CAPITOL 4
CONCLUSIONS

En aquest capitol, s’exposen les conclusions de tots els estudis tedrics realitzats i
que s’han presentat en aquesta tesi doctoral. A continuacio, es remarquen, doncs, una

série de conclusions per a cada estudi.

La molecula 3-hidroxiflavona (3HF) doéna lloc a una clara fluorescéncia amb
desplagament cap a la regido roja de I’espectre electronic i mostra una rapida
transferéncia protonica inversa vers el tautomer enolic a I’estat electronic fonamental
singlet (Sp). Des del punt de vista metodologic, amb I’estudi de la molécula 3HF hem
posat de manifest la importancia de la possibilitat d’optimitzacié d’estats excitats amb
el metode Time Dependent (TD), ja que aquest és una millora substancial respecte el

metode Configuration Interaction Singles (CIS).

Pel que fa a la transferéncia protonica fotoinduida que té lloc al 2-(2’-hidroxifenil)-4-
metiloxazole (HPMO) en fase gas, cal destacar que: (a) la reaccid estudiada a 1’estat
fonamental (Sg) és clarament endoérgica i amb una barrera forg¢a alta. Aixo explica
I’abséncia de reaccié a I’estat fonamental; (b) al primer estat electronic singlet excitat
(S1) es produeix una inversio de I’estabilitat relativa dels tautomers. S’estabilitzen més
els productes, arribant a una situacié exoergica; (c) a I’estat S; s’hi troba també una
reduccié molt significativa de la barrera de transferéncia protonica respecte 1’estat S.
Es aquesta reduccid, juntament amb la inversié abans esmentada, la que possibilita la

transferéncia protonica.

Respecte a la formacié del complex ciclodextrinic (CD) HPMO/B-CD, podem
concloure que: (a) el complex d’inclusi6 es troba afavorit termodinamicament.
S’observa que el guest té tendéncia a interaccionar llurs anells aromatics amb els

hidroxils primaris de la ciclodextrina i, si aix0 no és possible, amb els secundaris; també
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els grups funcionals que presenta el guest s’inclouen —en la mesura del possible- dins la
ciclodextrina, mantenint alhora les interaccions dels anells aromatics; (b) 1’analisi
conformacional del complex d’inclusié mostra dos modes d’inclusio, un dels quals
presenta major estabilitat. No obstant aix0, existeix la possibilitat d’un equilibri
conformacional entre les diferents inclusions; (¢) en algunes estructures s’han obtingut
unes distancies H---H intermoleculars sorprenentment curtes, que resulten dubtoses car
no tenen sentit fisic. Aleshores, 1’analisi exhaustiu de diferents métodes de calcul ens
porta a dubtar de la validesa d’alguns metodes semiempirics per a tractar sistemes
supramoleculars. Es necessari, doncs, emprar métodes electronics fiables per a I’estudi
de sistemes supramoleculars, perd aixo implica un gran esfor¢ computacional. Molts
dels metodes semiempirics tradicionals no s’han dissenyat explicitament per descriure
interaccions intermoleculars i, com a conseqiiéncia d’aix0, donen uns resultats que no
tenen sentit fisic quan s’apliquen tant en el tractament de tot un sistema supramolecular
com restringint-lo a una regi6 d’aquest en un calcul hibrid ONIOM. El que sembla ser
una excepcio d’aixo és el métode PMS5, el qual és un metode forga prometedor ja que
dona uns resultats prou raonables per aquest sistema; (d) els métodes ab initio, amb
unes bases suficientment acurades donen uns resultats raonables, perd son

computacionalment massa cars per tractar la majoria de sistemes supramoleculars.

El nostre estudi sobre la transferéncia protonica fotoinduida (PIPT) en el complex
HPMO/B-CD mostra que: (a) analitzant teoricament la PIPT en el HPMO en fase gas i
al complex d’inclusio, no s’observa una diferéncia significativa entre els dos casos. Es a
dir, I’efecte de ’entorn no dona lloc a una variacio significativa de la velocitat de la
reaccio, ans el contrari, son for¢a semblants; (b) la CD té efectes sobre la transferéncia
protonica a nivell molecular. La CD produeix una sobreestabilitzacié del tautomer
cetonic respecte a ’enolic a I’estat excitat que fa estabilitzar més ’estat de transicio i,
per tant disminuir aixi més la barrera energética. Perd aquest efecte es veu contrarestat
per la diferent situacié energética en que es troba la molecula després de la transicio
vertical; (c¢) no hi ha cap variacid6 geometrica important dels minims corresponents als
tautomers enolics a Sy 1 S; entre la situacid en fase gas i dins la CD. Per tant, I’efecte de
les transicions verticals que es produeixen tenen purament caracter energetic, descartant

aixi alteracions geometriques significatives en comparar els dos casos.

98



De la formaci6 dels rotamers endlics 1 cetonics de ’HPMO dins la CD podem dir que
mentre per al procés de rotaci6 de I’enol 1 de la forma cetonica a Sy la termodinamica no
presenta diferéncies significatives respecte en fase gas, en la formacié del rotamer
cetonic a Sy, esdevé de major importancia I’efecte de la CD en 1’estabilitzacié d’aquest,

comparant-ho amb la situacid en fase gas.

En el sistema tropolona, el nostre estudi sobre la geometria del seu minim a ’estat
excitat A'B, mostra que aquesta molécula és totalment plana (simetria C;) en aquest

estat electronic i que la transferéncia protonica esdevé totalment simétrica.

Respecte a la formaci6 de complexos d’inclusié tropolona-CD, cal dir que: (a) la
formacié del complex tropolona/a-CD no és termodinamicament favorable i no es
trenca la simetria energética del doble pou corresponent a la transferéncia protonica
intramolecular; (b) la formacido del complex tropolona/B-CD és forga favorable
termodinamicament 1 trenca la simetria energetica; (c) la insercid del dimer de la
tropolona en la B-CD esdevé també favorable termodinamicament, essent favorable, a
més, la formacié del dimer de la tropolona en fase gas. La insercio del dimer de la

tropolona en la B-CD produeix una gran deformacié en aquesta.

Pel que fa al sistema del 7-Azaindole complexat amb » molecules d’aigua (essent n=1-
4), hem arribat a les segiients conclusions: (a) hi ha una inversi6 de ’estabilitat relativa
dels tautomers en passar de 1’estat fonamental (Sp) a I’excitat S;. A més, la reaccio és
endergonica a Sy 1 exergonica a S;; (b) es produeix una substancial disminucié de les
barreres energétiques a S; respecte Sp que afavoreix la consecucié de la transferéncia
protonica; (c) la reacci6 de transferéncia protonica més lenta a S; es dona en el cluster
7-Azal(H,O); 1 la més rapida en el 7-Azal(H,O)s; no obstant aixo, en tots els casos
esdevé concertada, perd no sincronica; (d) la disposici6 adequada de les molécules
d’aigua juga un paper primordial en la possibilitat de donar-se la transferéncia
protonica. D’aquesta manera, la reaccid pot tenir lloc més facilment en un agregat

molecular d’aigiies que no en solucid aquosa.
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Els calculs electronics de la tautomeritzacio de la 1,4-dimetilantrona (1,4-MAT) i el seu
isotopomer 1,4-DMAT als estats Sp i1 primer triplet excitat (T;) revelen que la

tautomeritzacié és molt improbable a Sy pero es veu energeticament afavorida a T;.

Els calculs de les constants cinetiques k(E) de la transferéncia protonica a T; per a la
1,4-MAT i la 1,4-DMAT, mitjancant la teoria microcanonica RRKM tenint en compte,
a més, ’efecte tinel, mostren que k(E) decreix rapidament quan 1’energia es troba per
sota la barrera de potencial. Aleshores, els valors experimentals de les constants
cinetiques i el gran KIE obtingut només poden ser explicats si la transferéncia protonica
té lloc via efecte tunel a una energia lleugerament per sota de la barrera de potencial
adiabatica. Aixi, els nostres calculs proporcionen una explicaci6 de l’abséncia de
fosforesceéncia que s’observa experimentalment per la 1,4-MAT i el gran efecte cinetic
d’isotop (KIE) en la transferéncia protonica intramolecular mesurat respecte 1’especie

1,4-DMAT.

Respecte al sistema 6,9-dimetilbenzosuberona (6,9-MBS), cal destacar que: (a) a S la
reaccio de transferéncia protonica no pot tenir lloc a causa de la gran endoergicitat i
d’una barrera energctica massa alta. En canvi, a T; tant aquesta endoergicitat com la
barrera energética es redueixen substancialment, la qual cosa fa que la transferéncia
protonica sigui més probable; (b) en els tautomers cetonics de la familia de les
ortometilarilcetones, de la que la 6,9-MBS forma part, un major caracter n—n* porta a
una reactivitat més gran en processos de transferéncia protonica; (c) la transferéncia
protonica té lloc via efecte tinel a energies lleugerament per sota de la barrera de
potencial adiabatica i el KIE no presenta cap tendéncia anomala; (d) a temperatures
baixes, el domini de la fosforescéncia esdevé molt rellevant sobre la transferéncia
protonica en la 6,9-MBS; (e) entre els isomers 6,9-MBS, 6,8-MBS i 2,3-MBS, el primer
presenta una interaccid spin-orbita forca superior als altres. Aixo indica que la constant
de desactivacio fosforescent (kp) depén significativament de la posicio dels substituents

metilics en aquestes molécules.
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Abstract

Some photocromic compounds involve photoinduced intramolecular proton transfer (PIPT) as a consequence of a
fast electronic redistribution due to electronic excitation. [n this study, we have examined the PIPT that occurs in 2-(2'-
hydroxyphenyl)-4-methyloxazole (HPMO) in gas phase and encapsulated in f-cyclodextrin (3-CD). An hybrid method
has been employed for electronic calculations of the confined geometry. Even though our results indicate that there is
no significant difference between the PIPT process of HPMO in gas phase and encapsulated in §-CD, we also show that
the effect of the confinement on the intramolecular proton transfer is not negligible. 2002 Published by Elsevier

Science B.V.

1. Infroduction

Presently one of the most active research fields
in physical chemistry is the study of reactions in
nanocavities [1-19]. Such structures are unique
and can be formed through covalent and weak,
non-covalent bonding. Cyclodextrins (CDs) are
one of the most thoroughly studied cavities of such
structures [2—4]. They are cyclic oligosacchandes
usually consisting of different number of glucose
units. The most used CDs have 6, 7 and 8 glucose
units and they are called o- B- or v-CD, respec-
tively. These compounds form a hydrofobic cavity
and are able to encapsulate molecules of appro-
priate size [3,5,6].

zCon‘espondjng author. Fax: +34-935812920.
E-mail address: mmii@klingon.uab.es (M. Moreno).

