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Photophysics of Malonaldehyde: An ab Initio Study
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Minimum-energy reaction paths and potential-energy profiles of the ground state and excited singlet states of
malonaldehyde have been investigated using the ab initio CASSCF and CASPT2 methods. Hydrogen transfer
(or proton transfer) as well as detachment of the hydrogen atom are considered as reaction coordinates. For
the § (n*) state, a proton-transfer barrier of about 3000 ¢ms predicted, which is significantly larger than

the barrier in the ground state (1100 ¢ The hydrogen bond in the; $nz*) state is found to be weaker

than the H-bond in the ground state. For the(/87*) state, on the other hand, an unusually strong H-bond

and a barrierless potential-energy profile with respect to the proton-transfer coordinate are obtained. The
single-minimum character of the Grr*) potential-energy surface is definitively established via the calculation

of the Hessian. The calculated normal modes and the vibrational spectrum ef(thve*Bstate exhibit strong

mixing of the OH stretch motion with CC and CO ring-stretching and ring-bending motions, reflecting
pronounced bond conjugation within the H-chelate ring. Hitherto unknbmst and no* states have been
identified which are strongly repulsive with respect to in-plane detachment of the mobile hydrogen atom,
leading to low-lying conical intersections with the electronic ground state. Vibronic coupling dfrttte

with the zo* state by out-of-plane modes connects the former, via a low barrier, to the conical intersection
of the latter state with the ground state, providing a mechanism for efficient internal conversion. It is argued
that these findings reflect general properties of the H chelate ring in intramolecularly hydrogen-bonded
molecules and can provide the explanation of the photostability of these systems.

1. Introduction A barrier height of about 6.6 kcal/mol (2300 chy for the PT
reaction has been inferred from these experimental observétions.

. . Ab initio quantum-chemical calculations based on the Hattree
strong intramolecular hydrogen bond with a proton(hydrogen)- £y F) approximation have predicted a barrier of about 10

tunneling exchange between the oxygen atoms. It has been thekcallmol (3500 cm?).12 The effect of dynamical electron-
subject of extensive experimental and theoretical studies OVEr . relation on the PT barrier in the ground state of MA has
Fhe years and has become the prototype model for a number Ofbeen investigated with variety of theoretical methods. It has been
intramolecular proton-transfer (PT) systems. The transfer of a

hvd tom het fom t th b id concluded that dynamical electron correlation effects cause a
ydrogen atom from one heteéroatom 1o another can be consi “significant reduction of the barrier, predicting a value in the

ered as one of the most fundamental reactions in chemistry, range of 4-6 kcal/mol (1508-2000 cnl).11-13 The calculated

and plays a crucial _role_m many areas (for areview, see refs barrier is thus remarkably lower than the early estimates based
1—-4). The PT reaction involves a seemingly straightforward on analysis of the experimental data in terms of a one-

detachment/attachment mechanism, but since it involves thedimensional model (8 kcal/moty. The analysis of Carrington

motio'n.of a light atom, which is in turn strongly couplled to the and Miller based on a two-dimensional moehdicated that
remaining nuclear degrees of freedom, the process is charactera barrier height of 6.6 kcal/mol is compatible with the experi-

ized by a complex dynamical behavior that renders its theoretical mentally observed value of the tunneling splitting. Similarly,

cha}ractﬁjrlzhat:jon.a challednglng prlob_lertr;].. The PTtdynamlcs " the three-dimensional reaction-surface treatment of Shida&t al.,
malonaldenyade IS a goo egampe n |s.re5|5e.c. ) based on high-level ab initio calculations, gave a tunneling
As demonstrated conclusively by the pioneering studies of gpjitting in satisfactory agreement with the experimental data.
Wilson and collaboratorsihe isolated molecule exists almost Apart from the analysis of the tunneling splitting of the
completely in one of the two equivalent planar asymmetric forms vibrational ground level, no satisfactory agreement between

Eﬁég’g;gwﬁgguizglg ,:L{]dnrgﬁ]r?nsatﬁtrt?n'ngrfﬁgng;ggngﬁ?g\?;g observed and theoretically calculated vibrational IR spectra has
g Spitting been obtained so far despite extensive activity in the fiéfd!”

of the ground state, thus leading to a characteristic doubling of These fact | that the PT in the electroni d

all rovibrational lines. The tunneling-induced splitting of the tat ese ?C S revea Ia € lt.dproces.s ml deeec ronic groun

vibrationless (zero-point) level of the, State was estimated state involves a complex muftidimensional dynamics even in
this relatively simple system. The situation is much less

from far-infrared spectroscopy to be about 217¢érh Later i t for the PT fion in th ited electronic stat
analysis of microwave data led to the value of 21.581tfn ransparent for the reaction in the excited electronic statés
of MA. In the near-UV region of the spectrum, Seliskar and
, " : Hoffmann® have identified a weak and highly structured
* Corresponding author. E-mail: sobola@ifpan.edu.pl. . . .
* Institute of Theoretical Chemistry. absorption band, which has been assigned to the-Sns*
FInstitute of Physics. electronic transition. The band origin, associated with a promi-
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Malonaldehyde (MA) is the simplest molecule exhibiting a
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nent feature at 28273 cmh exhibits a splitting of roughly 7 H
cm™%, which has been attributed to the change of the tunneling )
splitting with respect to the ground state. The progression
forming modes with frequencies of 185 and 1300 émwere o
assigned to in-plane H-chelate-ring-bending and carbonyl

—

stretching modes. Each of these progressions shows a charac- Ry
teristic doubling of the vibrational structure. The&/0~ term o0, R_ Ql/H\Oz R oo,
level splitting of the $ (nr*) state has been calculated to be U -« U — v

about 14 cm? on the basis of the ground-state value of 21
cm~118 Both the reduced splitting and the long Franckondon Figure 1. Hydrogen-transfer R-) and hydrogen-detachmenRy()
envelope of the vibrational progressions suggest that the reaction coordinates of malonaldehyde considered in this work.
potential-energy (PE) surface of the @ur*) state is signifi-
cantly distorted relative to the ground state and has a more open
i.e., less tightly bonded, ©H---O structure. This implies that
the barrier for the PT reaction increases upoen x* electronic

relevance for the rationalization of the photochemical dynamics.
We identify, moreover, a low barrier on the PE surface of the
S, state with respect to hydrogen detachment as well as a low-
o ; . lying conical intersection of the;Sand $ PE surfaces, which
excitation. It has also been conjectured by Seliskar and can account for efficient internal conversion to the ground state.

