report our CASPT2 results with a larger active
two S§/S, Cls, which were proposed to be responsible for the gpace and basis set. The employed basis set is 6-311G* of
ultrafast internal conversion of excited 9H-adenine. The calcu- polarized triple¢ quality throughout this work. Unless stated
lated results show that these two Cls arise from*(L2)—So otherwise, the active space is up to 14 electrons distributed in
and 'n* —S, diabatic state crossings, respectively. e/ 11 orbitals, which consists of 2 lone pairs of nitrogen atoms in
S ClI was also confirmed by other authors with a different the pyrimidine ring and & orbitals. The geometry optimizations
computational methotf. Although this work has shed some light oy stationary points and Cls were performed with @&ussian
on the mechanism of the ultrafast internal conversion in excited o3 programt4 The CASPT2 energy calculations were performed
9H-adenine, there are still many unknown aspects to be ith MOLPRO softward5
explored. For example, we have little knowledge on excited-  The computed spectroscopic properties are compiled in Table
state potential energy surfaces near the Frandon region. 1. The calculated vertical excitation energies are in agreement
On the other hand, although various barriers in two deactivation ith the experimental values. The vertical excitation energy of
paths have been estimated in the previous stfidy,more  the lowestnz* excited state is predicted to be 4.995 eV, which
accurate determination of these barriers is crucial to quantita- agrees well with the a previous TD-DFT restfitHowever,
previous CASPT2 calculations suggested that the lowest
* shuhua@niju.edu.cn. excited state is about 0%and 1 e\}” higher than the lowest
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Figure 1. The structures of the CASSCF optimized minima, transition states, and conical intersections.

Inz* excited state. This is probably because, in the previous zz*) ¢, One can see that there exists a transition state (TS) from

CASPT?2 calculations, only one lone pair of a nitrogen atom in

(N7T*) min to (S/mr*) ¢ (see Figure Sl4 in Supporting Informa-

the pyrimidine ring is included in the active space. Our results tion). We successfully located this TS, labeled*(ns, as shown

here indicated that the inclusion of the two lone pairs of the
nitrogen atoms in the pyrimidine ring is very important for

in Figure 1. The subsequent CASPT2 calculations lead to a
barrier of 3.15 kcal/mol (with ZPE correction). This result differs

obtaining the accurate vertical excitation energy of the lowest significantly from the previous result, where the barrier disap-
Inz* excited state. Correspondingly, the use of a small active peared at the CASPT2 lev&.Interestingly, we noticed that

space without including the two lone pairs could lead to large

the electronic character of the State changes fromari to

uncertainty in the estimate of the barrier associated with the wz* when the system leaves from the transition state*)(g,

Iza*/*nz* transition near the FranekCondon region, which

is the first step in the nonradiative deactivation of 9H-adenine.

On the lowestlzz* and nn* excited-state surfaces, two
minima ¢zr* —L p)min and (177*) min in the Franck-Condon region

to reach the Cl, (§77*)c). To elucidate how this change
happens, we calculated the energies of'the* (1L) andizz*
(L) states along the HIC path between @*)min and (S/
w*) ¢ (see Figure Sl4 in Supporting Information). The results

were located through the CASSCF method, which have similar show that thetz* (1Ly) state should involve in thesrt/za*

structures as determined previouslyAs shown in Figure 1,
the structure of (11*) min is slightly pyramidalized at the £atom.
The structure of gz* —Ly)min is nearly planar, except for the
slight pyramidalization of the i atom in the amino group.

transition from (ar*) s to (/™) ci. We successfully located
a Cl between théza* (1L,) state and the loweshz* state,
labeled (oc*/ w* —Lg)ci2. As seen from Figure 1, the structure
of (nm*/ * —Lg)ciz is similar to those of (%) and (/7r*) ¢

The CASPT2 energy-level sequence of these two states at then that the G atom in all three of these species is bending out
geometry of one minimum is opposite that at the geometry of of the plane. The bending dihedral ang{€sN3N1Cy) is 127.2

another minimum. This indicates the existence éfa"/ Lra*

Cl between these two minima, which is responsible for the
transition fromzz* (L) to 'nsr*. From Figure 1, one can see
that the geometry of this ClI, labeleddfiz* —Ly)ci, is planar,
being different from the structure obtained previously, where
the G atom is pyramidalized? On the basis of the linearly
interpolated internal coordinates (EIC) between £z* —Lp)min
and (ne*/ w* —Lp)cin (see Figure SI2 in Supporting Informa-
tion), the barrier for crossing thiscz*/ Ins* transition is found

to be 2.51 kcal/mol at the CASPT2 level. (The barrier height

in (n*/ we* —Lg)ciz, Whereas it is 127°in (n7*)s and 113.0
in (So/m*)c). The calculated energy of g/ wa* —Lg)ci2 is
about 1.3 kcal/mol higher than that ofif), but it is 1.9 kcal/
mol lower than the vertical excitation energy of ther* (1Lj)
state at the CASPT2 level. Clearly, the identification of this
n*/ wn* —L, Cl answers the questions why and how the S
state changes fromvi character tazz* character.

