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There have been a number of recent experimental investigatf the nonadiabatic relaxation dynamics of anilineofeihg
excitation to the first three singlet excited statésyrt*, 1'm3s/o* and 27mirr*. Motivated by differences between the interpre-
tations of experimental observations, we have employed&Z¥Sand XMCQDPT2 calculations to explore the potential gner
landscape and relaxation pathways of photoexcited aniMie find a new prefulvene-like MECI connecting thiir state
with the GS in which the carbon-atom carrying the amino grisufistorted out-of-plane. This suggests that excitatloova the
1'm3sfro* vertical excitation energy could be followed by electrorétaxation from the 177t state to the ground-electronic
state through this MECI. We find a MECI connecting tRe3s/rro* and 2t states close to the local minimum otviBs/io™*
which suggests that photoexcitation to tHerds/to* state could be followed by relaxation to thlrdr* state and to the dissocia-
tive component of then3s/io™* state. We also find evidence for a new pathway from ther2 state to the ground electronic
state that is likely to pass through a three-state conitatsection involving the 2, 1'ni3s/rio* and 2 states.

1 Introduction interaction with single excitations (CIS) calculationsepr
dicted planar or pyramidal geometries with a smaller degree

Aniline is the simplest aromatic amine and, like all aromati of pyramidalization than the ground state, depending on ba-

molecules containing OH and NH groups, it has a remarksjs set?>-31 CASSCF calculations also predicted a pyrami-

ably low fluorescence quantum yield attributed to highly ef-dal equilibrium geometry? Rotationally-resolved electronic

ficient radiationless electronic relaxation pathways @mtn  spectra suggested a quasiplanar geometry for tmeriex-

ing the excited electronic states to the ground electrdates cited state; however, this structure was a vibrationallgrav

Improving our understanding of the mechanism of electronicaged structure rather than the true minimum of the potential

relaxation in small molecules like aniline is animportaote  energy surface (PESY. Early experimental investigations of

ponent of the toolkit required to design photostable mal®ri the photochemistry and photophysics of aniline following e

from first principles. citation of the #rr* excited state focussed on fluorescence

Aniline absorbs UV radiation around 282 nm (4.4 eV) and intersystem crossing (IS€3:36

and 230 nm (5.4 eV) nm3 These bands arise from transi- . .

tions from the ground electronic state to the two lowest ly- Between the first twd " states, lies @n3s/no* state

ing 17t states. There have been numerous experimféntal that has significant Rydberg character in the Franck-Condon

and theoreticd22 studies of the ground electronic state, with (FC) region and evolves into a valence state with dissoeiati

particular focus on the pyramidal geometry of the aminocharacter along the N-H stretching coordin%17te°’.9Wo_rth et

group. There has been some controversy over the equililﬁ'- have predicted that two 3p Rydberg states also lie between

) . . i 1 0 ;
rium geometry of the i excited state. Configuration- the two Zr%states‘.‘ There hﬁ)\{e been a number of experi-
mentaP?41-4%and theoretica?*°investigations focussing on
t Electronic Supplementary Information (ESI) available tadming figures  €lectronic relaxation pathways involving th%s/ TIo* state.
showing the orbitals, the negative imaginary frequencynzimodes forthe  Experiments observing the formation of H-atoms following
transition states and the branching plane vectors for tienmim energy con-  yhntodissociation reported thresholds for fast H-atondlpes
ical intersections. The cartesian coordinates and selggemetrical param- .. . . «

tion (a signature of NH bond fission on thérfio™ surface) of

eters for all the stationnary points optimized in this wor& also reported. 1 2 :
a Laboratoire Interdisciplinaire Carnot de Bourgogne UMRG®RCNRS, 260 nnft and 250 nni? depending on whether they employed

Universite de Bourgogne, BP 47870, F-21078 Dijon, Franc&-mail: nanosecond or femtosecond lasers, respectively. Femtosec
matthieu.sala@u-bourgogne.fr. ond pump-probe experiments have revealed four lifetimes:

b Department of Chemistry, University College London, 20dbar Street, <100f 100-400f 04-3 > 80 ps 324245
London WC1H 0AJ, U.K. E-mail: h.h.fielding@ucl.ac.uk. ng S,T2~ — ST3~U.4=3psS,ly L ol ps:
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The fastest timescaler;, is only observed following exci-