Hoff_mann tha.lt vibrational out-o_f-plan(_a modes Q_fsg(mmetry Preliminary results of present investigations have been reported
are involved in HerzbergTeller intensity borrowing from the in ref 23

nearby § — S (wr*) transition.
Ab initio calculations of the barrier in the lowest excited 2. Computational Details

singlet states of MA have been performed by Luth and

Scheinef? Using the CI singles method (CIS), these authors

predicted a significant increase of the barrier in the(rsr*)

state and its reduction in the Br*) state as compared to that

in the ground state. However, both excited-state barriers have

been found to disappear when electron correlation effects are

included via second-order MgllePlesset perturbation theory.

It was thus concluded that the PE surfaces of these states ar&?

barrierless with respect to the PT reactidn. r

The system and the reaction coordinates examined in the
present work are illustrated in Figure 1. The hydrogen-transfer
coordinate is defined as the difference of the two OH distances,
R- = (Ro;n — Ro)/2, and the hydrogen-detachment coordinate
is defined asRy = (Ro,n + Ro,n)/2. Previous studies of the
reaction have led to the conclusion that this process is more
roperly called hydrogen-transfer (HT) rather than proton-
ansfer (PT) reaction, but the literature in the field has accepted
the latter phrase for this process. Thus, in the following we

In a recent high-resolution degenerate four-wave mixing ;e the acronym PT for the hydrogen-transfer reaction and PD
spectroscopic study of the origin region of the-S S; (nz*) for the hydrogen-detachment reaction.

transition in MA, Arias et af° have determined a splitting of In the study of the reaction paths the coordinate-driven
19 cnr'*, which differs significantly from the 7 cnt value of minimum-energy-path approach has been adopted, i.e., for a
Seliskar and Hoffman# Assuming a 21.6 cnt splitting in given value ofRoy (or Ro,y) all remaining intramolecular
the ground state, this leads to an estimate of the splitting in the .4 ginates (includingRon or Royi, respectively) have been

S (n*) state of barely 2.5 cm, thus suggesting a substantial  oqtimized in each electronic state. For the PT reaction @&th,
increase of the PT barrier in this state. In view of the discrepancy symmetry (i.e., planarity of the molecular frame) was imposed,
of these estimates with the ab initio predictions of Luth and \yhije C», symmetry was enforced for the PD reaction path, if
Scheiner, Arias et al. have reinterpreted their data, assuming, gt otherwise specified. Note that @, symmetryR; = Ro

an increase of the tunneling splitting to about 407¢rm the  — Ro,n. The reaction-path calculations have been performed at
S; (n7*) state, implying a significant decrease of the PT barrier e CASSCF level with the GAMESS program pack&gét
in the § state relative to the Sstate. the stationary points of the PE surfaces, a normal-mode analysis

Itis clear from the above overview that the spectroscopy and has been performed, employing the analytically calculated
dynamics of MA are far from being precisely understood. This Hessian as implemented in GAUSSIAN®4The 6-31G**
has motivated us to perform a comprehensive ab initio inves- valence doublé- basis set with polarization functions on all
tigation of the excited states of MA. We employ the complete- atomg® has been used for geometry optimizations and for
active-space self-consistent-field (CASS&FRhethod for ge- calculations of the Hessian.
ometry optimizations and for the calculation of harmonic The canonical HartreeFock orbitals of MA which are
frequencies, while electron correlation effects beyond this considered as active orbitals in the CASSCF calculations are
approximation were included employing second-order perturba- displayed on the left-hand side of Figure 2. They include the
tion theory with respect to the CASSCF reference (CASFT2). full set of & orbitals (1-3k and 1-2a in the C,, point group),
An essential feature of the calculations is the choice of a the highestn lone-pair orbital (7), and a pair ofc and o*
judiciously selected active space which includes the most orbitals (9a and 10a, respectively) mostly localized on the
relevanto an o* orbitals and thus accounts for the most O—H-—O molecular moiety. The orbitals which appear to be
significantzo andoo correlation effects. Excited-state minimum-  crucial for qualitatively correct description of the PE profile
energy paths and the corresponding PE profiles for the motionfor the PT reaction in théxz* state in the CASSCF ap-
of the hydrogen atom are constructed. We confirm previous proximation include the lone-pair orbital and th# orbital,
conjecture¥ on the barrierless nature of thes* state. For which has nodes on the OH bonds (see Figures 2 and 3). The
the § (nz*) surface, on the other hand, a significant barrier totally symmetric partner of the* orbital was included for
with respect to the PT reaction is predicted. Novel aspects of completeness into the active space, but this does not lead to
these calculations are the determination of the vibrational normal qualitative changes of the results. It should be mentioned in
modes at the symmetrical minimum of thex* surface and this context that these orbitals in their Hartrdeock form almost
the identification of low-lyinglzo* and no* excited singlet do not contribute to the lowering of the CASSCF energy. The
states which intersect tHesr* and Lzz* states and are thus of  electron-correlation effects included in the CASSCF treatment
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Figure 2. Hartree-Fock (HF) and CASSCF orbitals of MA determined %2,(9)
at theC,, stationary point of thézz* state. 1 2 3 4 5
CAS no.

force them, however, to relax and to localize almost exclusively

on the O-H-0 molecular_ moiety (Figure 2). The_locallz_atlon frequency involving hydrogen motion along the PT coordinate, and
is a consequence of the incompleteness ofdtiuebital active (c) along the PD coordinate, calculated at @ stationary point of
space (see ref 27 and references therein). This effect is Notihe 177+ state of MA vs the size of the active space. Dots in the lower
observed for ther orbitals, since the complete set of them was part of the figure denote orbitals included in the active space. The S
included into the active space. Further extension obithetive (Cy,) structure is a first-order saddle point, see Table 2.
space does not noticeably change the results but significantly
increases the cost of the calculations. These studies at thegeometry with the hydrogen atom midway the oxygens repre-
CASSCEF level unigely identify the orbitals which are most ~ sents the minimum of the PE profile in tAB; (w7*) of MA
important for the theoretical description of the PT reaction in with respect to the PT reaction. A further extension of the active
MA. space by including an additional orbital (9a), the bonding

To illustrate the relevance of a proper selection of the active counterpart of 10a(c*), does not noticeably changept, but
space used in the CASSCF calculations, we present in Figure 3leads to a further decreasewp (note, however, the difference
results obtained for th&B, (zr*) state of MA optimized with in the scale between Figure 3b and c). CAS no. 5 was the most
C,, symmetry constraint. Three quantities, the CASSCF energy, extended active space which could be employed for efficient
the vibrational harmonic frequency of the PT mode (involving analytical evaluation of the Hessian.
mostly theR- coordinate), and the frequency of the PD mode  Although MA is a relatively small polyatomic molecule, it
(involving theR; coordinate), are plotted vs the size of the active is not possible to perform full-valence CASSCF calculations.
space. The minimal active space used for the description of theTherefore the remaining electron-correlation effects not recov-
1B, (7w7*) state of MA (CAS no. 1 in Figure 3) includes the ered at the CASSCF level are partly of dynamical and