This molecular recognition process of CD has
attracted much attention due to its wide potential
applications [7-9]. Photochemistry and photo-
rhysics of a CD-encapsulated guest molecule can
be altered significantly by inclusion complex for-
mation due to the influence of the hydrophobic
cavity mterior and to the limitation of molecular
mobility inside the cavity [10-16]. In this way, in-
creasing attention has been given to the study of
the excited-state dynamics of aromatic molecules
in CD cavities [11,14,17]. Among them the works
that make use of femtochemistry techmiques are
remarkable in that they provide the more unam-
biguous insight on the mechanism of these pro-
cesses as they are able to obtain real-time data of
the molecular motions [11,18,19].

2-(2-hydroxyphenyl}-d-methyloxazole (HPMO)
is a heterocyclic molecule with two moieties, ca-
pable of establishing an mtramolecular hydrogen

0009-2614/02/F - see front matter © 2002 Published by Elsevier Science B.V.
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bond. Upon clectronmic excitation the molecule
undergoes a photoinduced intramolecular proton
transfer (PIPT) reaction. Evidence for the occur-
rence of proton transfer in the excited state comes
from the observation of a large Stokes shift in the
emission spectra of HPMO [14,18,20]. Femtosec-
ond studies in aprotic solvents have shown that
after the first excitation femtosecond pulse, a sec-
ond pulse delayed less than 300 fs is already able to
produce the fluorescence emission of the kete form
m the exdted state. That means that proton
transfer in the first electromically singlet excited
state is an ultrafast process that takes place m
miuch less than 300 fs [11,18,19]. Recently the effect
of encapsulation of HPMO in B-CD on the dy-
namics of the proton motion and the influence of
the interaromatic rng rotation has been studied at
the femtosecond level [11,18,19]. The published
results suggest that due to the caging effect of CD
the rotational process is clearly slowed down to the
subpicosecond scale [11].

From a theoretical point of view, the study of
encapsulation of guest molecules by CDs has been
severely imited by the large molecular size of the
whole system. So, works usually make use of some
empirical force field to deal with the interactions
or, at its best, they use semiempirical quantum
chemistry methods such as AM1 or PM3. Obwi-
cusly the force field is unable to cope with actual
reactions that imply the cleavage and formation of
chemical bonds such as the proton transfer i
HPFMO. Semiempirical methods can deal with
these problems but even so, and as far as we know,
there is no published work dealing with actual
chemical reactions inside nanocavities.

Recently the quantum chemistry world has
turned its interest to the development of the so-
called hybrid techmiques that make use of different
methods to deal with different parts of the system
[21]. The idea behind these methods is that chem-
ical reactions in large systems directly imply only a
few mumber of atoms so that these are treated by a
high (and accurate) method. The rest of the system
can be satisfactorily dealt with by a less accurate
(and computationally cheaper) method. Among
these hybrid methods, the ONIOM method de-
veloped by the group of Merokuma is specially
appealing as it can combine virtually any quantum

chemistry or molecular mechamics method with
each other [22]. As ONIOM has been launched
quite recently, it has not been extensively used so
that for many kinds of reactions (including proton
transfers) it 1s not known how good can be the
ONIOM scheme in dealing with them.

Then the goal of this Letter 1s twofold: First of
all, as we are dealing with the proton-transfer re-
action in HPMO in the first electromically singlet
excited state in gas phasc or In non-interacting
solvents and encapsulated in B-CD, we will analyse
the factors that govern the interaction between
host and guest and how these factors are able to
modify the rate of the intramolecular proton-
transfer reaction. As we will use the ONIOM
method to deal with the supramolecular system (a
full high-level quantum chemistry calculation for
the whole HPMO: B-CD system is clearly out of
bounds for the present state-of-the-art methods in
quantum chemistry), our second aim will be to test
whether the ONIOM method is able to deal with
such a complicated problem that includes a
rhotoreaction in a supramolecular setting.

2. Calculational details

For the isolated HPMO molecule an ab imitio
method has been used. In particular the ground
electromic state is studied by the restricted Har-
tree-Fock (HF) method with the split-valence
6-31G(d) basis set that includes a set of d polari-
sation functions on atoms other than hydrogens
[23]. To deal with the first electromically singlet
excited state, we used an all-single configuration
mteraction scheme (CIS) with a spin-restricted HF
reference ground state [24). Stationary points were
located through the minimisation procedure of
Schlegel [25] by wsing redundant mternal coordi-
nates. Introduction of correlation energy with the
Meller-Plesset perturbative theory up to second
order has not been considered as geometry opti-
misation is not possible within this method. Be-
sides, this method has proved very unrehable
giving too low energy barriers for proton-transfer
reactions [26].

As explained in the preceding section, the study
of the same reaction with the HPMO encapsulated
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n a B-CD molecule has been done by making use of
the ONIOM method [22]. In this method one can
define up to three layers of atoms that are to be
dealt at different levels. We have restricted the
layers to only two (high and low levels). The ob-
vious choice has been to put the HPMO molecule
in the high level layer and the whole CD m the low
level layer. In order to obtain results that can be
compared with the gas phase calculations, the high
level was the same used to deal with the reaction in
the absence of CD. Thatis; HF for the ground state
and CIS for the first electronmically singlet excited
state with the 6-31G(d) basis set. For the lower
level we have used the semiempirical PM3 method
of Stewart [27]. Darect location of the transition
states was carried out only for the gas phase sys-
tem. This procedure is not computationally avail-
able in the ONIOM calculation so that for the
encapsulated system a reaction coordinate proce-
dure has been used to approximately locate the
transition states. In particular the structure of the
transiion state corresponding to the isolated
HPMO molecule was taken and a grid of points
was devised upon small displacements of the three
distances (O-H, N-H and O-N) mainly involved in
the proton-transfer process. At each point of the
grid the rest of the geometrical parameters were
optimised. The approximate position of the tran-
sition state was located in the reduced potential
energy surface computed that way.

All the calculations have been performed with
the Gaussian 98 series of programs [28].

3. Results and discussion

Let us first brefly summarise the results of
HPMO in gas phase. Fig. 1 presents the geometries
of the statiomary points corresponding to the
proton transfer m both the ground and the first
electronically singlet excited states (S; and S,
respectively). The S; state comes from the
HOMO-LUMO (n — n*} transiion. Both orbi-
tals are delocalised between the whole 7 system of
the two rings.

Fig. 2 depicts the energy profile for the proton-
transfer process. As it might be expected, results
are very similar to those previously obtained by

using the same electromic level for hydroxyphe-
nyloxazele (HPO), where the 4-methyl group has
been withdrawn [20]. Fig. 2 also indicates the po-
sition of the structure obtained upon a vertical
electronic transiion from the minimum eof the
ground state. From this point, the energy barrier
to overcome 1s only of 1.69 kcal/mol so that the
proton transfer may take place quite easily
through quantum tunmelling. A similar conclusion
was obtamed for HPO [20]. Therefore the methyl
group does not play any significant effect in the
whole photochemistry of the HPMO molecule. Of
course CIS results are not enough accurate to give
quantitative results for a so small energy barrier.
In any case our results indicate that upon photo-
excitation the proton-transfer process may occur
in a short time scale.

The structure of B-CD has been optimised at
the semiempirical PM3 level. The structural pa-
rameters known from the X-ray study [29] were
used as a starting point. The final parameters are
not very different from the initial (experimental)
ones so that the PM3 method seems good enough
to deal with B-CD.

Next step was to introduce the HPMO (guest)
molecule mmside B-CD (host). Previously, an exten-
sive conformational search was performed for the
HPMO in its more stable form (E). This is
the structure that enters the B-CD cavity prior to
the irradiation that leads to the proton transfer and
subsequent conformational changes of the product.

In this search, different conformational minima
were found. The two more relevant structures are
shown m Fig. 3. They are labelled F1 and E2 and
both have less energy than the separated host and
guest. In both cases the oxazole ring is sequestered
by the CD cavity whereas the phenol moiety is
mostly out of the CD cavity. This results agrees
with the experimental evidence based on analysis
of the 'TH-NMR spectra [14]. By considering the
CD as a truncated cone, the two structures differ in
the orientation of the host. E1 has the phenol ring
near the cavity of smaller diameter whereasin E2 it
1s found near the cavity of larger diameter. E2 1s
somewhat more stable than E1 by 4.43 keal/mol,
so that an equilibrium between both structures
may exist as experimentally observed i other CD
encapsulated systems [30].
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Fig. 1. Geometries of the stationary points for the proton transfer. E, TS and K refer to the enol (reactant), transition state and keto
(product) structures in the ground electronic state. E', TS and K’ are for the first electronically singlet excited state. The distances

between the atoms implied in the proton-transfer reaction are given in A.

As we are dealing with quite large structures, one Hehost)-O(guest) distance of 1.90 A and

it is not easy to analyse the nature of the inter- three H{host)-H{guest) distances lower than 2.0
molecular forces that keep the guest inside the A. For E2 there are four H{host)-H(guest} dis-
host. The geometry of HPMO is not greatly af- tances lower than 2.0 A. Another clue to the
fected by CD. In particular the intramolecular O— stabilisation of these two structures can be seen
H---N hydrogen bond is not perturbed as the by looking at the dipole moments of the host and
interatomic distances between the three implied guest. For E1 the dipole moment of the host and
atoms are not appreciably modified upon encap- guest are 1.78 and 2.47 D, respectively. However
sulation. Besides that, HPMO retains its plana- in E2 they amount to 1.8% and 2.50 D, respec-
rity in E1 whereas in E2 it shows a small tively. The angle between the two dipole meo-
deviation of 2.7° between the planes of the two ments is 119° in E1 and 141° in E2. A value
aromatic rings. Analysis of the host-guest inter- closer to 180° indicates a more favourable di-
atomic distances discloses for E1 the existence of pole—dipole interaction [31,32].
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Fig. 2. Schematic energy profile for the proton-transfer process
showing the relative energies of each stationary point in keal/
mol. Structures are labelled as in Fig. 1. The dashed line indi-
cates the vertical transition (see text).

An extensive search of internal conformations
of the enol structure inside the CD has also been
undertaken. In fact, the experimental work envis-
aged several configurations of the host:iguest
complex having different angles between the ox-
azole and the phenol rings that may lead to the
slowing of the tautomerisation process. Our study
has not revealed any additional minima except the
one corresponding to the 180° rotation of the two
rings. This structure is also present in the isolated
HPMO and its relative energy is not greatly
modified upon encapsulation.