tation to the 27 excited state and has been interpreted
as relaxation back to the electronic ground-stafé or as
decay through a series of conical intersections (CIs) to the
1'mto* PES3242 1, has been interpreted as population trans-
fer through a Cl between thé fi3s/ io™ state and the %t
state governing a competition between subsequent redaxati
on the £t state and the dissociativéto* component of
the 'ni3s/mo* state?>44or the reverse process fromrir*
to 1'1t0*.3242 1, has also been proposed to arise from tun-
nelling through the barrier along the N—H stretching coordi
nate between the bound3s and dissociativeltro* com- Fig. 1 The aniline molecule with the numbering scheme used
ponents of the In3s/mo* state?® 13 was observed only throughout this paper.
in time-resolved photoelectron spectroscopy experinférfts
and was interpreted as motion on therds/mio* PES*344
or as intramolecular vibrational energy redistributioiR) in ~ nate (IRC) method®>° Although IRC calculations are often
the 1Lt state?® The longest timescalay, has been inter- started at a TS, the IRC calculation performed in this work
preted as decay from thé firr* state. (Section 6) is started at the FC geometry using the gradgent a
Motivated by the disagreements between the interpretatiorthe initial relaxation direction.
of these experiments, we have employed CASSCF and XM- The CASSCF method is known to describe the multi-
CQPDT2 calculations to explore the potential energy land-configurational nature of excited state electronic wavefun
scape and relaxation pathways of aniline following photoextions correctly, which is a crucial requirement for systems
citation to the irrr, 1'n3s/mo* and 2nr* states. We find  involving conical intersections, bond breaking or stroreg g
a new prefulvene-like minimum energy conical intersectionometrical distortions. However, for the relatively smatt a
(MECI) connecting the ¥t state with the GS which seems  tive spaces used in this wof it does not include dynamical
likely to be involved in non-radiative decay fromt/irt to  correlation effects and therefore the energies are ofarcin
the ground-state. We find a MECI connecting theds/io* rate. To obtain more reliable energies, single-point edeen
and 27t states close to the local minimum ohrBs/to* multi-configuration quasi-degenerate second-order peatu
which suggests that excitation tdr3s/o* is likely to be  tion theory (XMCQDPT2) calculatior?® were carried out at
followed by relaxation to this MECI where population will optimised stationary points and along decay pathways €alcu
subsequently be transferred both tbrrir* (as observed in  lated using the CASSCF method. This protocol, termed MS-
our earlier work®44 and to the dissociative component of MR-PT2//CASSCF, is used because the XMCQDPT2 analytic
1'n3sio* (as observed by Stavrast al.®?). Finally, we  gradient, required to optimize stationary points effidigris
find evidence for a new decay pathway connectifgr? not available. This procedu?ghas been used in previous in-
and the ground-state that passes through what seems likely ¢estigations of the photochemistry of small organic molecu
be a three-state Cl involving'2rt*, 1'ni3sfto* and £, including DNA base$4-57

This supports our interpretation of our earlier experiraent  The XMCQDPT2 method is a new approach to second
datg'>#*and is consistent with the experimental observationsrder multi-state multi-reference perturbation theoryede

of others?>4142 opped by Granovsk§? It is an extension of the MCQDPT2
method®® designed to correct for some of the known defi-
2 Computational Details ciencies of the latter and other flavours of MS-MR-PT2, such

as the problematic behaviour of the energies near conieal in
Ground-state minima and excited state minima and TSs wertgrsections or avoided crossings. Since its implememtatio
optimized using the state specific complete active-spdée se in the Firefly QC packagé? the XMCQDPT2 method has
consistent field (SS-CASSCF) method. MECIs were op-been applied to a number of problems of biological and pho-
timized using state-averaged CASSCF (SA-CASSEF$  tochemical interest®=®" In addition, it was shown to com-
with equal weighting given to the two states forming the CI. pare favourably with respect to experimental observataos

The different decay pathways relevant for the photochemother high-level theoretical metho§%:7°

istry of aniline were studied using linear interpolationriter- In XMCQDPT2 calculations, it is important to include
nal coordinates, relaxed potential scans and minimum gnergnore CASSCF states in the model space spanned by the
path (MEP) calculations using the SA-CASSCF method. Thezero-order effective Hamiltonian than in the state avedage
MEP calculations were based on the intrinsic reaction deord CASSCF stag@?’1"?In all the XMCQDPT?2 calculations re-

2| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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ported here, the 30 lowest CASSCF states were includedinthd  Vertical and adiabatic excitation energies

model space spanned by the XMCQDPT2 zero-order effective

Hamiltonian. Test calculations at the ground state eqiiiin ~ The equilibrium geometries of the ground antftir* states,
and various distorted geometries were performed to chextk th optimized using the CAS1 active space, are shown in Fig. 2.
this size of model space yielded converged energies. An InBoth haveCs symmetry and a pyramidal arrangement around
truder State Avoidance (ISA) denominator shift of 0.02 wasthe nitrogen atom.

used in all the XMCQDPT2 calculations.

Two different active spaces were employed for the CASSCF Mings Min 7
calculations. CAS1 consists of 8 electrons in 7 orbitals: 3 0.996
occupiedrr orbitals and the corresponding 3 unoccupiged 0'953\.) }.‘1 439
orbitals (in the reference ground-state configurationitogr L 100 o N |
with the occupied nitrogen lone-pair orbital. Since it does 1.405 1.385 4
include the 333 orbital, this active space cannot describe the
n3s/mo* state. CAS2 consists of 10 electrons in 9 orbitals:
CAS1 augmented with a pair af and 3s6™ orbitals cen-
tered on the amino grotipThe 3s¢* orbital has strong Ryd-
berg character in the FC region and is needed to describe trpqg_ 2 ground and frt* state CASSCF optimized geometries.
low-lying 1'm3s/mto* state, which is known to play an im-
portant role in the photochemistry of aniline and many other Tne focus of this paper is the four lowest lying singlet elec-
substituted aromatic organic compourfdg®* From now on,  yonic states, which we lab&S, 177", 1710* and 27, in or-
the 713s/ma™ state will be simply labelled asrto*. der of increasing energy/ The vertical excitation energies

Al the calculations performed with the CAS1 active spacecomputed using the two active spaces described in Section 2
used the 6-311G** basis set whereas the calculations pe@re reported in Table 1 and compared with previous calcula-
formed with the CAS2 active space use the 6-311++G** basidions and experimental values.

S?t augmenteq with two dlﬁ.use s functions and two se.ts c)trable 1SA-CASSCF and XMCQDPT?2 vertical excitation energies,
diffuse p functions on the nitrogen atom as well as a single

. i . talculated using the two active spaces described in Se2tion
diffuse s functions on the two amino hydrogen atoms. Thecompared with values from previous high-leed initio
exponents of the supplementary diffuse functions are deteta|culations and experimental values. The theoreticaltadic
mined in an even tempered manner by dividing the exponendxcitation energies and experimental 0-0 transition gnefghe
of the most diffuse s and p functions already present in the 6imrr* state are given between parenthesis.