Figure 3. (a) The CASSCF/6-31G** energy, (b) the vibrational

five s-orbitals (1-3h and 1-23). The C,, geometry of MA in nondynamical character, as far as theand o* orbitals are

the 1B, (nsr*) state optimized with this active space represents concerned. The remaining electron-correlation effects on the PE
a transition state with respect to the PT reactiopr(= i 941 profiles have been treated at the level of second-order perturba-
cm™1) and exhibits a vibrational frequeneyep = 1994 cnt tion theory with the CASSCF wave function as the reference

with respect to PD reaction. Note that the valuevgh is very (CASPT2) using the MOLCAS-4 program packa&§&or these

low in comparison with typical OH stretch frequencies. Inclusion single-point calculations the ANO-L(3s2pld/2slp) basis of
of the highest lone-pair orbital (pinto the active space valence doublé- (plus polarization) quality implemented in
(CAS no. 2) does not substantially change these quantities. MOLCAS-4 has been used.

Similarly, replacing the 7borbital by theo* orbital (10a), Three active spaces have been used in the CASSCF/CASPT2
which is mostly localized on the ©H—0O molecular moiety calculations: (i) a “small” active space which includes the
and has nodes along the OH bonds, this has only very little orbital only (CAS no. 1 of Figure 3), (ii) a “medium” active
influence on the results. The situation changes qualitatively when space (CAS no. 5 of Figure 3), and (iii) an “extended” active
both n ando* orbitals are included into the active space (CAS space (CAS no. 6) which includes four additiondl/pe orbitals

no. 4). Now wert is real, indicating that theC,,-optimized (as compared to the medium active space), two of which are
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Figure 4. (circles) CASSCF and (squares) CASPT2 PE functions of

the 1B, (n7*) state of MA, calculated with the (a) small, (b) medium,

and (c) extended active space as a function oRheeaction coordinate.

The energy aR- = 0 is defined as the zero of the energy scale.

TABLE 1. Symmetry Labels of Molecular Orbitals Used in
CASSCF Calculations for Various Symmetry Groups

CASSCF: “small” “medium” “extended”
Ner/Norb 6/5 10/8 14/12
Co [1-3by, 1-23] [9-10a&;, 1-3h, [8-11a, 1-3h,
1-2g, 7hy] 1-23, 6-8by)
C [1-2a, 1-3b] [9-12a, 7-10b] [8-13a, 6-11b]
Cs [1-5d'] [15-174, 1-54] [13-194, 1-54]

occupied and two are virtual in the HF reference. The enumera-
tion of orbitals for the three active spaces defined above in the
different symmetry point groups is given in Table 1. For the
description of thenz* electronic state the small active space
includes then orbital in addition to ther orbital space, so this

is actually CAS no. 2 of Figure 3.

The effect of electron correlation on the PE profile of the
Lrz* state of MA along theR_ reaction coordinate is shown in
Figure 4. The CASSCF and CASPT2 calculations were per-
formed at the geometries optimized at the CASSCF/6-31G**
level with the medium active space. For all PE profiles in Figure
4 the energy aR- = 0 is defined as the zero of the energy
scale. One can see that the CASSCF approximation with the
small active space predicts a barrier for the PT reaction as
discussed above (cf. Figure 3). The CASPT2 correction

calculated with respect to the small-active-space CASSCF wave

function restores the single minimum at the symmetrical
configuration (Figure 4a). The CASPT2 correction apparently
overestimates stabilization of i, structure, as reflected by
the rather steep rise of the PE function vs Recoordinate.
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Figure 5. (a) CASSCF PE profiles and (b) dipole moments of the
(circles) electronic ground state and the two lowest excited singlet states,
(triangles) $ (nr*) and (squares) S(xtr*) as a function of the PT
reaction coordinat®-.

Figure 5a. The ordering of the excited singlet sta3nz*)

< E(tzr*), is in agreement with experimental observatidhs.
The § and § (n*) PE functions exhibit barriers of about 2200
and 9900 cm?, respectively, at this level of theory, in qualitative
agreement with experiméhaind previous calculatior8. For
the S (wz*) state, the present calculation predicts a minimum
of the reaction-path profile at the symmetric&h() conforma-
tion.

Previous calculations have been at variance with respect to
the existence of a barrier for PT in ther* state of MA. It has
been conjectured that inclusion of electron-correlation effects
causes the disappearance of the barrier found at a lower (CIS)
level of theory® (the same effect has been conjectured for the
S (n*) state of MA). The present results provide the first direct
proof of this conjecture for the,1*) state of MA, obtained
at the variational CASSCF level. The effect of symmetry
lowering and electron correlation on the height of the barrier
of the § (n7*) and S (nr*) states is discussed below.

Inspection of the dipole moments presented in Figure 5b
reveals that polar structures are not involved in the PT reaction
in the § and S states, indicating that a hydrogen atom rather
than a proton is transferred. The, $wn*) state has a
significantly higher dipole moment, especially at asymmetrical
configurations. The dip of the dipole moment function of the
S (n*) state at the symmetrical configuration of nuclei reflects

With increasing size of the active space (medium and extended) strong curvature of the minimum-energy reaction path near

the CASSCF and the CASPT2 PE functions converge succes
sively toward each other (Figure 4b and c, respectively). This
remarkable result leads to the conclusion that the CASSCF
approximation with the medium active space already provides
a qualitatively correct description of the PE profile in ther*
state of MA. The medium active space is used hereafter in the
CASSCEF calculations if not specified otherwise.

The dipole moments of the ground and the excited singlet
states were calculated from the CASSCF wave functions with
the medium active space. The oscillator strengths for the

this point (vide infra). The dipole-moment functions shown in
Figure 5b are of relevance for the calculation of solvent effects
on the PT dynamics.

B. Structures and Vibrational Frequenciebhe CASSCF-
optimized geometries of the ground state and the stationary
structures on the PE surfaces of the first excited singlet states
of MA are presented in Figure 6. The MP2/6-31G**-optimized
minimum geometry of the gstate is included for comparison.
The analysis of these geometries leads to the conclusion that
the intramolecular H-bond weakens after excitation of MA to

absorption from the ground state were calculated using CASSCFy first excited $(n7*) state (indicated by an increase of its

(extended CAS) transition dipole moments and CASPT2 ener-
gies.