Let us now consider the intramolecular proton
transfer in E1 and E2 complexes. Fig. 4 shows the
schematic energy profile for both ground and ex-
cited electronic states. When comparing with the
gas phase results (Fig. 2), it is clear that there are
no dramatic changes. In Sy the keto structure is
more stable and the barrier is lowered upon en-
capsulation. The endothermicity and the energy
barrier is still high enough to prevent the proton-
transfer reaction in this state. As for 8;, encapsu-
lation also produces a remarkable stabilisation of
the photoproduct, the exothermicity increasing by
more than 3 kcal/mol. The energy barriers do not
suffer such a great change though they are clearly
lower in both complexes. This lowering of the
barriers for the proton transfer does not neces-

O-H: 0.96
ON:2.73
N-H: 1.92

O-H: 0.96
0O-N:2.76
N-H: 1.94

E2

Fig. 3. Structures of the two more stable minima corresponding
to the enol form of HPMO inside the B-CD. Distances between
the atoms implied in the intramolecular hydrogen bond are
given in A

sarily mean that PIPT reaction in the cage is faster
as the energy barrier must be considered not from
the minimum of the excited state, but from the
structure resulting from the vertical transition.
From this structure the barriers are much lower
and comparison with the gas phase results reveals
that the barrier is slightly higher for complex E1
whereas it is lower for complex E2. As in gas
phase, these results indicate that proton transfer
may take place quite easily through a gquantum
tunnelling mechanism.
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Fig. 4. Schematic energy profile for the proton-transfer process showing the relative energies of each stationary point in kealimol.
Structures are labelled as in Figs. 3 and 5. The dashed line indicates the vertical transition (see text). (2} and (b} correspond, re-
spectively, to the process taking place from E1 and E2 structures (see Fig. 3}

Fig. 5 depicts the structures of the transition
states and the keto tautomers i S for both
complexes. The distances of the (O-H-N) bonds
mvolved in the PIPT reaction are also posted in
Fig. 5. We notice no major differences from the
solated HPMO results (see Fig. 1).

At this pointit can be reminded that an equilib-
rium between E1 and E2 is probably present so that
it is to be expected that changes in the rate of the
PIPT reaction will not be detected upon encapsu-
lation in B-CD. This does not mean that encapsu-
lation does not alter the proton-transfer reaction
but that antagomnist effects act in opposite directions
so that no appreciable difference between the reac-
tion rates in aprotic media (or gas phase) and inside
the CD cavity can be observed. These results are in
accordance with recent experimental data om
HPMO encapsulated in heptakis-(2,6-di-O-me-
thyl}-B-CD and in other cavities [19]. No changes m
the proton-transfer rates were observed for the
host—guest complexes of CD as compared with the
HPMO system in apolar solvent.

Finally we have also calculated the Stokes shift
between the vertical transiion of the enol form
and the emission of the keto tautomer when it
fluoresces to the ground state. The calculated
values are 10276 cm™! for E1 and 10667 am™! for
E2, m good agreement with the wvalue of ca.
10000 cm™! experimentally reported [11]. These
data seems to support the use of the ONIOM
scheme and the CIS methodology to deal with
these complex systems.

In conclusion, our theoretical results have
shown that no other mimmima than the onginal
enol form and the 180° rotamer exist for the
HFMO molecule encapsulated im B-CD. These
two minima are also present in the isolated
HPMO system. For the intramoelecular proton
transfer in the first electronically singlet excited
state, our results also point to impertant modifi-
cations of the exothermicities upon encapsulation,
but only small changes in the energy barriers. As
an equilibrium between different host-guest
complexes is expected and the energy barriers are
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O-H:1.21
O-N:239
N-H: 1.26

TS1'

O-H: 2.00
O-N: 2.66
N-H: 1.00

KI
(a)

429

O-H: 1.23
O-N: 2.39
N-H: 1.24

O-H: 2.06
O-N:2.70
N-H: 1.00

Fig. 5. Structures of the transition states and keto products for the proton-transfer reaction in the excited state. (a) and (b) correspond,
respectively, to the process taking place from E1 and E2 structures (see Figs. 3 and 4). Distances between the atoms implied in the

proton-transfer reaction are given in A.

different, it may be that there are no appreciable
differences between proton-transfer rates for free
and caged HPMO.
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Abstract

A systematic study of the proton transfer in the 7-azaindole water clusters (7-Al{H-0),; =1 4) in both the
ground and first excited singlet electronic states is undertaken. DET(B3LYP) calculations for the ground electronic
state shows that the more stable geometry of the initial normal tantomer presents a cycic set of hydrogen bonds that
links the two nitrogen atoms of the base across the waters. For the # = 4 cluster the water molecules adopt a double ring
structure so that two cycles of hydrogen bonds are found there. From this structure full tantomerization implies only
one transition state so that a concerted but non-synchronouns process 1s predicted by our theoretical calenlations. This
behavior 1s found both in the ground and the excited states where CIS geometry optimizations and TD(B3LYP) energy
calculations are performed. The difference between both states is the height of the energy barrier that is much lower in
the excited state. Another clear difference between both electronic states 15 that full tantomerization is an endergonic
process in the ground state whereas it 1s clearly exergonic (then favorable) in the excited state. This is so because
electronic excitation implies a charge transfer from the five-member cycle to the six-member one of 7-azamdole so that
the proton transfer from the pyrrolic side to the pyridinic one s favored. These results clearly indicate that full tan-
tomerization will not likely occur in the ground state but it will be quite easy (and fast) in the excited state. Reaction is
already feasible in the §; 1:1 complex but it is faster in the 1:2 complex. However the reaction slows again for the 1:3
complex and, finally, reaches a new maxirmum for the largest cluster studied here, the » = 4 case. These results, which
are in agreement with experimental data, are explained i terms of the nmumber of hydrogen bonds that are involved in
the transfer. The proton transfer through a ring formed by the substrate and two water molecules is found to be the
more efficient one, at least in this system.

2003 Elsevier Science B.V. All rights reserved.

1. Introduction

" Correspending auther. Tel.: +34-93-5812174; fax: +34-93- Proton (or hydrogen atom) transfer represents
5812920. omne of the most fundamental processes involved in

E-mail address: mmfi@klingon.nab.es (M. Moreno). chemical reactions as well as in living systems [1].
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In the later field the so called excited state proton
transfer (ESPT) reactions are of paramount im-
portance and so they have received considerable
attention [2]. Among many molecules undergoing
this type of photoreaction, 7-azaindole (7-Al) de-
serves special attention as it has been the subject of
many experimental [3-25] as well as theoretical
[26—46] studies. The reason of that 1s the resem-
blance of the molecule with the DNA base units
and other molecules mvolved in biological hife
cycles. It has also been claimed that the 7-Al can
advantageously replace tryptophan, customarily
considered as the standard optical probe of protein
structure and dynamics [47].

The more stable isomer of 7-Al in the ground
state has the hydrogen in the pyrrolic nitrogen
(Scheme 1). In the first excited singlet state how-
ever, the structure with the hydrogen i the py-
ridinic mitrogen is more stable. This fact, common
to a large nmumber of aromatic systems [48], ex-
Plains why tautomerization takes place only upon
photoactivation. When the hydrogen to be trans-
ferred forms an intramolecular hydrogen bond,
the interconversion between the two tautomers is
usually very fast upon irradiation. In 7-Al, such an
mtramolecular hydrogen bond lLinking the donor
and acceptor nitrogen atoms is not present so that
ESPT, as shown in Scheme 1, is not occurring m
the isolated system [49). However, if 7-Al isin an
environment capable of making intermolecular
hydrogen bonds with other molecules, then the
ESPT may take place quite easily. Spedal atten-
tion has been paid to the case when another 7-Al
molecule is used as an intermolecular source of
hydrogen bonds. The double H-bonded 7-Al di-
mer, (7-Al},, is known to exist in gas phase as well
as in many solvent environments. A large number

]

Normal Tautoner ull Tautomer

Schetne 1.

of studies of the photoinduced double proton-
transfer reaction in (7-Al}, have appeared in the
last years as (7-Al}, is considered to be an easy-to-
work model of the base pairs naturally occurring
in the DNA double helix [3,9-17,19-23,25,26,28,
30,32,35-38 44-46]. In addition to such studies,
hydrogen-bonded complexes of 7-Al with different
molecules have also been amnalyzed. In particular,
the case of 7-Al clustered with water molecules has
also received considerable attention [5-8,24,29,31,
33,34,39-41].

By analyzing the fluorescence spectra of 7-Alin
an apretic solvent upon microaddition of water,
Chou et al. [6] come to the conclusion that the
ESPT reaction takes place in the 1:1 7-Al-water
complex. Besides, the ESPT in such a microsol-
vation environment is considerably faster than the
one observed in bulk water. This difference in time
scale 18 customarily attributed to the time neces-
sary for the rearrangement m the bulk solvation
shell in order to attain a favorable proton-transfer
geometry with the solvent [31]. It is also assumed
that the 1:1 complex is the only one responsible for
the tautomerization given that it seems unlikely
that the multiple proton transfers needed to ac-
complish tautomerization in the 7-AI(H;O),
complexes with r 2 2 will take place simulta-
neously [4-8,29,50].

The 1:1 complex with water and the possibility
that this complex undergoes ESPT has also been
the subject of a great deal of theoretical caleula-
tions. Earlier studies were restricted to the
ground electromic state [29] where the 1:1 com-
plex is seen to be stable. The energy barriers
obtained for the proton transfer in the complex,
as compared with the values in the isolated 7-Al,
point out that wpon complexaton the barrier
dramatically diminishes. For instance, at the
Hartree—Fock level of caleudlation with the energy
corrected through the MP2 method the energy
barmer obtamed for the wsolated 7-Al system is
58.7 keal/mol, but in the 1:1 complex it is of only
19.4 keal/mol

Recently, caleulations of the first excited singlet
state (S1), the ome really mvolved mm the ESPT
process, have become feasible. Almost at the same
time Chaban and Gordon [33] and Fernandez-
Ramos etal. [34] have calculated the two tautomers
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and the transition state for the proton-transfer re-
action of the 1:1 complex in the 5, state. The energy
barners obtamed in the two works are very differ-
ent because different methods are used: the CIS
method used by Ferndandez- Ramos et al. [34] tends
to overestimate the energy barriers for the proton
transfer and so they come to a value of 25.2 kealf
mol. On the other hand, Chaban and Gordon [33]
use a MCSCF procedure together with a pertur-
bative treatment up to second order (MCQDPTZ)
to include the dynamic correlation. Without ge-
ometry reoptimization they obtain an energy bar-
rier of only 9.8 keal/mol.