311++G** basis set by a factor of 3.0. Such an extension of

the basis set was found to have a significant effect on ttoe'1

state vertical excitation energy and the height of the bato

U U * U U *
photodissociation, as has been found for pyrfof€and phe-  —sxsw 46811(:1[?-29) e ?137: —
nol.”” CAS1/XMCQDPT2 4.28(4.02) - 5.39 -

For the MECI optimizations using the CAS1 active space, §2§§XMCQDPT2 i:g;g:gg; 2:?2 ;;3? g:;g
we found it necessary to use a quadratically convergent al- sac-ci3” 4.20 4.53 5.34 6.39
gorithm for the CASSCF wavefunction. The orbital rota- MS-CASPTZ? 4.33 4.85 5.54 6.28
tion derivative contributions from the coupled perturbadiin CR-EOM-CCSD(TY* 4.21 469 542 -

exp. 4.41(4.28 4.60° 5.428 -

configurational self-consistent field (CP-MCSCF) equation —gr=ror
were neglected in the MECI optimizations using the CAS2 brrom ref38 assigned as the 0-0 transition
active space.

Throughout this paper, the notation S&ASSCF is used

; . . Generally, the calculation of excitation energies using
tq describe a state averageq CASSCF calculation using OMulti-reference perturbation techniques require thastalles
bitals averaged overelectronic states.

of interest are described uniformly well at the CASSCF level
The CASSCF optimizations were performed using theThis requirement often implies the use of state averaged

Gaussian 03 program packd§and the single point CASSCF CASSCF orbitals since state specific CASSCF orbitals can

and XMCQDPT2 calculations were performed using the Fire-be quite different for the different electronic states dénest.

fly QC package?® which is based partially on the GAMESS This is specially true when the states of interest have a dif-

(US) source codé? ferent nature. For instance, Stavietsal.?? have shown that

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |3
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the It state arise from a local excitation within the phenyl4  Photochemistry after excitation to the 1"
ring whereas the 27t state has a significant charge transfer state
character. In addition therfio™ state has a significant 3s Ryd-

berg character at the FC geometry. In this case, a statéispeci|, this section, we consider the decay pathways of aniline af

CASSCEF calculation leads to a significant valence-Rydberge, excitation to the frrr* state, at energies below the vertical
mixing whereas a state averaged CASSCF calculation yieldgy citation energy of therto™ state.

orbitals with a well defined character. It was therefore nec-
essary to use state averaged CASSCEF orbitals for a well bah—)
anced description of the electronic states of intereseaXii-
CQDPT2 level of theory.

In ref.32, the It state was described as arising from a
cal excitation within the phenyl ring, and the analogyhwit
the S, state of benzene was pointed out. Indeed, the photo-
chemistry of aniline after excitation to thetir* state shares
many similarities with that of benzene. Following excita-

) ) tion with wavelengths> 245 nm, benzene fluoresces with a
The CASL active space can not describe tite"1state and quantum yield of approximately 0.2 and the remaining pop-

Is used to compute the two firstr” state excitation ener- iion decaysiia ISC to a low lying triplet state. These
gies at the SA3-CASSCF and XMCQDPT2 levels of theory.,[WO processes take place on the timescale of 10-1G9#s.
The CASSCF trrr* vertical excitation energy is in reasonable 5 wavelengths< 245 nm (corresponding to- 3000 cm't
agreement .Wit.h the exper_imental value. In contrast, .mﬂ*z aboveS, — & 0-0 transition) the fluorescence is quenched
vertical excnauon_e_nergy is grossly overestimated witlea and the molecule quickly decays to the ground state by in-
ror of 1.96 eV. This is not unexpected as the CASSCF methogy 5| conversion (IC)ia the so-called prefulvene conical in-
has a well known propensity to overestimate excitation €Neliarsectiont2-20This conical intersection occurs at a geometry

gies to excited states with significant charge transferattar. ., o cterized by a strong out-of-plane distortion of ontnef

The XMCQDPT2 calculation using the same CASSCF wave, 0 atoms, accompanied by a strong reduction of the dis-

function yields excitation energies in good agreement Withiyce phetween carbon atoms either side of the one raised out o
previous calculations and experimental observations. plane to generate the crossing. The activation energy deede
to reach the prefulvene deactivation channel has been shown
theoretically to be the consequence of the presence of apote
In addition to the o™ state, the CAS2 active space gen- tjg| barrier on the pathway connecting the FC region and the
erates a second low-lying3s/mo™ state, hereafter denoted \jEC| on theS; PES. Conical intersections between the first
2mo* state, which was calculated at 6.39 and 6.28 eV respeGsycitedm* state and the ground state with similar geometries

tively in previous work®"-39Because of the large overestima- have been described in many other aromatic molecules, for
tion of the 2trr” state, the CASSCF method wrongly predicts example, pyrazin® and phenof?

the 2t0” state below the 27 state. The correct orderingis aniline, following excitation to the Arr* state at wave-
however recovered at the XMCQDPTZ.leV.el of theo.ry. SA.S'Iengths> 270 nm, the fluorescence quantum yields are com-
CASSCF and XMCQDPT2 vertical excitation energies usingy,apje to those of benzene and single vibronic level fifes

the CAS2 active space are presented in Table 1. These resur ging from 3 to 9 ns have been reporf8d* Whereas in

show that the corrections due to the inclusion of the dynamic - "o the six carbon atoms are equivalent, the presence of