3. Results of Calculations

3.1. Hydrogen Transfer.A. Reaction PathThe minimum-
energy-path PE profiles of the ground and the two lowest excited
singlet states of MA calculated with the medium active space
as a function of the PT reaction coordinake-) are shown in

bond length), but gets remarkably stronger in thé &*) state.

The value ofRoy = 1.255 A in thelnz* excited state of MA

is much shorter than typical values for strongly H-bonded
systemsRon ~ 1.6 A. It is in fact midway between this value
and that of a covalent OH bond length (.0 A). This indicates

that the strength of the bonding of the hydrogen atom to the
oxygens in thelza* state of MA is intermediate between
hydrogen-bonded and covalently bonded systems. There are also
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Figure 6. The MP2- and CASSCF-optimized structures at the

stationary points of the PE surfaces of the ground and the lowest excited
singlet states of MA. Bond lengths are in angstroms, bond angles in

degrees.

noticeable variations in the bond lengths within the H-chelate
ring in the different electronic states (cf. Figure 6). The electron-

Sobolewski and Domcke

TABLE 2: Calculated Harmonic Vibrational Frequencies
for Malonaldehyde-dy and for Malonaldehyde-d; in the
Ground and in the First Two Excited Singlet State$

S

1]’17'[* 17[.7'[*
MP2 CAS CAS CAS
no. d ds do ds do d; do d
in-plane

1 276 268 261 282 204 201 498 492

2 516 506 514 505 431 416 552 552

3 896 852 946 848 852 809 864 728

4 1025 1022 992 961 987 963 933 912
5 1136 1123 1181 1164 1035 1034 999 999
6 1310 1143 1360 1215 1259 11151115 1042

7 1439 1341 1490 1389 1300 1259 1393313

8 1442 1440 1543 1537 1415 1338 1416 1396
9 1511 1507 1584 1560 1516 1501 1516 1411
10 1684 1637 1780 1674 1529 1526 1562 1515
11 1737 1735 1888 1850 1621 16121682 1553
12 3088 2417 3150 2990 3358 3035 1833 1585
13 3261 3088 3361 3120 3395 3358 3374 3374
14 3322 3271 3385 3337 3417 3395 3375 3375
15 3324 3323 4035 3374 4170 3418 3399 3399

out-of-plane

16 277 278 224 229 158 142 198 198
17 373 362 395 366 313 268 273 272
8 780 684 733 572 391 378 551 547
19 895 789 810 799 491 489 647 647
20 999 965 968 941 653 640 1294 942
21 1050 1047 1077 1033 883 882 958 958

aFrequencies of vibrational modes which involve stretching of the

correlation effects beyond the CASSCF approximation reduce OH/OD covalent or hydrogen bonds are printed in bold face.
the H bond length and stretch the chemical bonds, as is evident

from a comparison of the CASSCF- and MP2-optimized
geometries of the ground state.

The stability of the structures shown in Figure 6 was checked
by calculating the Hessian at the optimized geometry. The

resulting sets of harmonic vibrational frequencies are presented

in Table 2. One can see that t@g-optimized structures of the
S and S (nr*) states represent true minima of their PE surfaces,
while theC,,-optimized structure of the,$71*) state possesses
one imaginary frequency. The vibrational mode of imaginary
frequency haszasymmetry and essentially involves an out-of-
plane motion of the meta hydrogens of the ring (out-of-plane
CH mode).

The reason of this instability of th€,, stationary point in
the S (wa*) state is not clear at present. The simplest
interpretation would be that it results from vibronic coupling
of the 1B, (nz*) state with higher lying !B; electronic
configurations, since the coupling with the lower lyitRgy (n*)
state should increase frequencies of thermdes in the'B,
(w*) state. On the other hand, one cannot exclude that this
effect reflects an artifact of the single-state CASSCF ap-
proximation for the case of close-lying states.

A distortion of the molecular geometry along thg\dbra-
tional mode reduces the point group fra@p, to C,. In the C,
point group both the S(nz*) and $ (r*) states transform
according to the samd3] representation and therefore cannot
be individually optimized with the CASSCF method. Reducing
the molecular symmetry t€, and reoptimizing geometry of

Figure 7. The CASSCF-optimized geometry of MA at the saddle point
for the PT reaction in the,;State. Bond lengths are in angstroms, bond
angles in degrees.

C. Electron-Correlation Effects beyond CASSCRe results
presented in the preceding two subsections were obtained at
the CASSCEF level of theory (with the medium active space as
defined in Table 1). The remaining electron correlation effects
may have a significant influence on the optimized geometries
as well as on the vibrational frequencies, as indicated in Figure
6 and in Table 2 for the ground state. The CASPT2 method is
capable of accounting for these effects in the excited electronic
states, but analytic gradients are not implemented so far and
thus geometry optimization and calculation of the Hessian are
not possible at this level. To check the influence of the electron-
correlation effects, we consider the PE profiles ofthe* and
Iza* states of MA recalculated within the CASPT2 approxima-
tion at the CASSCF/6-31G**-optimized geometries. The influ-
ence of the size of the active space as well as post-CASSCF

the lowest excited singlet state, we obtain the structure presentecelectron-correlation effects are illustrated by comparing the

in Figure 7. This structure is symmetrical with respecRto=

calculations for the three active spaces defined in Table 1. The

0, but the chelate ring is noticeably skewed along the symmetry results of calculations for thérz* state have already been

axis. The harmonic normal-mode analysis performed at this
geometry yields a single imaginary frequenay=€ i 638 cnt?)
reflecting PT type vibrational motion. The structure presented

discussed in section 2 (Figure 4). The corresponding results for
the In* state are shown in Figure 8.
Inspecting Figure 8, one sees a noticeable reduction of the

in Figure 7 represents the true saddle point for the PT reaction barrier for PT in thénz* state due to electron-correlation effects

in the S state of MA.

beyond the CASSCF approximation for all three active spaces.
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Figure 8. (circles) CASSCF and (squares) CASPT2 PE functions of IA"(rm',*)
the S (n7*) state of MA, calculated with the (a) small, (b) medium, ! !
and (c) extended active space as a function oRheeaction coordinate. ﬂ)l/ 1 abs.
0.66
In addition, the CASPT2 PE profile in the vicinity of the _é(;.
minimum is more shallow than the CASSCF profile. Both
effects are only weakly dependent on the size of the active space. 0.136
The kink on the top of the barrier of the CASPT2 PE profile So— . 0.0
presumably reflects a strong curvature of the minimum-energy } ~ So

reaction path n Y'C'mty OR‘. = 0,aswas alreac!y conje(_:tured Figure 9. The energy-level scheme relevant for the optical spectros-
from the inspection of the dipole moment function of this state ¢qpy of MA, calculated at MP2 (ground state) and CASSCF (excited
(Figure 5b). The depth of the kink seems to decrease with states) optimized geometries (solid lines). Dashed lines denote vertical
increasing size of the active space, but it is still present even energy calculated at geometry as indicated by arrow. Numbers denote
for the most extended active space used in the calculationsCASPT2 energy (in eV) with respect to the minimum of the ground
(Figure 8c). state.