Larger 7-Al-water complexes have received
considerably less attention. This 1s so because, as
said above, it is thought that such a complexes
cannot be directly involved i the tautomerization
as more than one proton-transfer reaction is in-
volved in the full process. In the ground electronic
state the structure of the 1:r complexes with
7 1-3 has been theoretically studied by Nakaj-
ma et al. [51] and Yokoyama et al. [52]. Both
studies lead to the conclusion that in all the cases
the structure that forms a nng of waters linking
the pyrrolic hydrogen to the pyridinic nitrogen
15 the more stable ome. FElectromic [51] and IR
[52] spectra of the same complexes confirm these
assignments.

The kinetics of the proton-transfer process in
such a larger clusters has been the topic of a recent
work by Folmer at al. [24] 7-AI{H,0)}, clusters
with # 2-4 (the monohydrated cluster was not
available to study because of experimental re-
strictions) were obtained and characterized in gas
thase. Ultrafast pumb-probe studies revealed that
upon electromic excitation the cluster suffers a fast
decay. Forn 2 and 3 the obtained data were best
fitted with a biexponential function yielding a fast
first time constant of 360 & 50 fs, and a secomd
time constant of 6.0+ 0.5 ps for the » 2 clusters.
Tor » 3 the ime constants of the two processes
are somewhat larger (420 4+ 380 fs and 6.1+ 1 ps)
whereas forn 4 the whole process is much faster
and the data are fitted by a single exponential
function with a time constant of 1.8+ 0.3 ps. At
first sight these data seem to mmdicate that i the
four waters cluster there is only one process, so
that the proton is transferred in a single step

through the proton wire formed by the four water
molecules. However, a stepwise proton-transfer, as
it seems to be the case for the n 2 and n 3
clusters, could sall be occurrmg m the » 4
complex. In this case the first step would be too
fast to be observed within the time widths em-
ployed in the experiments (150 £ 50 fs). To be re-
marked that the obtained data are the decay of the
signal of the ongimal tautomer so that these ex-
periments canmot discern whether a full tauto-
merization takes place or, rather, a single proton
transfer from the 7-Al to the solvating water
molecules ocours.

Theoretical studies of the kinetics of the proton
transfer in complexes with more than one water
clusters has only been undertaken by Ferndndez-
Ramos et al. [41]. By using a CASSCF method
they calculate the stationary pomts (normal form,
full tautomer and transition state} for the proton-
transfer reaction mn the first excited smglet elec-
tromic state of 7-Al complexed with one, two and
five water molecules. For the two waters complex
(the only one that can be directly compared with
experimental data) the caleculations indicate a
concerted though non-synchronous reaction path
with a considerably high cnergy barrer: 16.94
kealimol. However, it is to be expected that this
barrier will considerably dimmnish if dynamic cor-
relation 1s introduced i the calculation. In fact the
same authors [40] had previously calculated the
barrier for the » 2 complex in the ground elec-
tronic state obtaining a lower energy barrier (13.66
keal/mol} by using a more correlated method
(MPZ).

The purpose of this work is to perform a sys-
tematic study of the proton transfer in the
7-AI(H, 0}, clusters forn 14, Our main interest
is the first excited singlet electronic state, where the
reaction 1s known to take place, but the ground
state will also be studied mainly for comparative
purposes. It is also necessary to know the more
stable geometry of the 1w cluster in the ground
state as this is the structure that will be photoex-
cited. The energies and structures of both tau-
tomers as well as the transition state(s) linking
them will be caleulated and analyzed in order to
shed hight on the mechanism of such a compli-
cated, though very interesting, processes.
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2. Theoretical methods

ATl calculations were performed with the dou-
ble-{ quality 6-31G(d} basis set which includes a
set of d-polarization functions on atoms other
than hydrogens [53]. For the ground state, geom-
etries and energies were obtained with the B3ILYP
hybrid demnsity functiomal [54]. The CI all-single
excitation with a spin-restricted Hartree—Fock
reference ground state (CIS) was used to optimize
the geometries and calculate the energies of the
first excited singlet electronic state [55]. Energies at
the located stationary points were recalculated
through the use of the time dependent density
functional theory with the BALYP functional (TD-
B3LYP) [56,57].

Stationary points were located through the
minimization procedure of Schlegel by using re-
dundant internal coordinates [58]. The nature of
the located stationary points was ascertained by
diagonalizing the energy second-denvatives ma-
trix. To ensure that the transiion states were
conmnecting the expected reactants and products, a
full optimization of each transition state was done
by slightly shifting the geometry of the transition
state 1 either sense followmg the direction of the
transition vector (the sigenvector corresponding to
the negative eigenvalue).

Diagonalization of the second derivative ma-
trix also provides the vibrational hammomnic fre-
quencies which were wsed to evaluate the
thermodynamic corrections at 1 atm and 298.15
K to the mitally obtained electromic energy by
using the standard statistical formulas, assuming
that the system behaves as an ideal gas and that
the rotational and vibrational degrees of freedom
are well described through the ngid rotor and
harmonic approximations, respectively [59]. As
customarily done, for transiion states the imagi-
nary frequency is withdrawn from the caleulations
of the thermodynamic corrections so that the
difference mm Gibbs free energy between the tran-
sition state and the reactants is the only one pa-
rameter needed to caleulate the rate constant
within the framework of the transition state the-
ory [60].

All the calculations presented here were done
with the Gaussian 98 series of programs [61].

3. Results and discussion

Let us first consider the energetics of the for-
mation of the 7-AI(H»0), complexes m the
ground electromic state. The more stable structures
for the normal tautomer are depicted in Figs. 1(a),
2(a), 3(a) and 4(a) for the » 1-4 clusters. For
n 13 the complex presents a cyclic structure
where a ring of water molecules 1s formed linking
the two nitrogen atoms of 7-Al This result agrees
with experimental evidence [51,52] as well as pre-
vious caleulations for the 1:2 and 1:3 complexes
[51,52]. The analysis of the more stable structure
for the » 4 cluster is not so easy. We will come
later on to this point.

Table 1 gives the potential energy and the Gibbs
free energy for the formation of the cluster from its
components. That is, the energies in Table 1 cor-
respond to the reaction

7-Al + nH,0 — 7-AI(H,0), (1)

By looking at Table 1 it 1s clear that the formation
of all complexes is energetically favorable as the
formation of the cluster involves a negative value
of both energies. Interestingly, the stabilization of
the cluster mcreases almost hnearly with the
number of water molecules so that the complex
with four waters 1s almost four times more stabi-
Lized with respect to the separate constituents than
the complex with only one water. However, in
terms of Gibbs free energy the situation is not so
favorable for the formation of the larger clusters.
Nevertheless, up to the four waters complex con-
sidered here, the formation of the clusters is exer-
gomic. Given that the entropic term disfavors
highly ordered structures, it is seen that the in-
crease of stabilization with the size of the cluster 1s
more modest in terms of Gibbs free energy G and
forn 4 the trend reverses so that G for the for-
mation of the » 4 cluster from the » 3 is po-
sitive. At this point it is worth noting that less
ordered structures, with one or more water mole-
cules lying outside the ring of hydrogen bonds
have also been calculated for the clusters with
three and four water molecules. However these
structures are energetically above the ones shown
n Figs. 3 and 4 (even in terms of Gibbs free en-
ergy} so that they have not been considered here.
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TS(1) P'(1)

Fig. 1. Geometries of the stationary points located for the 7-AI{H,0), system in the ground and first excited singlet electronic states.
Structures labeled R and P are minima whereas TS indicates a transition state. A prime denotes a structure in the excited state and a
double prime corresponds to an excited state structure. Distances between selected atoms are given in A.
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(b)

P"2)

TS'(2) P2)

Fig. 2. Geometries of the stationary points located for the 7-AI(T,0), system in the ground and first excited singlet electronic states.
Structures labeled R and P are minima whereas TS indicates a transition state. A prime denotes a structure in the excited state and a
double prime corresponds to an excited state structure. Distances between selected atoms are given in A,
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TS'(3)

Fig. 3. Geometries of the stationary points located for the 7-AI{TL0), system in the ground and first excited singlet electronic states.
Structures labeled R and P are minima whereas TS indicates a transition state. A prime denotes a structure in the excited state and a
double prime corresponds to an excited state structure. Distances between selected atoms are given in A.
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TS'(4)

Fig. 4. Geometries of the stationary points located for the 7-AI{H,0), system in the ground and first excited singlet electronic states.
Structures labeled R and P are minima whereas TS indicates a transition state. A prime denotes a structure in the excited state and a
double prime corresponds to an excited state structure. Distances between selected atoms are given in A.
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Table 1
Energies (in kealimol} for the formatien of the cluster:
T-AL4+ 2H, O — T-ALH, 0},

R Potential energy Gibbs free energy
(BILYPF)

1 -13.98 -2.41

2 -28.93 -6.13

3 -41.97 —8.58

4 -55.83 -8.51

Some of these structures have also been found for
the » 3 complex in previous theoretical works
[51,52]. Finally it 1s worth noting that the bass set
superposition error (BSSE) has not been consid-
ered. The BSSE correction, which is expected to be
small for the hybrid DFT method used here,
would slightly decrease the stabilization energies of
the progressive larger water clusters posted in
Table 1.

Once the cluster of 7-Al with » water mole-
cules has been formed it can suffer a proton
transfer reaction that leads to the tautomer. This
reaction does not take place easily in the ground
electromic state (S} as different spectroscopic
techniques [51,52] of the complexes with water
have lead to the conclusion that only the normal
tautomer with the hydrogen in the pyrrolic ni-
trogen is present in the cluster. However, as ex-

Table 2

plamed im the intreduction, recent experiments
also indicate that upon irradiation, that puts the
system m its first excited smglet electromic state
(81}, the normal tautomer suffers a very fast decay
leading (probably) to the full tautomer. These
ultrafast pump-probe spectroscopic studies do
not exclude the possibility of an incomplete tau-
tomerization leading to some zwitterionic struc-
ture of the 7-AI(H,0), complex [24]. In order to
analyze this reaction from a theoretical point of
view we have located all the statiomary points
corresponding to the proton-transfer reaction.
Even if our mamn interest focuses on the excited
state we have also considered the ground elec-
tronic state m order to be able to compare the
reactivity of both states. In the clusters with more
than one water more than one geometry has been
obtained for the initial complex. However, only
the more stable structure has been considered
here as this 15 the structure that will be mitally
photoexcited.