;:orrﬁlatigr? energygre Ie”ssr:m)rzc,\);?ntgnggw* srt]at(;as tha_g the amino group in aniline breaks this symmetry and the C1,
ortherr states. Overall, the Q method provides C2, C3 and C4 carbon atoms (see Fig. 1) are not equiva-

accurate and well balanced results for the vertical excrtat lent. As we show below, this gives rise to the presence of

energies of the electronic states of interest. four distinct S, (1rrr*) /GS prefulvene-like MECI points, la-
belled Cllnm/es (i = 1,2,3,4), where the superscript refers

. . to the out-of-plane carbon atom (see Fig. 1). Although three
Finally, we note that the CR-EOM-CCSD(T) calculations of these (Ci CP2 sand CETm‘*/GS) have been re-

of Worth et al.*° predicted the B, and Jy states to lie at "";/ GS ~1mr/G o _
5.31 and 5.42 eV respectively, between theot and 20 ported before’2to the best of our knowledge this is the first re-

states which is in disagreement with previous high level cal POrt Of CHl e jas Itis worth noting that a similar prefulvene-
culations373% We have performed a calculation at the XM- like MECI has been found in phen8lwith an out-of-plane
CQDPT2 level of theory using the CAS2 active space augdistortion of the carbon atom carrying the hydroxyl group.
mented with the two corresponding 3p Rydberg orbitals. ThisTSs have been found between theerdt equilibrium geome-
calculation predicted both states to lie slightly aboveatia*  try and Ck, . o and Cl, . ¢ indicating the presence of
state, at 5.58 and 5.62 eV respectively. These states are npotential barriers along these pathways. Potential eneaigy

considered further in this paper. riers along the pathway to the prefulvene MECI are known in

4|  Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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benzeneg’Z—gO pyrazinegl and phenoﬁz The four MECI| and able 2 SA2-CASSCF and XMCQDPT?2 prefulvene MECl and TS

two TS geometries, optimized using the CAS1 active Spac,;gnergies in eV, relative the ground state equilibrium geomé&he
are presented in Fig. 3. XMCQDPT2 MECI energies are averaged over the GS am*1

states. The values between parenthesis are the magnittite of
: energy gap between the two states (see text for details).
CIlﬂ'ﬂ'* /GS

CASSCF XMCQDPT2

Climr/cs 550 4.87(0.22)
Climpes 538 4.76(0.07)
Cllrjes 539 4.69(0.21)
Cliprjcs 526 4.55(0.46)
N 3
- : :

of CASSCF TS on the pathways leading to%,g;,L/Gs and

CI?W/GS might be a consequence of the non uniform accu-
racy of the CASSCF method along the pathways.

Fig. 4 presents the pathway between thertl equilib-
rium geometry and the %IW/GSMECI geometries calculated
at the SA2-CASSCF and XMCQDPT2 levels of theory. A
single linearly interpolated scan between these two geome-
tries would have overestimated the height of the potential e
ergy barrier separating them so the scan was split into two
parts: from the i equilibrium geometry to T‘gm* and
from TS}, to the Cf . s MECI geometry.

Fig. 3 Geometries of the four prefulvene-like MECIs and of the two
TSs, TS, and TS, optimized along the pathways leading to
CI%mT*/GS and Cﬁnrf*/GS’ respectively. Optimizations were
performed using the CAS1 active space.

No TSs were found on the pathway connecting timetl
equilibrium geometry and @m*/es or CIEW/GS. However,
in both cases, the pathway crosses a very flat portion of the
1rrt* PES before reaching the MECI point. Both CASSCF
and XMCQDPT2 energies of the four MECIs and two TSs are )
listed in Table 2. The XMQQDPTZ energies have been com- 0 4 8 120 4 8 12
puted at the CASSCF optimized geometries. Because the de- 12 1/2

is i i LIIC (amu

generacy is lifted for XMCQDPT2 calculations at CASSCF

optimized MECI points, the averaged energies of the two
states and the magnitudes of the energy gaps between th%. 4 Ground (blue line with circles) andrirr* (red line with

are reported. ) ' .
squares) state potential energy profiles along the linearly
These results show that, both at the CASSCF and XMinterpolated internal coordinate (LIIC) from therf* equilibrium

CQDPT2 levels of theory, the @lm/es MECI appears at  geometry to the e /s MECI computed at the (a) SA2-CASSCF
slightly lower energy than the three others. Note that, theand (b) XMCQDPT2 levels of theory. The vertical black daslieel
dynamical correlation energy correction is smaller at t8s T marks the T$,,. position (see text for details).

than at the MECIs. This indicates that the XMCQDPT2 bar-

riers are larger than the CASSCF ones. Therefore, the lack Our calculation shows that the energy required to open the

E (eV)
P N W b 01 O

<,

ao) LIIC (amu ao)

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |5
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prefulvene decay channel is higher than the vertical etkaita symmetry, there is no valence-Rydberg mixing problem since

energy of the fro* state (Tab. 1) and therefore, processes takthe valence and Rydberg states have different symmetry. The
ing place on the fic* surface are likely to compete with the A’ state energies at the optimized geometries have been com-
prefulvene decay channel. Indeed, Stawbal.3?> and Mon-  puted at the SA3-CASSCF level of theory using the same ac-
teroet al.*2 reported evidence of decay through the prefulvendive space. XMCQDPT2 calculations are also perfomed at the
channel after excitation of the@r* state. This decay pathway CASSCF optimized geometries and the results of both calcu-
implies evolution on the &r* PES towards a2/l Cl lations are presented in Fig. 5.

and subsequent relaxation on thertt PES towards the pre-
fulvene CI. In this context, the new %/GS MECI reported
here seems particularly relevant since its geometry islaimi

to the 2t /1t MECI. Both MECIs involve a strong out-of-
plane distortion of the carbon atom carrying the amino group
Therefore, the direct pathway from ther2*/1rirr* MECI to —
the Cl‘l‘w/GS MECI involves much less IVR than the corre- ?._;/ 4l
sponding pathways to the other prefulvene MECIs (see Sec-
tion 6).