We successfully located a transition state onie* (1L,)
surface, labelednz* —L ), through which the system could
evolve from the FranckCondon region to (m*/ wa* —Lg)ciz.

estimated in this way should be understood as an upper boundAs shown in Figure 1, the structure ofst* —Lg)s is similar to
to a real barrier over a saddle point on a particular pathway.) that of (nt*/za*—Lj)ciz except that the dihedral anglé

The LI-IC path between the ground-state equilibrium
geometry (9min and @r* —Lp)min indicates that after excitation
to 1zz* (1Ly) the system could spontaneously relax Aor{—
Lp)min Without any barrier (see Figure SI1 in Supporting
Information). Along this LIC path, we found from CASPT2
calculations that there exists a Cl labeledr{(frn* —LJ)cin
between Izz* (L) and nz*, which corresponds to the
transition fromizz* (1L,) to Inz*. We notice that this Cl could

(C4N3N;Cy) is significantly larger in gzr* —L ). This indicates
that the geometry relaxation mainly consists of the out-of-plane
bending of the @atom during the process fromrg* —L s to
(nw*/ w* —Lg)ci2. The calculated energy ofit* —La)s is 4.25
kcal/mol higher than the vertical excitation energy of the*

(*L,) state at the CASPT2 level. So, our results suggest that a
low barrier must be overcome for the system to reactt/(n

—Lg)ciz on thelza* (1) surface, whereas a barrierless

not be located at the CASSCEF level. The relaxation of the systemprocess was suggested for this step from the previous $tudy.

from the Franck-Condon region to (m*/szz* —Lg)ci1 on the
Lra* (1) surface does not need extra energy input, implying
that the transition fronrzz* (1L,) to Inz* should happen easily.
At the CASSCF(14, 11) level, the optimized structure of the
Cl, (So/mz*) c1, between the ground state ang & shown in
Figure 1. This structure is qualitatively similar to that determined
previously?? Along the LI-IC path between @) mi, and (%/

The deactivation path from the Frane€ondon region of
several low-lying singlet excited states tog/Bt*)ci can be
summarized in Figure 2 (path a). First, flmer* state decreases
in energy to cross with thérz* (1Ly) and zz* (L) states
sequentially toward the minimum##) min on thelnzz* surface.
Then, the system must go through the transition stat&)(n
with a barrier of 3.15 kcal/mol to reach {@7*) ¢;. Along the
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Figure 2. The nonradiative deactivation paths for singlet excited states
of 9H-adenine: (a) to (@t7*)ci; (b) to (S/na*)ci.

Lra* (1L surface, the system could go through the transition
state frr* —L ) to reach (o*/ zn* —Lg)ci2 and then decay to
the ground state throughd37*) ¢;. As shown in Figure 2, there
is another path, labeled (b), through which the excited 9H-

J. Phys. Chem. A, Vol. 109, No. 38, 2008445

that thelnz* state is involved in ultrafast deactivation from
the tma* (Lp) or lza* (1L,) state.

On the basis of the results described above, we proposed the
following explanation for the experimentally found significant
excitation—energy dependence of the excited-state lifetime in
the gas phasgFirst, on 250 nm excitation, ther* (1L,) state
is likely to be populated. From paths (a) and (b) in Figure 2, it
can be seen that the transition frém* (L) to Inz* involves
very low barriers (even no barriers). This result may account
for the short €50 fs) lifetime of thelzz* excited state. The
deactivation ofnzz* in path (a) to reach (§r*) ¢; with a barrier
of 3.15 kcal/mol might be responsible for the 750 fs lifetime of
theInz* excited state. Second, on 267 nm excitation, the lower
Iza* (1Ly,) state with higher vibrational levels may be populated.
Vibrationally activelzzzr* (1L,) molecules can readily overcome
the barriers needed for the transitiontor*. Thus, the short
(<50 fs) lifetime of thelzz* excited state on 267 nm excitation
could also be explained. At last, for the near-band origin of
277 nm excitation, 9H-adenine can only be excited tévits*

(ILp) state without much excessive vibrational energy. Because
of the existence of the low barriers foez* (1Lp) to reach two
Cls, (9/77*) ¢ and (S/nr*) ¢ in paths (a) and (b), respectively,
the deactivation of théwz* (1Lp,) state would take a relatively
long time, which is in agreement with the observe@ ps
lifetime. The observed strong coupling between the* and
Izn* excited statelis also supported by the five Cls between
the twolzz* excited states and the lowestr* excited state
found in the current work.
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Supporting Information Available: Computational details,

(14,11) level. This Cl was determined previously using a smaller calculated energies, Cartesian coordinates of all stationary points

active space and was proposed to account for the nonradiative
deactivation from the loweshs* state to the ground state. The
structure of this ClI (shown in Figure 1) is characterized by
bending of the amino group and pyramidalization at theu@l

N; atoms.

Our CASSCF optimization also led to a ClI, labeledrth
qtr* —Lp)ci2, Which provides another path for the transition from
thelrm* (1L,,) state to the lowesnz* state (this Cl is different
from (ne*/ we* —Lp)cip in Figure 2a). This Cl was not found in
the previous study? At this CI, the amino group of 9H-adenine

is bending out of the plane so that there is slight pyramidalization

at the G atom. The CASPT2 calculations along the-LC path
between (§min and (nr*/ w* —Lp)ci2 indicate that the barrier
to cross (m*/ wm* —Lp)ciz is 1.88 kcal/mol (see Figure SIS in
Supporting Information). Along this EIC path, we also found
a Cl betweentzz* (1L andnz*, labeled (mt*/ za* —Lg)cis,
which provides a path for thes* —L/nz* transition. This ClI
is absent at the CASSCEF level, similar torthra* —Lg)ciz. The
transition fromlzz* (1L,) to In* through (n*/ wn* —Lg)ciz is
calculated to be barrierless.

To conclude, along path (b) thaz* state will cross torm*
(*Lg) through (ne*/ w* —Lg)cis and tolza* (L) through (nr*/
a* —Lp)ci2. After these crossings, the energy of the* state
decreases all the way to the Clli$t*) ¢ (see Figure SI6 in

Supporting Information). Thus, the results of both paths indicate

and crossing points, and £IC results. This material is available
free of charge via the Internet at http://pubs.acs.org.
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