Tables 2 and 3 present the energies of all the
stationary points (minima and transition states)
located for the ground and first excited singlet
electromic states, respectively. As explained in the
theoretical details section, the B3LYP/6-31G(d)
method is the only one used in the ground
clectromic state (Table 2). Darect DFT geometry

Relative energies (in keal/mol} for the stationary points corresponding to the proton-transfer reaction of the 7-AI{H, O}, complexes in

the ground electronic state

Complex Structure Potential energy (BALYF} Gibbs free energy
7-AL R7(0} 0 0
TS*(0} 65.84 61.25
PO} 12.50 13.00
7-AI[H,0), R (1) 0 0
TS'(1) 22.54 19.39
P 10.00 10.17
7-AI(Ha 0}, RY(2) 0 0
TS"(2) 13.96 14.97
P2} 6.84 7.39
7-AL(H:0Y, RY(3) 0 0
TS"(3} 22.04 17.7%
P13 8.44 8.45
7-AI[H,0}, R"(4) 0 0
TS"(4) 13.21 10.83
P4} 8.23 8.15
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Table 3

Relative energies (in keallmol) for the stationary points corresponding to the proton-transfer reaction of the 7-AI(H, O}, complexes in

the first excited singlet electronic state

Complex Structure Potential energy (CIS} Potential energy (TD-B3LYF} (Gibbs free energy
7 AL R'(0) 0 0 0
TS (0} 68.40 4423 4539
PO =21.07 -26.21 -19.71
7-AI(H; 0}, R(1} 0 0 0
TS(1) 26.94 642 5.42
P13 -18.15 -21.47 -19.82
7-AI(H,0), B2} 0 0 0
TS (2} 24.35 2.27 1.05
P2} —15.85 -18.11 -17.48
7-AI(H,0), R/(3) 0 0 0
TS (3} 31.63 10.53 9.11
3 -14.60 -16.22 -17.36
7-AI(H,0}, R/(4) 0 0 0
TS [4) 2299 -0.19 —0.46
P4 -16.37 -18.23 -18.17

optimizations are not yet available for the excited
states so that the CIS method is used to locate the
stationary points in the excited state. Given that,
accordingly to Brillowin’s theorem [62], CIS cal-
culations of the excited state are the equivalent of a
Hartree-Fock caleulation for the ground state,
CIS results will lack dynamcal correlation, this
fact usually meaning that energy barriers for the
proton-transfer reactions will be too high [63].
Introduction of dynamic correlation in the excted
state calculations is not a well solved question [64].
In this paper we have opted to use the recent de-
veloped time-dependent method within the B3LYP
density functional (TD-B3LYP) [56,57]. This level
of calculation does not allow for geometry opti-
mization so that the CIS geometries of minima and
transition states are recalculated within the TD-
B3LYP method. Table 3 reports both CIS and
TD-B3LYP energies for the S, states. It 15 clear
that in all the cases the quite high energy barriers
obtained at the CIS level are lowered to more
reasonable values by using the TD-B3LYP meth-
odology. In addition to the potential energy, the
(Gibbs free energy is also given for each structure in
the last column of Tables 2 and 3. For the ground
state it corresponds to the BALYP calenlation. In
the excted state G is obtamed by adding the

thermodynamic corrections obtained at the CIS
level to the TD-B3LYP potential energies.

Structures in Tables 2 and 3 are systematically
named as R (reactant, mommal tautomer), TS
(transition state) and P (product, full tautomer).
As customarily dome In spectroscopy, a double
prime denotes the ground electronic state (Table 2)
whereas a single prime indicates the excited state
(Table 3). Finally, a number enclosed in paren-
theses 1s used to denote how many water molecules
(from 0 to 4} has the complex. From now on we
will extensively use this nomenclature to casily
refer to each obtained structure. We have per-
formed full optimizations of the transition state
structures slightly shifted m each sense indicated
by the direction of the transition vector. In this
way we have verified that each transition state is
actually conmecting the expected reactant and
product structures as they are given in Tables 2
and 3.

The obtaimned energies for the ground state re-
actions, given m Table 2, do not show any unex-
pected trend. The bare 7-Al molecule (without
water) has also been considered though in that
case it is clear that tantomerization is not likely to
oceur. Accordingly, our results for the isolated 7-
Al molecule indicate very high energy barriers in
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both electronic states. The normal tautomer R” is
always the more stable equilibrium structure in S,.
In fact, the energy difference between both tauto-
meric forms 1s not greatly modified with the ad-
dition of more water molecules in the cluster. The
higher energy difference is found for the isolated 7-
AT system whereas the 1:2 water complex has the
smallest value within the systems considered in this
work. It is also worth noting that inclusion of
thermodynamic corrections does not represent any
significant change as the relative Gibbs free energy
of tautomerization in all the cases differs less than
1 keal/mol from the purely electronic results. This
result contrasts with the omes of Table 1 where
entropy played a quite dominant rele i the ther-
modynamics for the formation of the cluster.
However, once the complex has been formed, the
entropic term is mot significantly modified by
the proton-transfer reaction. The same applies to
the rest of thermodynamic corrections that are
quite similar between both tautomers.

Things are different when it comes to analyze
the kinetics of the reaction. The transition state
energies are far different for the distinct clusters
here considered. In the isolated 7-Al molecule the
energy barrier is, as expected, quite high. Upon
addition of one water molecule, there 1s a dramatic
decrease of the energy barrier (from 65.84 to 22.54
kcal/mol, more than 40 kcal/mol of difference). A
further energy decrease, not so spectacular, is ob-
served when going to the n 2 cluster whereas a
slight increase is seen for the complex with three
water molecules. On the other hand, the four
waters case presents a new energy decrease so that
this is the complex with the lowest energy barner
among all the studied cases. Now it 1s not true that
Gibbs free energies are similar to the purely elec-
tronic ones. The Gibbs free energy of the trans-
tion states is always clearly lower than the
corresponding difference in potential energies. This
can be attributed mainly to the difference in zero
point energies. As the transition state has one de-
gree of freedom less (the one that has nmegative
curvature), the zero point energy of the transition
state is clearly smaller than the one of the reactant
minimum. Entropy plays again no significant role
as it changes only slightly along the whole reaction
path. Even taking inte account these differences,

the general trends observed before are maintained
in terms of Gibbs free energy. Agamn for the 7-Al-
water clusters there 1s a clear lowering of the bar-
rier from # 0 to » 1 that continues to n 2
and 4, where the free energy barrier reaches the
smallest value. Then 3 complex represents again
an exception as, coming from the previous n 2
complex, the free energy barrier slightly increases.
In any case, the energy barrier for all the clusters
here considered is stll quite high so that it can be
ensured that this reaction will not take place in the
ground electromic state. For the more favorable
case, the cluster of 7-AT with four water molecules,
the final value of the free energy of activation is
not so high (10.83 keal/mol} so that a thermally
activated process could eventually lead to the
formation of the tautomer P”(4}. However, as the
tautomer 1s not thermodynamically stable, it
would quickly revert to the original R"(4) struc-
ture.

Things are very different in the excited state.
The energy differences presented in Table 3 reveal
that now the full tautomer P is the more stable
structure in all the systems considered including
the isolated 7-Al molecule. Even so, the proton-
transfer reaction has still to surmount an energy
barrier. The energy barrier is in fact still very high
in the isolated 7-Al molecule but, again, it
abruptly diminishes with the addition of just one
water molecule. Addition of more water molecules
to the cluster shows the same trend already ob-
served m the ground state: a further lowenng in
the energy barrier for the 1:2 complex, an increase
in the 1:3 one and a new decrease for the 1:4
complex. As explained above, the CIS method was
used to obtain and characterize the stationary
points in the §; potential energy surface but this
method 1s known to overestimate the energy bar-
rier in proton-transfer reactions [63,64]). Our re-
sults confirm this hypothesis as energy barriers
higher than the ones obtained for the ground state
arouse as seen in the third column of Table 3. This
result makes no sense and is caused by the different
level of calculation used for the two electronic
states. To allow a fair comparison we have per-
formed single point electronic calculations using a
time dependent formalism to evaluate the B3LYP
energy of the excited state. These TD-B3LYP
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results are shown m the fourth column of Table 3.
At this level of caleulation the ordering in energy
barrers along the different clusters i1s not modified
but the barner height is clearly diminished to more
reasonable values so that we will use these values
for the forthcorming discussions. One drawback of
these calculations is that geometries cannot be
optimized at this level of calewlations. This in-
convenient has been shown to lead to energy
barriers that are now overcorrected [63]. This ex-
plains why for the more favorable case (the 14
complex) a negative value of the energy barrer
shows up at the TD-B3LYP level. This result just
points out that the energy barrier in that case is
very small, a result that in fact agrees with exper-
mental evidence that has disclosed that tauto-
merization of the 7-Al-water complexes in the
exdted state takes place in the time scale of the
femtoseconds.

To understand the role played by the water in
the tautomerization and the differences of energies
seen for the different clusters it 1s necessary to turn
now the attention to the geometries of the different
structures calewlated. Figs. 1-4 depict the geome-
try of each stationary peint. The same nomencla-
ture of Tables 2 and 3 is used so that it is easy to
match each structure with its energy. The distances
in A of the atoms involved in the proton-transfer
reaction are also given in the figures.

It 15 clear that in absence of water (or any other
H-atom donor—acceptor molecule) the 7-AT mol-
ecule cannot casily transfer the proton from the
pyrrelic to the pyridinic nitrogen as the geometry
of the molecule does not allow the formation of an
mtramolecular hydrogen bond. However, one
water molecule 1s enough to make such a hnk by
establishing a double hydrogen bond with both the
H-donor and the H-acceptor nitrogen atoms of 7-
Al This provides the molecule with a proton-wire
that, upon a double proton transfer, can proceed
to the formation of the tautomer. Fig. 1 shows the
geometries of reactant, transition state and prod-
uct for such a process in the 1:1 complex in both S
and 8; states. If we restrict our attention to the
excted state geometries (Fig. 1(d)-(f)), the for-
mation of the double hydrogen bond between
water and 7-Al i1s clearly seen m the 1mitial strue-
ture R(1). In the transition state TS'(1} the two

hydrogen atoms mvolved m hydrogen bonds {(one
from the basis and the other one from the water
molecule) are transferring almost simultaneously
as they are both midway between the H-donor and
the H-acceptor atoms. At the end this process
leads to the full tautomer P{1) where again two
hydrogen bonds between the base and the water
are to be found. This mechanism for the excited
state is also taking place in the ground state. In
fact there are no qualitative differences between
the processes in both states as can be ascertained
by analyzing now the process that goes from R”(1)
to P’(1) passing through TS"(1) (Figs. 1(a)-{c)).
The difference between both states lies i the rel-
ative energies as commented above. Tautomeriza-
tion is an endergomic process mm S; but it is
exergomic in 8. The reason of this difference 1s
found in the nature of the electromic excitation that
leads to 8. It 1s a w — #* (HOMO-LUMO) elec-
tronic transition that mostly implies a charge
transfer from the pyrrol to the pyridine cycle of 7-
Al This charge transfer reverts in a more negative
charge of the pyridinic nitrogen in 8, that makes it
more basic, so that in §; the pyridine cycle can
accommodate with more easiness the transferred
proton [28].