2%

5 Photochemistry after excitation to thelmo*
state

In this section, we study the decay pathways of aniline follo
ing excitation at wavelengths 269 nm,i.e. above the onset
of the 1rto* state3®

In the FC region, the fic* state PES has a quasi-bound
minimum associated with strong Rydberg 3s character on the
N atom. However, along the N-H stretching coordinate, the
1ro* state acquires a valence character and the PES be-
comes dissociative. The quasi-bound and dissociative com-
ponents of the PES are separated by a significant barrier, the

height of which has been estimated at 0.5 eV using the EOM- 0 \ 4.3 ‘
CCSD method®® The 171o* state and its role in the electronic 1 15 2 2.5 3
relaxation of photoexcited aniline has been the subject of a R (A)

number of recent investigatiorf$:#0-4° N-H

We have performed a relaxed potential energy scan alongig. 5 Relaxed potential energy scan along the N-H coordinate,
the N—H stretching coordinate on therd* PES,i.e at each  computed at the (a) CASSCF and (b) XMCQDPT2 levels of theory
point, the N7—H14 bond length is kept fixed and the geometrysing the CAS2 active space, showing the ground-state (blue
of the rest of the molecule is optimized. The molecule is pla<ircles), Iirt* state (red squares)rr* state (brown crosses)y2r*
nar withCy, symmetry at the fro* equilibrium geometry (see state (green diamonds). The geometries are optimized dtritié
Fig. 6). Upon elongation of the N7—H14 bond, the symmetryState at the SS-CASSCEF level of theory usigsymmetry. A zoom
is reduced taC.. Here, theCl notation is used to distinguish ©f the It and Ino™ states potential scans around tieot
the planar geometry (with non-equal N=H bond lengthg), ~ Mnimum is shown in panel (c).
where the symmetry plane is the molecular plane, from the
ground state pyramidal equilibrium geometry@f symme- Interestingly, although therio™ state is the second excited
try, where the symmetry plane is perpendicular to the phenystate at the FC geometry (see Tab. 1), from Fig. 5 it is clear
ring and bisects the H-N—H angle of the amino groupCJn that it lies below the #r7* state in the CASSCF relaxed scan.
symmetry, the tro* state belongs to th&” irreducible rep-  This is a strong indication that upon relaxation on thes1
resentation whereas the GS77t* and 21" states belong to  state from the FC geometry, the system must evolve toward a
the A irreducible representation. In these calculationsAhe mo*/1mmr* seam of conical intersections (see Fig. 7 below).
andA” states have been computed separatéljhe geome- At long N—H distance, therto* curve crosses the GS curve,
tries on the Tr1o™* PES are optimized at the SS-CASSCF levelindicating a competition between internal conversion t® th
of theory using the CAS2 active space. We note thaEjn ground state and N-H dissociation upon evolution on the dis-

6| Journal Name, 2010, [vol]1-13 This journal is © The Royal Society of Chemistry [year]
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sociative part of the fic* state. Bothto™ /1niit* andrio™ /GS

MECIs have been reported previousk/Our CASSCF cal-

Physical Chemistry Chemical Physics

energy of 4.60 eV was attributed to the 0-0 transition to the
1mo™* state. However, a conical intersection lying close to the

culation yields a height of 0.58 eV for the barrier separat-1ro* local minimum points towards the existence of strongly
ing the quasi-bound well from the dissociative part on thevibronically coupled levels that cannot be attributed lgasi
1o curve, and an N-H bond strength of 3.37 eV, whichvibrational levels of either &rt* or 1rro™ states, as discussed
is a significant underestimate compared to the experimenta ref.%4.

value of 3.92 eV reported by Ashfold and coworkétsThe
CASSCF optimized geometries of thed* state local mini-
mum and TS, noted Mg« and TS+ respectively, as well as
of the mo™ /mrr* and to* /GSMECIs, noted Cg+ /17 and
Clno+/csrespectively, are presented in Fig. 6.

Min o+ TS

1011 1.305
J’* 1.444 9 ;1,453
1.3023_1—1. . 1.208
> i |
1‘3723-3- 1.3721 9
1.414 J 1.416 J

CI * * " vy Qo
wo* [l 1847 CI?TO“/CTS

82

&1_408 J ¢1.424

39 )_i‘ 1'334&3_‘
Laz 3 138§d‘¢J
' 1.405 &

1.432

0

[{=]

1.

w

Fig. 6 Geometries of therto™* state local minimum and TS as well
as of therro™ /" and o™ /GSMECIs.

At the Min;g+ geometry, the molecule is planar wittCa,
symmetry point group and an N-H bond length of 141
The TS+ and Cly+ /s geometries are also planar, witly
symmetry and N-H bond lengths of 1.&land 1.85A, re-
spectively.

In order to gain further insight into the competition betwee
relaxation to the frrr* state and relaxation to the dissociative
part of the Ito* state, we have computed a linearly interpo-
lated scan from the FC ato the CASSCF optimized Min
geometries (Fig. 7). State averaging over the five lowettsta
is used in this calculation. At the CASSCEF level of theorg, th
nio*/1rrte Cl appears very close to the FC geometry. How-
ever, the situation is quite different at the XMCQDPT2 level
of theory and the Cl appears at a geometry much closer to
the Mingg+ geometry. This suggests that, after excitation to
the Iio™ state, the system will relax toward thefg! /177,
where it will either be transferred to thetir* state and then
decay on a very long (nanosecond) timescale, as discussed in
the previous section, or stay on thad* state and evolve on
the dissociative portion of the PES.