Generally, the electron-correlation effects on the PE profile ) o ]
of the S (no7*) state along thék_ coordinate are similar to those vertical excitation energies (calculated at the MP2_/6-31G**
observed for the ground state (when one compares the Mp29eometry) of the §(nz*) and S (77*) states are predicted to
results with those obtained at the CASSCF level). The electron- P€ 3.83 and 4.51 eV, respectively. The oscillator strengths for
correlation effects reduce the barrier for PT in thér&*) state the§e transitions obtqmed W!th the use of the CASSCF (extended
and thus decrease the frequency of the OH stretching vibration.active space) transition dipole moments and the CASPT2
Both effects can hardly be recovered by increasing the active €nergies are k 10-*and 0.244 for the S(n7*) and & (77*)
space in the CASSCF calculations, as is seen from inspectionStates, respectively.
of Figure 8a-c. Correlation effects reduce the barrier for the ~ 3.2. Hydrogen Detachment.A. Reaction Path.Before
PT reaction in the S§(nz*) state, but the barrier remains presenting the results of the calculations, we discuss briefly the
significant even for the largest active space used in the €lectronic configurations which are expected to be relevant for
calculations. There is thus a qualitative difference between the this process. The electronic wave functions of the lowest excited
electron-correlation effects on the PE profiles of the(1sr*) singlet states of MA, B(nz*), and B, (wz*), are dominated
and S () states: for the latter, saturation of the effects could by the electronic configurations; tfn) & (7*) and by () &
be obtained already at the CASSCF level, while inclusion of (77*), respectively, when the molecular symmetry is restricted
post-CASSCF correlation effects is essential for the former.  to theCy, point group (Figure 10). Detachment of the hydrogen

In Figure 9 and in Table 3 we present the energy-level schemeatom involves the breaking of the OH bond(s) and thusothe
of MA calculated within the CASPT2 approximation (extended orbital which has nodes at these bond(s) is expected to be
CAS) at the geometries optimized at the CASSCF/6-31G** level lowered in energy with increasirfg. coordinate. The variation
for the excited states and at the MP2/6-31G** |evel for the of the energy of the most relevant molecular orbitals along the
ground state. The CASPT2 barrier for PT in the ground state, R+ coordinate is schematically illustrated in Figure 11 (canonical
0.136 eV (1100 cmt), is slightly lower than the MP2/6-31G**  HF energies in the Sstate). It can be seen that the electronic
barrier (1200 cm?).11-13 The Cy,-constrained minimum of the ~ configurations b (n) & (¢*) and by () & (0*) of Bz and B
1B, (n7*) state is almost degenerate with the energy of the Symmetry, respectively, are expected to be important for the
transition state in théB; (n7*) state. Both states are thus description of the PD reaction.
expected to be strongly coupled by vibrational modes.of a  The CASSCF (medium CAS) PE profiles of the ground and
symmetry. This coupling stabilizes the energy of the transition the lowest excited singlet states of &1d B symmetry of MA
state in the §state by about 1000 crh due to symmetry plotted vs theR, reaction coordinate are shown in Figure 12a.
lowering fromC,, to C,. Comparing the energy of the transition The PEs of both the B(nr*) and B, (2*) excited singlet states
structure (the saddle point for the PT reaction) with the minimum and the ground-state rise with increasing OH distance. The B
of the S (nz*) state, one can estimate the barrier for the PT (no*) and B; (wo*) excited singlet states are much higher in

reaction in this state to be about 0.38 eV (3000 &mThis is energy forR; values in vicinity of the minima of the “locally”
larger than the barrier predicted for the ground state by nearly excited states, but their energies decrease strongly upon stretch-
a factor of 3. ing of the OH distance. The Bno*) and B, (;ro*) states are

The fluorescence from the, $nz*) state (the maximum of  seen to intersect the “locally” excited singlet states as well as
the band) is predicted to occur at about 2.72 eV. It is the ground state. The extremely weak interaction between the
significantly shifted with respect to the-® line predicted for Int* and ro* as well as thelzz* and no* electronic
this transition (about 3.38 eV) and reflects a strong rearrange- configurations of the same symmetry in tlg, point group
ment of the molecular geometry between these states. The(difference in occupation of two orbitals) allows us to individu-
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TABLE 3: CASSCF and CASPT2 Energies (in au), Dipole Momentg (in Debye), Weights of the CASSCF Reference Function
in the First-Order Wave Function (@), and Energies Relative to the Minimum of the Ground StateAE (in eV), Calculated with
the ANO-L(3s2pld/2slp) Basis Set at the Stationary Points on the PE Surfaces of the Ground and the Two Lowest Excited
Singlet States of Malonaldehyde

geometry state Ecasscr AEcasscr u Ecaspr2 w AEcaspt2
So(Cs)? S —265.883 83 2.630 —266.495 25 0.840
Si(nt*) —265.709 52 4.741 1.849 —266.354 63 0.823 3.825
Sy(str*) —265.669 21 5.838 4.090 —266.329 57 0.810 4.507
So(Ca0)? s° —265.877 53 0.171 2.979 —266.490 23 0.841 0.136
Si(Cy)P S —265.858 33 0.694 3.051 —266.471 09 0.837 0.657
Si(nt*) —265.737 98 3.967 1.689 —266.370 86 0.829 3.383
Si(Cy)P S® —265.700 49 5.065 2.893 —266.356 98 0.811 3.761
Si(Ca)P Sy(nr*) —265.697 61 4.987 1.788 —266.352 30 0.821 3.888
Sy(Ca)P Sy(7tmr*) —265.693 17 5.186 3.101 —266.349 94 0.811 3.952
aMP2/6-31G**-optimized geometry. CASSCF/6-31G**-optimized geometry.
N 7.0 ——— i T 6.0
a,(c) B(10)X_ aB,(nm) B(ro) g
a,m) — 601 ﬁ;\ﬁﬁ 800 ] v\v\
Byfnr) o= g Reg 2O 2 v .
. ) ) . 5.0 -zw‘\& 2] g 108
B,(mr) B () B,(mc ) B,(no) - N s
o 3 40 . 3
b,(m) 5 140 3
b.(n g 30 2
2( ) 1T} §
(=2
Figure 10. The frontier orbitals of MA withC,, symmetry labels and 2.0 30 ®
the electronic terms associated with the promotion of one electron
between these orbitals. 1.0 ¢ s
0.4 . 0.0 N N NIRRT
- 12 1.4 16 1.8 20 22 24 12 14 16 1.8 20 2.2 24
a(c) RJA R/A
0.2
Figure 12. (a) CASSCF PE profiles and (b) dipole moments of the
3 electronic ground state (circles) and the two lowest locally excited,
§ 0.0 nz* (triangles up) andrz* (squares), and dissociative excitedy*
g (triangles down) ancho* (diamonds), singlet states of;Band B
S ool symmetry in theCy, point group as a function of the PD reaction
e coordinateR;. The solid curves refer to reaction paths in thgd®ts)
and in the $(solid squares) states, optimized w@ti andC, symmetry
~0.4 constraint, respectively.
12 14 1j6 18 20 22 TS TS
R/A So S