As we have just seen the reaction for the 1:1
complex implies a concerted, almost synchronous,
double proton transfer. For the 1:2 complex the
same process would imply the motion of three
hydrogen atoms almost simultaneously. Anyway,
this seems to be the case as only ome transition
state 1s located. Let us first consider the process in
the ground state (Fig. 2(a)—(c})). In that case, as in
the previous 1:1 case, the TS"(2) geometry presents
all the transferring hydrogens midway between the
H-donor and the H-acceptor atoms so that the
triple H-atom transfer is almost a synchronous
process. Now the excted state is not so similar.
Fig. 2(e) shows the transition state for the reaction
m §,. Here omly one of the hydrogen atoms (H; in
Fig. Z2(e)) implied in the process is actually “in
flight”. As for the other two hydrogen atoms in-
volved, H; has almost being totally transferred
(from O; to N;) whereas H; has only begun to
move. Even if only one hydrogen is clearly moving
i the transition state, the full process is still con-
certed as we have venfied that followmg the di-
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rection of the nmegative curvature from the trans-
tion state we obtain both reactant and product
structures with the hydrogens in either side of the
reaction, so that no zwitterionic mmtermediate 1s
envisaged from our theoretical caleulations.

The tautomerization in the excited state for the
1:1 and 1:2 complexes we have just analyzed can be
compared with the recent results reported by
Fernandez-Ramos et al. [41] for these complexes.
They used the same basis set (6-31G(d)) but a
different level of caleulaton (CASSCF). The re-
sults they obtain are mot qualitatively different
from the ones we have just analyzed. In both cases
a concerted reaction path that links the normal
form of 7-Al with the full tautomer 1s found. The
two transition states imply a non-synchromous
motion of the transferrmg hydrogen atoms.
However, a more careful look at the two sets of
geometries reveals some non-negligible differences
in the distances between the atoms mmplied in the
full process, this fact being more prominent in the
transition states geometries, and, specifically, the
one corresponding to the 1:2 complex. As for the
energy barners, given that a method that also lacks
dynamical correlation is used, they obtain too high
energy barriers, parallel to our (non-correlated}
CIS results. Another previous caleulation for the
tautomernzation of the 1:1 complex in S; has been
reported by Chaban and Gordon [33]. Again the
obtained geometries are qualitatively similar to the
ones presented here though some differences exast
at the quantitative level between their results and
ours (and the ones by Fernandez-Ramos et al. [41]
as well). As for the energy barriers, Chaban and
Gordon also found a quite high energy barner
when using a non-dynamically correlated method
(MCSCF) that was dramatically lowered upon the
introduction (without geometry reoptimization) of
the dynamical correlation through a second-order
perturbative method. These comparisons are then
clearly indicating that our method s good enough,
at the present state-of-the-art of the electromic
excated state caloulations, to analyze the kinetics of
the tautomernization in the 7-Al-water clusters.

The next cluster in size is the 1:3 complex, for
which there are ne previous theorstical calcula-
tions. Fig. 3 presents the geometries of all the
stationary points located in both 8; and 8§, elec-

tronic states. It is to be noted that the more stable
structure for the reactant i1s agamm the one with a
cychic structure of waters that mvolves now four
hydrogen bonds that link the water molecules with
the base and with themselves. This means that, to
accomplish the tautomerization reaction, four hy-
drogen atoms are to be transferred somehow. It
Was common $ense to expect in that situation a
stepwise process. However, again only one transi-
tion state that commects the given reactant and
product structure is found for both S and §
electromic states so that the full process is in fact
predicted to be concerted in hight of our caloula-
tions. As already observed in the previous 1:2 case,
the transition state m 8; shows that all the hy-
drogens implied in the process are midway from its
trip so that the process is almost synchronous.
Conversely, n the excited state, where the reaction
is known to occur, the transition state points to a
more asynchronic path with only one hydrogen
(Hsz in Fig. 3(e)) clearly “in flight”. As for the other
transferring hydrogens, H; and H; have yet to
begin its motion and H, has been almost trans-
ferred.

Omne interesting point to discuss here is why for
the 1:3 complex the energy barriers are larger than
the omes for the previous 1:2 complex thus
breaking the tendency towards lower energy bar-
riers for larger water clusters. An analysis of the
charge distributions along the different stationary
points does not reveal any specific difference when
comparing the 1:3 complex with the previous
cases. In fact we believe that the difference stems
from geometrical considerations as now the pro-
cess implies a total of four hydrogen atoms to be
transferred in a, more or less, concerted path. This
means that quite a large number of atoms has to
be moved from their more stable position (the one
they have m the imitial reactant structure) to a
somewhat distorted geometry that allows the hy-
drogen atoms to be transferred. In that sense it 1s
to be noted that the distance between the H-atom
donor and the H-atom acceptor clearly dimmishes
1o the transition state, a distortion that reverses in
the preduct. Obviously these short distances are
formed in order to facilitate the proton transfer.
However, this distortion takes its price in terms of
distortion emergy. The same reasoning applies
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when going from the 1:1 to the 1:2 complex.
However, for the 1:1 complex the full nng of -
bonds is made of six atoms. This implies that the
two hydrogen bonds are not linear (see Fig. 1), a
situation which implies some strain in the ring and
adds some difficulty to the transfer of the hydrogen
atoms. For the 1:2 case the cyclic H-bonded
structure is made of eight atoms. This increment in
the mumber of atoms allows a more relaxed ge-
ometry of the H-bonds that now are almost lineal
as readily seen in all the structures depicted in Fig.
2. This fact clearly favors the double proton
transfer as compared with the strained 1:1 com-
plex. For the 1:3 complex the ring of H-bonds
grows up to 10 atoms, but this increase does not
represent any additional release of strain in the
geometry of the hydrogen bonds so that we can
conclude that formation of H-bonded rnngs with
more than eight atoms (the number implied in the
1:2 complex) does not lead to a much more fa-
vored, less strained, geometry.

At this point it is interesting to turn our atten-
tion to the 1:4 complex. After the considerations
we have just made, it could be expected that there
will be a further energy barrier increase in that
case. However, the structure of the mital cluster
R"(4) shown in Fig. 4(a} does not simply consists
m a ring of four water molecules hnking the two
nitrogen atoms of the 7-Al moleculs. Instead,
there are two cydles of hydrogen bonds that con-
nect both sides of the basis. The larger cycle m-
plies the four water molecules and can be followed
i Fig. 4 by the sequence of atoms: Ny-H,-O-H,—
0,-H,-0:-H.,—0O,—H;-N;. However, there is a
shorteut of hydrogen bonds that also connects Ny
to Ny that involves only two water molecules. This
short rmg can be traced down in Fig. 4 by the
sequence: N;—H;-O—-Hs—O4—HgN;. This results
i an cight-member nng, just as it was already seen
in the 1:2 complex. This particular structure opens
the possbility of more than one circuit of con-
catenated proton transfers. However, only one of
such circuits goes from reactant R”(4) to the tau-
tomer P’(4) and this is the one that involves the
small eight-member ring. The larger ring does not
permit the full transfer as once the H) has been
transferred to O, there is no possibility to further
contnue towards O; but only to O, and further on

to N1, in this way closing the short circuit of hy-
drogen bonds. The only alternative circuit of hy-
drogen atoms mvoelves the four water molecules
without participation of the 7-Al atoms. In fact we
have located a tramsiiomn state (not shown) that
links the imitial R”(4) structure with another re-
actant equilbrium geometry that is obtained by
the simultaneous transfer of hydrogens labeled 2,
3, 4 and 5 in Fig. 4(a}. This alternate equilibrium
structure has a slightly higher energy than the
former one so that it has not been considered here.
As a consequence of all these considerations, the
14 complex 1s in fact a 2+ 2 structure with two
waters adopting a cyclic structure around the two
mitrogen atoms of the base m a fashion simmlar to
the one found for the 1:2 complex. The other two
water molecules are forming a secondary ring that
will not directly mtervene i the series of concat-
enated proton transfers that will proceed around
the short cyce. This explains why the energy
barrier in the 1:4 complex is not increasing as it
could be expected after the analysis of the 1.3
complex. In fact, the energy barrier should be
quite similar to the one of the 1:2 complex and the
energies shown in Tables 2 and 3 partially confirm
this guess. Nevertheless the two additional waters
are not mere spectators of the reaction but they
have some role to play. It is not geometric but
electromic as their presence emables a charge re-
distribution along the whole system. This smooths
the charge separations that arise in the transition
state geometry due to the asynchrony in the mo-
tion of the protons. For mstance, in the TS'(2) the
two waters have total charges of —0.18 au
whereas I the TS'(4) structure the two water
molecules that are forming the proton wire sup-
port an almost null total charge.

Again all the considerations we have just made
apply to both Sy and S states. The complete study
of the potential energy surface im S; lead to the
location of a total of 6 minima and 5 transition
structures that connect them. In 8§ we did not
perform such a thoroughly study but, as for the
other cases, we restricted the caleulations to the
lowest minimum energy structure and the corre-
sponding product and transition state connecting
both minima (as shown in Fig. 4(d)}—(f)). In §; the
energy barrier at the TD-BILYP level 1s shghtly
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negative, a non-physical result that stems, as pre-
viously discussed, from the lack of geometry op-
timization at this level of calculation.

Results for the 1:4 complex may cast some
doubt about the validity of the study of the 1:3
complex previously presented as it is conceivable
that the higher energy barrier obtained for the
concerted motion of four protons could be by-
passed by the formation of a structure with a two
water ring and an additional water located just
outside making a second ring, just the manner we
have seen for the 1:4 complex. We have tested this
idea and eventually we have obtained such a *bi-
cyclic” structure which is shown in Fig. 5. Even if
for this structure a less energetic transition state is

to be expected (given that there are less hydrogen
bonds involved), the structure shown in Fig. 5 has
an energy 5.19 kcal/mol above the more stable
minimum R"(3) (Fig. 3(a)). It is then unlikely that
such a configuration is to be found for the isolated
cluster and so, the reaction will not proceed
through this alternate path. The reason of the high
energy of this structure is again geometric as the
solitary water cannot form perfect (i.e., linear)
hydrogen bonds with the other two waters. In the
1:4 complex the two additional waters form a
second ring of eight atoms. As previously noted
this is just the correct number that permits an al-
most linear orientation of all the involved hydro-
gen bonds.