5

4.8

@4.6
W (a) (b)

4.4
0 04 08 120 04 08 1.2
LiIC (amullzao) LIC (amullzao)

We now discuss the results obtained from the XMCQDPT2Fig. 71 (red squares) andrio™ (brown crosses) potential
calculation of the relaxed scan at the CASSCF optimized ge€nergy curves along the linearly interpolated internardivate

ometries, shown in Fig. 5(b). We obtain a barrier height ofeeétween the FC and CASSCF optimized hin geometries,

0.41 eV, which is lower than the CASSCF value, and an N—H-omPuted atthe (a) SA5-CASSCF and (b) XMCQDPT2 levels of
) ’ ! .theory.

bond strength of 3.83 eV, in good agreement with the experi-
mental value of 3.92 e¥! As shown in Section 3, the inclu-
sion of dynamical electron correlation has a greater effect
the 1rrrr* state than on therio™ state and for short N-H dis- 6 Photochemistry after excitation to the 2
tances, the firr* and o™ states are almost degenerate with state

the it state lying slightly below theto™ state. As the N—

H distance increases slightly, thed* crosses thert* curve  In this section, we study the decay pathway of aniline follow
close to its local minimum in the quasi-bound well. This sup-ing excitation to the &r* state. Experimentally, this corre-
ports the conclusion drawn from experimental observatfon osponds to excitation with wavelengtks240 nm. A number
the relaxation dynamics following excitation close to ooe®  of experimental studies have been directed towards unravel
the minimum of the tro™* state*344 This has interesting con- ling 2rt7t* electronic relaxation using a variety of techniques:
sequences regarding the vibronic structure of the molénule time-resolved photoelectron spectroscdp§* time-resolved
this range of energies. In réf, an experimental excitation photoionisation spectroscof}y, time-resolved velocity-map

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |7
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imaging®? and H-atom (Rydberg) photofragment translational )
spectroscopy! In all these studies, ultrafast decays were ob-
served, or inferred, and interpreted as either internaleen 6f
sion to the ground state or H-atom loss on thes1 surface.
For example, Ashfold and coworkers recorded bi-modal to-
tal kinetic energy release (TKER) spectra at various excita
tion wavelengths in the range 240-220 filnThe fast H-
atom component was attributed to dissociation on the*1 |
surface after internal conversiona a 2mrr*/to* Cl, or a (@)
2rrt'/ Lttt Cl with subsequent transfer to therd* surface
via the mo*/1mrt* Cl. The slow H-atom component was at- 8 ‘ e ‘ : ‘
tributed to dissociation from the ground-state followimg i
ternal conversion from ther8t* state to the ground-state. / ]
Monteroet al. recorded three different time constants in the 67 1
same wavelength rangey = 21+ 5fs, 11 = 150+ 30 fs and 1
T, = 45+ 2 ps*2 The 1y constant was attributed to an inter- ]
nal conversion through ar@ét*/1mrr* Cl, with a subsequent
competition between internal conversion to theol state and
dissociation, corresponding to tligconstant, or internal con- ol |
version to the ground statda the prefulvene Cl discussed (b)
in section 4, corresponding to the much larggrconstant.

This large time constant would be the sign of a considerable 0
intramolecular vibrational energy redistribution (IVR) the

1mr* state competing with internal conversion to the ground

state.

In terms of previous theoretical studies,@2/1m* MECI ~ Fig. 8 A Ground state (blue circles\"1rr (red squares),

was reported? at a geometry involving a strong out-of-plane A'17T0" (brown crossesyY2rr” (green diamonds) an#l"2mo™
deformation of the molecule. (magenta triangles) potential energy profiles computeleat t

. . SA5-CASSCF (a) and XMCQDPT2 (b) levels of theory along the
Here, we report evidence for a new decay pathway leadingrc scan on theV 2t state.

to internal conversion to the ground state, mediated byethre

succesive MECIs, two of which have not been reported before.

The MEP connecting ther2t* state at the FC geometry to the , . )
ground state is presented in Fig. 8. The MEP calculation was !N the second stage, in order to include the" states in

performed in several steps and the geometry was constrain@y" calculations, we performed single point SA-CASSCF and
to Cs symmetry. We began by performing an IRC calculation,XMCQDPT2 calculations at the geometries obtained from the

starting at the FC geometry on the2* state, using the CAS1 IRC calcul_ations, using the CAS2 activc_e space. The CASSCF
active space and a CASSCF wavefunction averaged over tpavefunction was averaged over the five lowest staFes. The
17 and 2T states. The initial relaxation direction was "€Sults of these CASSCF and XMCQDPT?2 calculations are
taken to be the gradient on ther* surface. The CAS1 active diSplayed in Fig. 8(a) and (b), respectively. From now o, th
space is used to filter out threo™ states, which greatly simpli-  Intrinsic reaction coordinate will be notefR.

fies the IRC calculation. The IRC calculation was stopped at First, we consider the CASSCF IRC scan shown in Fig.
the Irrrr* /2T crossing. Then, a single point was calculated8(a). As discussed in Section 3, the CASSCF method yields
at a geometry obtained by extrapolating the last IRC step. Athe wrong state ordering at the FC geometwsy, the 2™

this point, we checked that thet2* state was lying below state lies below the 72it* state. As relaxation on72t" be-

the Irrrt* state. Because the geometry was constrainé@i to gins from the FC geometry, then2r* state energy decreases
symmetry, the symmetry of thetit* and 2trr* statesf” and  and the 21o™* state energy increases until the two curves cross
A respectively) is conserved along the MEP. Therefore, tharoundq'R®¢ = 1.8. This 2trr* /2o Cl is an artifact of the
1 and 2t states can be distinguished unambigously byCASSCF method. Overall, the CASSCF MEP shows the ex-
checking their respective wavefunctions. A second IRCwzalc istence of a barrierless relaxation pathway involving arjr
lation was then performed starting at this last geometipgus out-of-plane deformation of the molecule, resulting in ato
the CAS1 active space and a CASSCF wavefunction averagembnformation of the phenyl ring at the end of the IRC scan.
over the 2trt* and ground states. Along this pathway, the 2rr* state crosses, successively, the