Figure 11. Variation of the canonical HF orbital energies of the
“frontier” orbitals of Figure 10 vs th&, coordinate.

ally optimize these states within some range of tRe

coordinate. Both electronic configurations involving excitations g ,re 13, Geometries of the barriers with respecRoin the $ and

to theo™* orbital (particularly thelzo* configuration) are more S, states of MA.

polar than the ground and the “locally” excited singlet states.

(Figure 12b). functions shown in Figure 12b. The dipole moment of the
The intersections between the &nd B; states develop into  ground state shows an abrupt rise within a narrow range.of

conical intersections when out-of-plane displacements.of a between theC,,-calculated values for they@ind the B (ro*)

symmetry are taken into account. This produces a barrier on states following the minimum-energy path@jf symmetry (with

the PE surface of the;State with respect to the PD reaction symmetry plane perpendicular to the molecular plane). The

(full squares in Figure 12a). The intersections of the(#0*) dipole moment of the Sstate calculated at it€, minimum

and B (no*) states with the ground state give rise to conical indicates a “fifty-fifty” mixing of the nz* and Lzz* configura-

intersections when the molecular frame is distorted along tions. The dipole-moment rises abruptly with increasing OH

coordinates of p (out-of-plane) and b(in-plane) symmetry,  distance up to the value determined for the(fo*) state along

respectively. The energetically lowest intersection between the the Cx-optimized minimum-energy path.

S and the B (7o*) states gives rise to a barrier on the PE B. Electron-Correlation Effects beyond CASSGFanalogy

surface of the $state with respect to the PD reaction (full circles  to the preceding section, the influence of electron-correlation

in Figure 12a). The geometries of the transition states corre- effects on the CASSCF-calculated PE profiles along Rhe

sponding to the tops of these barriers in theaBd S states are  reaction coordinate was checked by calculating the CASPT2

presented in Figure 13. energies at the CASSCF-optimized geometries. We consider the
The effect of vibronic mixing of th€,,~optimized electronic effect of electron correlation on the PE profile of the(sxz*)

states also is evident from inspection of the dipole-moment state which provides an estimate of the correlation effects on
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Figure 14. (circles) CASSCF and (squares) CASPT2 PE functions of
the S (nr*) state of MA, calculated with the (a) small, (b) medium,
and (c) extended active space vs Rhereaction coordinate. The energy
atR: = 1.25 A (minimum of thenz* state) defines the zero of the
energy scale.
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Figure 15. (a) CASSCF and (b) CASPT2 PE functions of the (circles)
ground, the (solid triangles) “locally” excitetB; (nz*), and (solid
squares)'B; (nz*) and the (squares) “dissociativéB, (no*) and
(triangles)'B; (ro*) states, calculated along the hydrogen-detachment
reaction coordinate.

the vibrational frequencies of this state. The(i$t*) state was
not considered in this study since tg, geometry represents

J. Phys. Chem. A, Vol. 103, No. 23, 19946501

resulting geometries are very similar to geometries of the
molecular ring optimized along tt; coordinate in the B(no*)

and B (mwo*) states, respectively. The CASSCF energies
(extended CAS) of these doublets differ by about 1 eV, but
this splitting is reduced to only 200 crhat the CASPT2 level

in agreement with the results shown in Figure 15. Thus the
degeneracy of the CASPT2 PE profiles of the(Bo*) and B,
(to*) states of MA seems to be accidental.

4. Discussion of Results

4.1. Technical AspectsBefore we discuss the implications
of the results obtained in this work for the spectroscopy and
photophysics of MA, we discuss briefly some methodological
aspects resulting from our study. As discussed in section 2
(Figures 3 and 4), the proper selection of the active space for
the CASSCF calculations is the key point for a qualitatively
correct description of the PT reaction in ther* state. A correct
description can be achieved if apart from theorbitals also
some frontierw orbitals are included into the active space. Our
results clearly show that at least a paiando™) of such orbitals
has to be included into the active space in order to recover
important nondynamicato andoo electron correlation effects.

If the o orbitals are not included into the active space, the single-
minimum character of thézz* state can only be reproduced
at a higher level of theory like CASPT2.

Let us mention in this context that the vanishing of the
CASSCF-calculated barrier for the PT reaction on the PE surface
of the § (wn*) at the CASPT2 level has already been found
for the larger proton-transferring system$ydroxybenzalde-
hyde (OHBAJC and salicylic acid (SA§! In both cases the
active space used in the CASSCF calculations was limited to
the & orbitals only, corresponding to the small CAS defined
above for MA. The results of the present study clearly indicate
that the CASSCF approximation with an active space composed

a transition structure with respect to the PT reaction on the PE of the sz orbitals only cannot provide a qualitatively correct

surface of this state.

description of the PT reaction profile in thkrz* state.