Fig. 5. Geometry of an alternate structure for the 7-AI{H,0}, reactant minimum in the ground electronic state. It is to be compared
with the (lower energy) R”(3) structure shown in Fig. 3(a). Distances between selected atoms are given in A.
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Finally it 1s time to analyze from a theoretical
point of view the whole process of phototauto-
merization that takes place in the 1:n 7-AI{H,0),
clusters. Before irradiation the clusters will be in
their more stable form which are the ones labeled
R"(1}-R"(4} accordingly to the number of water
molecules mmvolved. Tautomerization 1s not likely
to oceur from here as in §; there is always a con-
siderable energy barrier to surpass and, besides,
the full process is endergonic. Upon photoexcita-
tion to the first excited singlet electronic state S,
the reaction is no longer impeded as it is now ex-
ergonic and the energy barrier is not very high. In
fact the relative energy of the transition states
shown in Tables 2 and 3 is not a real measure of
the energy barrier to surpass as it is measured from
the minmimum energy structure of the reactant in
5. Accordingly te the Franck—Condon principle
the structure initially obtained upon photoexcita-
tion 18 the omne resulting from a vertical excitation
so that the nucler have no time to reorgamize, at
least during the time the electromic excitation takes
place. From this vertical excitation the energy
barrers are obviously lowered. At the CIS level of
calculation (the level used to optimize the geome-
tries 1 the S; state) the energies of the vertical
excitations with respect to the R'(n} optimized
structures are 6.13, 8.32, 10.11 and 9.67 kcal/mol
for the n 14 7-AI{H;O), complexes respee-
tively. These values more or less follow the trend
of increasing the energy with the size of the cluster,
an expected result as the larger is the system, the
larger will be the stabilization upon full opti-
mization. In any case the energy barners measured
from the vertical transition follow the same trend
than the values taken from the corresponding
R’(n} minima as are posted in Table 3. The lower
energy barriers obtamed this way are stll more
defmitely pointing to a very fast process in the
excted state, a fact in agreement with the recent
experimental work on these clusters [24].

Also in agreement with these experimental data
are the predicted rate of the phototautomerization
for the different clusters. Both CIS and TD-
B3LYP results agree in that the slowest rate is to
be found for the 1:3 cluster whereas the fastest one
will be the one measured for the 1.4 complex. The
1:2 case will lie somewhere in between. Cur results

also predict that phototautomenzation in the 1:1
complex is not as fast as in 1.2 and 1:4 complexes
though it may be shghtly faster than the 1:3 case.
Unfortunately the 1:1 cluster was not studied be-
cause of experimental restrictions. This is an in-
teresing point to elucidate as it has been
customarily accepted that the 1:1 complex is the
main responsible for the photoreaction taking
place in bulk water. However, our results pomnt to
the process being much faster in the 1:2 and 1:4
complexes. Giving that our theoretical results also
indicate that the formation of the 1:m cluster from
the 1:(n 1) one is an exergomic process for
n 13 we propose the structure of the 1:2 com-
plex as the most likely one to be adopted so as to
favor the proton-transfer reaction. The expen-
mental work on these complexes was also not able
to discern whether the reaction measured was a
full tautomerization or rather a single proton
transfer from the 7-Al molecule to the cluster of
waters. Our calculation clearly points to the for-
mer possibility. In gas phase the charged species
are very unstable so that, even if the transition
structures only show partial motion of the pro-
tons, full tautomerization is always found as the
ending point of the reaction. This is so because, as
explained above, the transition states directly
conmect the initial reactant with the full tautomeric
product so that the process involves only one step
{one tranmsition state). In this sense our results do
not clarify the nature of the two time constants
experimentally measured for the 1:2 and 1:3
clusters.
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The photoenolization of 1,4-dimethylanthrone (1,4-MAT) and 1,4-dimethylanthrone-dz (1,4-DMAT) in the
gas phase and in 2,2 2 +rifluoroethanol (TFE) has been studied theoretically in this work. An electronic energy
profile with minima and saddle-point structures is determined by density functional theory methods in the
ground state (Sg) and in the triplet state (T)). This smdy reveals that in the excited state an inversion of
stability of the tautomers and a lower energy barrier to overcome makes the proton transfer feasible. Our
molecular orbital analysis shows that upon proton transfer, T changes from nz* to m7* so that a diabatic
crossing takes place along the reaction coordinate. This crossing is not influenced by the presence of TFE.
Also, upon the photoexcitation to the first excited singlet state (S1) an intersystem crossing must occur to
access Ti. Pure electronic calculations cannot tell us the exact point of the triplet potential energy surface
that will be accessed. For this reason we have performed a microcanonical dynamic calenlation taking mto
account the tunneling effect of the hydrogen and deuterium transfer rate constants (ky and &g, respectively)
on T). After the rateconstant calculation we have also calculated the kinetic isotope effect (KIE) to compare
with the experimental value. Our results indicate that the predicted large KIE for this reaction can be explained
if the proton transfer takes place through tunneling at an energy slightly below the barrier.

Intr seduction

The study of chemical reactivity in electronically excited
states is a challenging task both experimentally and theoretically.
After the absorptive act the electronically excited molecule can
rearrange or fragment (photochemical reaction) or can lose its
excitation energy to retumn to the ground state (photophysical
process). A number of different physical unimolecular de-
excitation pathways is possible. Fluorescence and phosphores-
cence, depending on whether the spin multiplicity is retained
or not along the transition, respectively, are radiative processes
that involve the emission of electromagnetic radiation. In turn,
radiationless processes involve the conversion of one molecular
quantum state to another at constant energy without emission
of radiation. Internal conversion (IC) and intersystem crossing
(IS C), respectively, correspond to an allowed transition between
electronic states of the same spin multiplicity or a forbidden
transition between electronic states of different spin multiplici-
ties.! In addition, bimolecular or termolecular de-excitations
through the energy transfer to other molecules by collisions
(thermal decay) can also occur. On the other hand, the
electronically excited molecules are often bom with some
vibrational excitation. In this case, a vibrational relaxation can
occur either by collisions with other molecules or, if collisions
are infrequent (ie., in a low pressure gas), by emission of
infrared radiation. As a matter of fact, the fate of the electroni-
cally excited molecules results from a complicated and competi-
tive interplay of all those possibilities.”

A classical example in this field is the photoenclization of
o-methyl aryl ketones, which has been studied from long time
ago.’~® The reaction mechanism, illustrated in Scheme 1 for
1,4-dimethylanthrone, is nowadays well established. High yields
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of the iriplet ketone *K are formed by a rapid ISC afier the
initial excitation of the aryl ketone chromophore 12 An
adiabatic hydrogen transfer from the o-methyl group to the
carbonyl oxygen occurs on the triplet surface to give a triplet
enol *E, followed by an ISC decay to the ground-state singlet
enol 1E, which finally reverts to the starting singlet ketone 1K
through a hydrogen-transfer reaction to complete an overall
cyclic process. Several experimental studies with conforma-
tionally resiricted compounds have concluded that both hydrogen-
transfer reactions occur by quantum mechanical tunneling at
ultralow reaction temperatures¥=1¢ (e g 4—100 K).
o-Methylanthrones are an especially interesting case. Garcia-
Garibay and co-workers have studied experimentally the pho-
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toenolization of 1.4-dimethylanthrone (1,4-MAT) and 1.4-
dimethylanthrone-d; (1,4-DMAT) in methyleyclohexane, ethanol,
and 2,2 2-triflucroethanol. " They have determined the hydrogen/
deuterium-transfer rates of the triplet ketone *K by emission
spectroscopy at very low temperatures. These reaction rates were
calculated from the total triplet decay rate by subfracting
contributions from radiative (phosphorescence) and thermal
processes, which were assumed from model compounds lacking
the o-methyl group (for instance, anthrone or 2.3-dimethylan-
throne). They have shown that deuterium transfer of the triplet
ketone *K in 1,4-DMAT at very low temperatures (ca. 15—90
K is slow enough to compete with radiative and thermal decay
and so, phosphorescence emission was detected. In the case of
1,4-DMAT in ethanol a curved Arrhenius plot of the total triplet
decay rate indicated that deuterium transfer between 18 and 40
K occurs by quantum-mechanical tunneling, with a funneling
rate constant k; falling between 1.5 = 10 and 7.5 x 103 571
This value compares reasonably well with the comresponding
rate calculated in methylcyclohexane (2 x 10° 57! between 18
and 30 K). Very interestingly, no phosphorescence emission
was observed in the nondeuterated compound 1,4-MAT. Thus
Garcia-Garibay and co-workers have suggested that hydrogen
transfer of the triplet ketone *K (kg = 107 571} is too fast to
allow for phosphorescence to compete with it. Then, the large
primary kinetic isotope effect (kw'kp > 10%) in the hydrogen/
deuterium-transfer rates of the iriplet ketone ?K would cause
an unexpected large isotope effect on phosphorescence emission.

The purpose of this paper is to calculate the hydrogen- and
deuterium-transfer unimolecular rate constants of the triplet
ketone ’K in 1,4-MAT and 14-DMAT, respectively, as a
function of the energy, to discuss if the kinetic isotope effect
(KIE) is large enough to explain the lack of phosphorescence
emission in 1,4-MAT. To this aim, we will use electronic
structure calculations along with the microcanonical transition
state theory. Given the experimental background, quantum
mechanical tunneling effects will have to be explicitly caleu-
lated.

Theoretical Methods

As we have explained before, we perform electronic and
dynamic calculations to describe better the reactivity of o-
methylanthrones. For this reason we have divided this section
into two patts.

Electronic Structure Methods. Density functional theory
(DFT) methods have been used in all electronic calculations,
and they were performed with the double-¢ quality 6-31G(d)
basis set, which includes a set of d-polarization functions on
atoms other than hydrogens.'® For the ground state, gecmetries
and energies were obtained with the B3LYP hybrid density
functional.!® The UB3LYP hybrid density functional was used
to optimize the geometries and calculate the energies of the first
triplet electronic state. For the first singlet excited state (S))
calculation we have used the time dependent DFT formalism?°2!
with the B3LYP functional.

Stationary points were located through the minimization
procedure of Schlegel by using redundant internal coordinates.”
The nature of the located stationary points was ascertained by
diagonalizing the energy second-derivatives matrix. To ensure
that the transition states were connecting the expected reactants
and products, a full optimization of each transition state was
done by slightly shifting the geometry of the transition state in
either sense following the direction of the transition vector (the
eigenvector comresponding to the negative eigenvalue). Diago-
nalization of the second derivative matrix also provides the
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vibrational harmonic frequencies used later for the dynamic
study. This diagonalization was done both for 1,4-MAT and
1,4-DMAT.