E (eV)
L

2 4 6 8 10 12
quc (amullzao)

8| Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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1rrt*, 1o and ground electronic states.

the geometry of the approximate three-statedf{ = 2.89)

We now discuss the XMCQDPT2 MEP computed at thethe geometry of the it /2t crossing ¢'RC = 5.68) and
CASSCF optimized geometries shown in Fig. 8. As alreadythe geometry corresponding to t6&/ 27t crossing ¢'R¢ =
discussed, the correction to the energies from the inatusio12.55).

of dynamical electron correlation is quite large for ther2
state. Upon relaxation, the energies of thetl, 1mo* and
27T states come close to one other aroghif = 3. In this

region, the three states lie within 0.25 eV of each otherctvhi
is a strong indication for the presence of a nearby threte-sta

Cl1.95-97|n contrast to the CASSCF MEP, here thed* and

2t states, both o symmetry, form a narrowly avoided
crossing rather than a true Cl. This is, however, just an-indi

¢™mC = 0 g% = 2,89
0.997
A 1.405 099 1346
J .
i M 1.518% MJ
1.399
1.393 1.394 1.344 P 1463

RC _ N IRC _
cation that the XMCQDPT2 pathway passes very close to the 0.999 gR¢ = 5.68 0'997‘ g = 12.55

1rio* /2t Cl seam rather than crossing it as in the CASSCF
calculation. The pseudo-diabatic assignment used tondisti

guish between the states is of little significance in theratte
tion region because the electronic characters of tihe*land

1.339

1.501

1.476

1346 Q)

2mrtt states are mixed; however, as we move away from the

three-state ClI region, the electronic character of bottesta Fig. 10Geometries at key points along the MEP (see text for
become clear again. The same is true for the region where theetails).

2ttt state approaches the ground state at the end of the scan.

CI}'JUT*/?WT* CIl'JTJ*/Q?WT*
\1.380 Q.SIS

1.472 i Q 48 J
’ ‘ 1.468
1.420 1414 13527
CIGS/?’JTT(’*
1.345
1.430

LSGH 9
1.456 @ 1.388

Fig. 9 Geometries of the three MECIs involving theZz" state.

Overall, the XMCQDPT2 decay pathway on ther2 state
surface connecting the equilibrium geometry to the, Gl s
is barrierless, although flatter than the CASSCF computed
pathway. This suggests that the corrections due to the-inclu
sion of dynamical electron correlation are greater in the FC
region than in the region of the &} s corresponding to a
strongly distorted geometry. However, another possibideex
nation is that the geometries along the pathway are obtained
via CASSCF partial optimizations, therefore they may be far
from the true XMCQDPT2 MEP. Nonetheless, it is interesting
to note that similar ring puckering decay pathways have been
described in other simple aromatic organic molecules such
as pyrrolé® or the purine DNA bases adenf#?® and gua-
nine.>” Moreover, the boat conformation of the phenyl ring,
found atq'RC = 12.55 (see Fig. 10), is reminiscent of the De-
war form of benzene, which is know to be populated after ex-
citation to the 2irt* state of benzen&®-102To investigate this
further, we extrapolated from the Cl@R® = 12,55, along the
IRC until a geometry where thg@@r* state is the ground state

These calculations have unveiled three Cls that are relevaivas found and then performed a geometry optimization. The

to the electronic relaxation of aniline following excitati to
the 2t state: Imo™* /2mm, Lo /2mt* andGS/ 2 Cls.

resulting local minimum on the ground state PES (M) is
an aniline analogue of the Dewar benzene isomer (Fig. 11).

We have optimized the three corresponding MECIs, labelledve have also located a saddle point 659 connecting this

Cliro* j2mne» Cline j2mne @nd Cgroprr, at the CASSCEF level
of theory using the CAS2 active space fok kg /2, and the
CAS1 space for Gl /2 and Clgjznne- The three result-
ing geometries are shown in Fig. 9. Although f /27 has
been reported previously, Cly s+ /27 @and Chyre s are re-
ported here for the first time.

local minimum to the global equilibrium geometry (Fig. 11).
The energies of the Dewar minimum and TS relative to the
global minimum energy, computed at the SA2-CASSCF and
XMCQDPT?2 level of theory using the CAS1 active space,
are presented in Table 3. The SA2-CASSCF energies of the
Clarr /s points, are also reported. They show that the De-

In Fig. 10, we show the geometries of the molecule forwar form of aniline is associated with a local minimum on the

four key points along the MEP: the FC geomet{?’f = 0),

ground state PES, separated from the global minimum by a

This journal is © The Royal Society of Chemistry [year]
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TSDeW 7
6 :
S
23 (@ (b)
W 4
3
7) ‘
Fig. 11 Geometries of the Dewar minimum and TS on the ground 0 2 4 6 80 2 4 6 810
state PES. LIC (amu*?a))  LIC (amu*?a)

barrier with a helght evaluated at 0.57 eV. |ntereSting1ﬁ t Fig. 12Linearly interpolated scans (a) from thel%/zl_[m to the
Dewar form of aniline might provide a possible experimentalprefulvene Cf - gsand (b) from the Glyg- /27 to the Chyg- /g
probe of the ring puckering decay pathway discussed abovepmputed at the SA5-CASSCF and SA6-CASSCEF level of theory,
i.e an experiment aiming at its detection after excitation o th respectively, using the CAS2 active space.