The results are presented in Figure 14. One sees that withMoreover, since not dynamical electron correlation but orbital
exception of the small active space (Figure 14a), the CASSCF relaxation is responsible for the effect, the CASPT2 method

and the CASPT2 PE profiles (obtained with the medium and

does not work properly when applied withraonly active space.

extended CAS) are similar in shape. The CASPT2 minimum is This represents a true bottleneck for the application of the

shifted to a somewhat smaller value of fRe coordinate than

method to larger proton-transferring systems. This problem

the CASSCF minimum. More pronounced differences between needs further investigations, but the strategy which follows from

the CASSCF and CASPT2 results were found in the “photo-
chemical” range of th&; reaction coordinate (Figure 15). The

comparison of Figure 15a and b reveals that the electron-

the present study is clear: one has to select a compact active
space for the CASSCF calculations by including properly
localizedo orbitals (possibly at the expense of eliminating some

correlation effects beyond CASSCF are remarkably different less importantr orbitals in larger systems) in order to handle

for different electronic configurations. The “locally” excited B
(n7*) and B, (rt*) singlet states are stabilized by a similar
amount but noticeably more than the Biwo*) and B, (;to*)

as much as possible the nondynamigal and oo relaxation
effects at the variational level.
4.2. Spectroscopy of the S(nz*) State of MA. So far only

states. Moreover, the CASPT2-corrected PE profiles of the latterthe § and § (n*) states of MA have been the subject of
two states are degenerate to a very good approximation. Thisdetailed spectroscopic investigations. Apart from the absorption
is an astonishing result at the first glance, considering the very spectrum, the S(wr*) state has not been amenable to direct
different orbital nature and geometries of these states. Thespectroscopic observations since the spectrum is diffuse and the

similar slopes of the CASPT2 (and also CASSCF) PE profiles
can be explained by the fact that the 1Qa) orbital does not
overlap with the 7p(n) and 2k (:7) orbitals due to the different
symmetry. Thus the PE profiles of the Bo*) and B; (;t0*)

state is nonfluorescent. The ground state of MA is not of
particular interest here, since its PE surface has already been
extensively explored at different levels of the¥ry® and
tunneling splittings and vibrational energy levels have been

states are determined by the interaction of the electron residingcalculated>41” The § (nz*) state is the state of primary

on the 10@(c*) orbital localized on the detached hydrogen atom

with the same doubly occupied core. The explanation of the

apparent degeneracy of the* and wo* CASPT2 PE profiles

interest in this work with respect to the spectroscopy of MA.
We have shown that the; §nz*) transition state ha<C,
symmetry, while the minimum ha€s symmetry. At theCs

(see Figure 15b) is more involved. To shed some light on this minimum of the $ (nz*) state all vibrational frequencies are
problem, we have optimized the remaining radical (after removal real (see Table 2), while a single imaginary frequency of 638

of the hydrogen atom) in théB, (n) and?B; (r) states. The

cm~1 was found at the transition state. The vibrational motion
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along the normal mode of imaginary frequency essentially
involves the PT coordinate-. The barrier which separates the
two equivalent minima on the PE surface of the(i$t*) state
was estimated at the CASPT2 level to be about 3000 duf.
Figure 9 and Table 3). Our results confirm the experimental
conclusion that there is a significant barrier on the(i$t*)
surface with respect to the PT reactimoticeably higher than
the barrier in the ground state.

The CASSCF geometries of thg 8nd S states (Figure 6)
differ substantially in many internal coordinates. This finding
is consistent with the long vibronic progressions observed in
the § — S; absorption spectrum of MA&32 Scaling the
CASSCEF vibrational frequencies in the State by the factor
0.96 determined from the ratio of MP2 and CASSCF ground-
state frequencies (excluding the CH and OH stretching modes)

Sobolewski and Domcke

conjugation within the H-chelate ring, is unaffected by the out-
of-plane deformation.

The vibrational frequencies of the modes which involve
stretching of the OH/OD covalent and hydrogen bonds are
indicated in Table 2 in bold face. One sees that theHDO—D
(and O--H/O---D) stretch modes are clearly separated from the
other modes in thegsand S (nz*) states. The effect of electron
correlation included for the ground state at the MP2 level causes
a mixing of the OH stretching mode only with the CH stretching
modes of similar frequencies. The situation is qualitatively
different in thelzz* state. There an admixture of the OH/OD
stretching motion spreads over the whole vibrational spectrum
with a noticeable absence of a typical high-frequencyHD
O-D stretching mode as well as low-frequency- ®I/O-:-D

,stretching (chelate ring bending) modes. The highest frequency

we are able to support the assignment of the progression-formingvibrational mode which involves the OH stretch is the 1833

modes 185 and 1300 crh to ring bending and carbonyl
stretching, respectiveli#

Our CASPT2 prediction of the energy of the-0 line for
the transition between they&nd S (nz*) states (3.38 eV) is
lower by 0.12 eV than the experimental vald&his difference
is within the expected accuracy of the CASPT2 method for
systems of such siZ8.0Our calculations predict a substantial
difference between the- line and the vertical energies of
absorption (3.89 eV) and fluorescence (2.72 eV). Thus a

cm~1 symmetric stretching mod®&( coordinate). The frequency

of this mode is reduced to 1313 cfnupon deuterium substitu-
tion. The highest frequency mode which involves asymmetric
stretch of the OH/OD bonddR( coordinate), nominally a CO
stretching mode, has the frequency 1682/1553%mwvhile the
lowest one, nominally a CC stretching mode, has a frequency
of only 863/728 cm?. The 522 cmi! mode which is invariant

to deuterium substitution involves the symmetrical stretch of
the two OH bonds due to ring opening, the hydrogen atom

substantial Stokes shift between the absorption and fluorescencéemaining stationary. The 1115/1042 chmode consists of a

maxima of about 9000 cnt is predicted. The CASSCF-calcu-
lated oscillator strength for the dipole transition between the S
and S states is of the order of 10. This indicates that fluor-
escence from the;§nz*) state of MA is extremely weak due
to the expected competition of intersystem crossing tG:te
state.

4.3. Remarks on thelzz* State. The calculated maximum
and oscillator strength of the, $zz*) absorption band arepeor
= 4.51 eV andieor = 0.224, respectively. The corresponding
experimental values arere, = 4.7 eV andfexp = 0.32° The
deviation of about 0.2 eV is within the expected accuracy of
the CASPT2 method but again indicates that the CASPT2
approximation overstabilizes the Gr*) state relative to the
ground state.

The qualitatively different feature of thlerz* state of MA
compared to the Sand nz* states is its single minimum at
the symmetricaCC,, configuration. This result has been for the
first time obtained here for a proton-transferring system at the
variational (CASSCF) level. Our extensive study presented in

mixture of the asymmetric OH/OD stretching motion and the
CCH bending motion.

The vibrational motion in théwa* state of MA clearly
reflects a strong conjugation within the H-chelate ring (pseudo-
aromaticity), an effect which is absent in both thge®id S
(nr*) states. The drastic difference between the vibrational force
fields in the ground and in thérz* state, together with a
significant difference of equilibrium geometries, can explain
the loss of any similarity of the¢S-1zz* absorption and emis-
sion spectra. This effect cannot directly be observed in MA
because of the presence of the close-lyindrtz*) state. The
lzm* state, however, becomes the first excited singlet state in
larger PT systems. Theoretical results obtained at the CASPT2
level indicate that this already is the case for OHBA and for
SA and that the PE profile of the; $r*) state in these sys-
tems exhibits a single minimum with respect to the PT
reactions0-31

The H chelate ring of MA represents the reaction center of
these as well as larger systems and our predictions resulting

section 3.1 has clearly shown that this result is not an artifact from the normal-mode analysis performed in ther* state of
of the theoretical approximations. The Hessian determined atMA can in a natural way explain some of the peculiarities of

the Cy, geometry within the CASSCF approximation is expected

the spectra observed in jet-cooled Band 1-hydroxy-2-

to be converged with respect to electron correlation effects. This acetonaphthone (HANY, for example. The vibronic structure

provides us with the opportunity to perform a normal-mode
analysis at the stationary geometries of tha* state.