2ttt state would provide a test of the relevance of this decay

path in the photochemistry of aniline.
In both cases, the initial geometries are not taken to be the

Table 3SA2-CASSCF and XMCQDPT2 energies of the Dewar MECI structures of Clyy j2nm @nd Chpgs j2ny, but rather
minimum and TS and SA2-CASSCF energies of thg-¢l s the ClI points reached in the CASSCF IRC pathway of Fig.
points. CYES) s refers to the MECI (see Fig. 9) andifif.. s to 8(a). The scan in Fig. 12(a) shows a rather flat but barrier-
the CI point reached on the IRC pathcHtC = 1255 (see Fig. 8and  less pathway connecting the G} 27+ With the prefulvene
Fig. 10). Climr cs Interestingly, a similar barrierless pathway con-
necting the §/S; Cl to the prefulvene 8 Cl in benzene has
been calculated?1%*However, Fig. 8(a) shows that the path

SA2-CASSCF  XMCQDPT2 connecting the Gl /o With the FC geometry is steeper.
Minpew 3.97 3.54 Therefore, it seems most likely that, if the molecule retabce
TSpew 4.60 4.11 the 1rtrr* state, it will then relax to the FC region where it can
Clg"nEnE'/GS 4.79 - relax furthervia the prefulvene Glryr s or via the N-H dis-
C|'2F51% s 5.21 - sociation path on therto™ state after crossing the & /177,

as has been proposed previoubiy?
The scan of Fig. 12(b) shows a steep pathway connecting
In addition to the ring-puckering decay pathway discussedhe the Clg+ /2 t0 the Chpge/gs, sSuggesting the possi-
above, the potential energy curves in Fig. 8 suggest two albility of very efficient relaxation to the ground state or-dis
ternative decay pathways. At the three-state Cl, the mitgecu sociation on the fric* PES. A barrier is seen on thetd*
can relax to the firrt* or 1rto* states. In both cases, it is clear potential energy profile. However this barrier appears much
from Fig. 8 that the molecule can then relax directly to the FCsmaller than the barrier on the relaxed N-H potential scan
region. From the FC region, the molecule can then decay téhown in Fig. 5, and should therefore be easily overcome by
the ground stateia the prefulvene Gl ,gs shown in Fig. 3 the wavepacket upon relaxation on threcot* state after cross-
or the Clyg+/gs shown in Fig. 6, or dissociate on thetd*  ing the Chng /2.
PES. In order to find out if other direct decay pathways to the It is not possible from this work to infer which decay path-
ground state exist, we performed linearly interpolatechsca way will be preferred by the molecule, after excitation te th
from the Ch e 25+ t0 the prefulvene Gl gsand fromthe  2mrr state. It is known that nuclear dynamics around Cls do
Clino+j2mn+ 10 the Chpo+ gsrespectively, using the CAS2 ac- not only depend on the location of the MECI point but also on
tive space. For the former, the orbitals were averaged beert the topography of the extended Cl seam. Specifically, differ
five lowest states while for the latter, the inclusion of afsix ent decay pathways can be preferred depending on which re-
state was found necessary for a well balanced description afion of the Cl seam is reaché8>-1"Therefore, an extended
the states of interest along the pathway. Both calculatwas mapping of the various Cl seams connecting the electronic
presented in Fig. 12. states of interest in this work would provide valuable infiar

10| Journal Name, 2010, [voll, 1-13 This journal is © The Royal Society of Chemistry [year]
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tion on the competition between the different accessibtage
channels. Direct dynamics techniqdi@&!%can also be used
to follow the relaxation pathway of the molecule directiher
conclusions drawn in this work indicates that both appreach
should use post-CASSCF electronic structure calculations 3
reach the level of accuracy necessary for a reliable degumip

of the relaxation of aniline after electronic excitation. 4

1

6
7 Summary 7

CASSCF and XMCQPDT2 calculations have been employed 8
to determine key geometries and pathways on the potential g
energy landscape of the four lowest lying electronic sihgle 10
states of anilinex(GS), 1nrt*, 1rro* and 2trr*. We have lo- 11
cated four prefulvene-like MECIs connecting thart’ state
with GS. The lowest energy MECI, in which the carbon-atom
carrying the amino group is distorted out-of-plane, is régub 13
here for the first time. It seems likely that this MECI is in-
volved in non-radiative decay fronvar* to the ground-state, 14
although the energy of this MECI lies above the vertical ex- 15
citation energy to tro* and will only be accessible at higher 16
excitation energies. We have found a MECI connecting1
and Irrrt* states close to the local minimum omd*. We de-
termine that excitation torio™* is likely to be followed by re- 18
laxation to this MECI where population will subsequently be
transferred both torrr* (as observed in our earlier wotk*%) 19
and to the dissociative component aftd* (as observed by
Stavroset al.®?). We also find evidence for a new decay path-
way connecting 2t and the ground-state that passes through 21
a three-state ClI involving7rt*, 1ro* and Irtrr*. From this 22
three-state Cl, population may be transferred on the lower p
tion of the 2T state with subsequent relaxation towards the
Clarr /g OF on the Tto™ or 1nmr* states, with subsequent
relaxation towards the &y« /s or prefulvene Cir s, re- 25
spectively. This scheme supports our interpretation otau

lier date*®*4 and is consistent with the observations of oth- 26
ers324L.420yerall, our calculations are in agreement with all
experimental observations.
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