One has to keep in mind that ti®, stationary geometry of
the 1B, (wr*) state represents, in the CASSCF approximation,
a saddle-point with respect to out-of-plane deformation of the
ring (cf. imaginary frequency in Table 2). It cannot be excluded
at present that this instability reflects an artifact of the single-
state CASSCF approximation. Otherwise, it obviously results
from vibronic coupling between the close lyikgrz* and Inz*
states of MA. Only vibrational modes o aymmetry can be
involved in the coupling. None of these modes involve
vibrational motion of the “mobile” hydrogen atom. Thus the
most characteristic feature of the vibrational spectrum of the
lzz* state (Table 2), namely, the strong coupling of the
hydrogen motion to the ring in-plane modes due to the

of the dispersed fluorescence spectra of these compounds is
completely unrelated to the vibronic structure of the fluorescence
excitation spectra. Moreover, there is a remarkable difference
between the dispersed fluorescence spectra obtained for excita-
tion of the origin of the §S; (7z*) transition and strong
vibronic lines in the excitation spectrum (849 thfor SA33

and 836 cm! for HAN34). The energies of these vibronic lines
are close to the lowest frequency which involves the asymmetric
OH stretching motion in thézz* state of MA (863 cnt?).
Dushinsky rotation and the shift in equilibrium geometry are
expected to induce vibronic progressions in many vibrational
modes of the ground state, an effect which is indeed observed
in the dispersed fluorescence spectra of these systems.

4.4. Photophysics of MAThe mechanism which is expected
to govern the photophysics of MA excited with some excess of
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energy above the origin of the; State is the access to an strongly H-bondedzz* state seems to be even less likely. The
efficient nonradiative channel provided by the hydrogen- proton detachment/attachment process, on the other hand, can
detachment reaction, see Figure 12a. We have estimated a barriegxplain this radiationless process, the threshold of which lies
of about 1 eV for this process on the PE surface of thet&e within the absorption band of tHez* state. The hydrogen bond
at the CASPT2 level, see Figure 15b. This estimate is not finally is broken in the course of the PD reaction and the ring fragment
conclusive in view of the significant difference between the therefore can easily rotate. The structure optimized at the top
variational CASSCF (Figure 15a) and perturbational CASPT2 of the barrier in the ground state (Figure 13) may represent the
(Figure 15b) predictions. Moreover, there are strong indications transition state for the ketonization reaction. When intramo-
that CASPT2 underestimates the excitation energies of thelecular rotations are hindered by chemical substitutions, the PD
“locally” excited states as discussed above. Nevertheless, thereaction just provides an efficient mechanism for internal
existence of the PD channel and its potential importance for conversion to the ground state.
the photophysics of MA are clearly demonstrated by our results. '
The existence of such a “dissociative” PE profile is not °- Conclusions
surprising in itself. One can expect similar PE functions along A brief summary of the results of the present work can be
any intramolecular coordinate that breaks a chemical bond. Thegiven as follows.
special feature of the B(xo*) and B, (no*) PE profiles (i) The barrier for the PT reaction in the §wr*) state is
presented in Figures 12 and 15 is their intersection with the about 3000 cm! and is significantly larger than the barrier in
ground state along thB coordinate. These intersections are the ground state. The H-bond in the @x*) state is weaker
symmetry-allowed within th€,, point group and are converted  than the H-bond in the ground state.
into conical intersections by distortions of the molecular  (ii) The $ (n*) state exhibits a barrierless single-minimum
geometry along vibrational modes of land b symmetry, PE profile for the PT reaction, reflecting a significantly stronger
respectively. Thus théno* state couples to the ground state  H-bond than in the ground state. The strong H-bond in the S
via in-plane displacements which reduce g symmetry to  (z7*) state results from a pronounced conjugation (pseudo-
Cs, while the'zo* state couples via out-of-plane distortions of  aromaticity) within the H chelate ring. As a consequence, the
the type presented in Figure 13. The question which of the PE vibrational dynamics in the S(zzr*) state differs drastically
surfaces,'no* or lzo*, is more relevant for the relaxation  from the vibrational dynamics in thep@nd S (n*) states.
dynamics of MA cannot definitively be answered at the present (i) As a function of the in-plane symmetric hydrogen-
stage. In any case, the cones they form at the intersection withdetachment coordinate, the PE profiles of theS (n*), and
the ground state can provide the mechanism for very efficient s, (z7*) states are crossed by the PE curves of repulsieg
internal conversiof® Let us note that the apparent intersections and no* states. The associated multiple conical intersections
of the PE functions in Figures 12 and 15 are not the real presumably provide the mechanism for efficient radiationless
intersections, since the PE functions were optimized for each decay from the excited singlet states to the ground state. The
electronic state separately. threshold for this photophysical process is predicted to be located
It is very likely that the mechanism of internal conversion within the $ (wsr*) absorption band.
sketched above dominates the photophysics of MA. It has been (iv) We suggest that the understanding of the mechanistic
shown that prolonged (4 h) UV irradiation of MA isolated in a details of the photochemistry of MA may provide the key for
xenon matrix does not lead to any other photochemistry than the rationalization of the complex photochemical behavior of
rotamerizatior?®37 In this experiment MA was excited to the larger proton-transferring systems ghdicarbonyl compounds,
Iz state with a broad-band mercury lamp¥ 230 nm). The which contain the H-chelate ring of MA. The photochemical
accumulated experimental data (for a review see ref 38) showmechanisms revealed by the present study of MA naturally
that rotamerization and ketonization are the most abundantexplain that rotamerization and ketonization prevail in single-
photoreactions in a wide class ffdicarbonyl compounds ex-  fing systems, while radiationless decay to the ground state will
cited within the 256-300 nm region of the first — z* singlet dominate in systems containing aromatic rings.
transition. Moreover, excitation within this band is ineffective
in giving rise to luminescence. Thus, the radiationless processes Acknowledgment. This work has been supported by the
associated with the photoreactions of these compounds are fasPeutsche Forschungsgemeinschaft by a guest professorship for

enough to compete with relaxation to the lower lylng* states. ALS.
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