The bulk effect of the solvent was introduced through the
isodensity surface-polarized continuum model** (TPCM). We
used an elecironic density of 0.0001 au to define the cavity.
The value provided for the dielectric constant was that of 2,2,2-
riflucroethancl (26.5), the most polar solvent used in the
experimental study.>* The IPCM calculations were carried out
in both the ground and first friplet electronic states without
reoptimization of the geometries.

All the calculations presented here were done with the
Gaussian 98 series of programs.®

Dynamic Methed. Electronic excitation from the ground
singlet state (So) of 1,4-MAT probably leaves the molecule with
some vibrational energy excess above the lowest vibrational
level of the first singlet excited state (S1). After some vibrational
relaxation, the molecules populate vibrational states, which make
possible the geometries in the region where S, and the first triplet
electronic state (T;) potential energy surfaces touch or nearly
touch. Then, 1,4-MAT has a nonnegligible probability to jump
to an iscenergetic vibrational level of T,. The lost electronic
energy (as T) is lower than S,) is imparted to the nuclei in the
form of kinetic energy, in such a way that again an excess of
vibrational energy is accumulated. It is not possible to know
the energy (E) with which 1,4-MAT will emerge on T,
However, the hydrogen transfer from *K to *E will cccur by
quantum-mechanical tunneling only if & < 725, where ¥° is
the comresponding adiabatic vibrational ground-state energy
barrier in the triplet electronic state. As a consequence, we have
calculated the rate constants within a range of £ values around
e

To obtain the microcanonical rate constant including tunnel-
ing in the triplet state, we have tried initially to use the follow-
ing equation due to Miller,?® which is based on the RRKM
theory:27

o — Dt e,

koutE) = T—TIEP[E —F - W

with
. m-1 1
ett= Ehvf(ni + 5) @)
i=1

where m is the number of vibrational degrees of freedom (m =
§7 for 1,4-MAT), {»;} and {»} are respectively the normal-
mode frequencies at the reactant molecule and transition state,
P is the tunneling probability in the reaction coordinate, ¥* is
the classical potential energy barrier, and n = #ny, 72, ..., Zm—1
are the vibrational quantum numbers. Indeed, all those magni-
tudes correspond to the triplet state. Note that

-1
e E%wa 3)
=1

In the original formulation, the tumneling probability was
calculated for a one-dimensional Eckart potential ¢ Instead, we
have used here the semiclassical WKB approximation®® sub-
stituting P[E — 7+ — 5% in eq 1 by P(E™:
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where Ey is the energy of the ground vibrational state of 14-
MAT in the triplet state (the hydrogen transfer is exoergic), and
@(E) is the classical action integral through the barrier:

0E) =120V + 2 — Bl ds ®)

where s is the arc length along the reaction path in mass-
weighted Cartesian coordinates, s and s; are the classical turning
points at energy £, and Ms) is the classical potential energy
(that is, without the zero-point energy cormrection) along the
reaction path in the triplet state. This reaction path was built
up by means of a linear interpolation in mass-weighted Cartesian
coordinates linking the transition-state structure with the reactant
structure (the *K minimum energy structure), and then with the
product structure (the *E minimum energy structure). Several
single-point energy calculations where necessary to obtain an
energy profile of Fi(s) so that, the integral in eq 5 could be
calculated numerically through a Simpson method.

In eq 5 we have always used the transition state frequencies
{¥#1 to evaluate the vibrational energy contribution. Although
we realize that vibrational frequencies corresponding to the
normal modes, which are orthogonal to the reaction path, depend
on s, we assume that in the threshold region where tunneling is
important those frequencies are not very different from the ones
corresponding to the transition state.

The problem with eq 1 is that it involves summations of all
possible vibrational quantum numbers.Z® In the case of sizable
molecules such as 1, 4-MAT, this implies 86 summations that
become computationally unaffordable. Then, we have used the
concept of density of states for vibrational modes, p(Fyy), to
substitute the multiple summations in eq 1 by just one
summation over iy, the energy distributed in transition-state
vibraticnal modes. We have emploved the classical density of
states for the harmonic oscillator to evaluate p(F ). Although
this implies the neglect of quantization of the vibrational energy
levels, the huge amount of vibrational maodes in 1,4-MAT makes
this approximation reasonable in practice. So, the microcanonical
rate constant including tunneling is finally calculated by

(m— l)l_ml'vi
b (B) = ————— Y PEEDES Ay, (6)
E" _IH'V-* o

i=1

where AR, is the vibrational energy increment and P(E Eu)
is obtained from eqs 4 and 5 by substituting <™ by Fp,
Indeed, the lower limit of the summation in eq 6 is the zero-
point energy of the fransition state (the summation of the second
term in eq 3).

For the sake of comparison we have also calculated the
classical microcanonical rate constant (that is, without tunneling )
fae To this aim, in eq 6 we have substituted the tunneling
probability given in eq 4 by the classical expression:

Casadesis et al.
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The dynamic calculations were repeated for 1,4-DMAT, whose
normmal-mode frequencies and tunneling probabilities are dif-
ferent from the ones corresponding to the 1,4-MAT, so causing
the KIE.

In this paper we have not taken into account the effect of the
rotational degrees of freedom when calculating the rate constant,
in such a way that eq 6 corresponds to a total angular momentum
null. This should not affect the KIE in a significant way.

Results and Discussion

As in the preceding section, we present first the electronic
structure results of o-methylanthrone and later on the dynamic
results such as the rate constants of 1,4-MAT and 14-DMAT
and the corresponding kinetic isotope effect.

Electronic Structure Results. Figure 1 depicts the energy
profile for the proton-transfer processes. As can be seen, proton
transfer should not occur in the ground state because of the
large endothermicity of 39.11 kcal/mol and the huge energy
barrier of 43.11 kcal/mol for the process. Conversely, on the
triplet surface an inversion of relative tautomeric stability is
shown, so that now the enol tautomer is more stable than the
keto one by 4.36 kcal/mol. This fact makes the proton-transfer
reaction in T, more likely. Hence, from the triplet-state
minimum energy geometry, the energy barrier to overcome is
only 7.68 kcal/mol. We have also evaluated the effect of the
solvent in the energy profiles using the continuum TPCM method
as described in the methodological section. Results of the TPCM
calculations are given in Figure 1 inside parentheses. The
energies are somewhat different from the isolated (gas phase)
ones but no major changes are seen so that the basic picture of
the reaction remains unchanged.

A molecular orbital analysis of both minima, *K and *E,
reveals the presence of a crossing of diabatic states along the
T, proton-transfer process. The lowest energy configurations
for ?K and *E minima correspond to n* and =,#* configura-
tions, respectively. Our results also indicate that this crossing
is taking place around the saddle-point region, as a mixture of
both n* and ;7% characters have been found for the elecironic
configuration at the transition-state structure. Again this picture
is not modified when the solvent effect is included. It should
be noted that our theoretical results are somewhat different from
the predictions made by Garcia-Garibay and co-workers!?
assuming that the keto structure of T corresponds to a mixture
of nw* and m,m* excitations, the s.m¥ character being the
dominant when a more polar solvent was used. Our results
indicate that, regardless of the environment, such a mixing only
occurs in the transition state region.

Analysis of the geometries of the stationary points corre-
sponding to the proton transfer in both the ground and first triplet
electronic states (S¢ and T, respectively) reveals the presence
of a symmetry molecular plane. Curiously enough, the transfer-
ring hydrogen does not belong to the symmetry plane. Con-
versely, this symmetry plane is not present in the enol form so
that the transition state also shows the loss of this plane. Also,
it is noteworthy the change in the distance of the C—C bond
that involves the methyl group from which the hydrogen transfer
takes place, which is followed by a change in the dihedral angle
of the methyl hydrogens that gets close to 120° On the ground
state this change in distance goes from 1.51 A in the keto form,
passing the transition-state structure with 1.42 A, to 1.37 A in
the enol form. But on the triplet state this change in distance is
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43.11
(47.55)

Figure 1. Energy profiles of the proton-transfer reaction coordinate
for 1,4-dimethylanthrone in the ground and ftriplet states, Values in
parentheses include the solvent effect.

reduced and goes from 1.51 A in the keto form to 1.42 A in
the enol form, through a value of 1.49 A in the transition state.
This shortening of the carbon—carbon bond is a direct conse-
quence of the hydrogen transfer. That is, the methyl group
becomes a methylene group. This change in distance is less
relevant in the triplet-state structures than in the ground-state
ones g0 that this carbon—carbon bond of the enol form in the
ground state has a stronger double bond character than in the
triplet state. Concomitantly with that fact, the C—0 distance of
the initial keto structare increases when the oxygen atom
receives the proton, the change being again less noticeable in
Tl.

Related to the reaction coordinate, which essentially consists
of the proton motion, the changes in distance between the
carbonylic oxvgen and the transferring hydrogen in the ground-
state go from 2.47 A in the keto form through a value of 1.12
A at the transition-state structure to 0.98 A in the final enol
tautomer. In the triplet state this distance changes from 2.44 A
in the keto form to 1.24 A in the transition state and, finally,
0.97 A in the enol tautomer.

It is interesting to note that the initial electronic excitation in
1,4-MAT does not facilitate the proton-transfer reaction. In fact,
the n — #* excitation withdraws electronic density from the
proton-acceptor oxygen atom (where the n orbital is mainly
located) so that, tautomerization is disfavored. In fact, the
Mulliken population analysis quantifies this change with values
of —0.51 and —0.34 au for the proton-acceptor oxvgen in S
and T;, respectively. Conversely, the charges on the donor-
carbon and transferring hydrogen do not change noticeably upon
electronic excitation. The reason the proton transfer is easier in
T, is the presence of a crossing with the wz* state, as this
excitation does not affect oxygen but withdraws electronic
density from the transferring hydrogen, making it more likely
to transfer to the proton-acceptor oxygen atom.

Dynamic Results. We are now ready to analyze the proton-
transfer reaction in the lowest triplet state T,. As this state can
only be obtained upon ISC from the singlet excited state initially
obtained upon irradiation, a priori it is not possible to know
the exact point of the triplet state potential energy swtace that
will be accessed. Also in this sitnation of nonequilibrivum,
temperature cannot be defined so that a calculation of the rate
constant can only be done at the microcanonical level. That is,
we have to caleulate the rate constant at a given energy &),

The initial photoexcitation leads the system to the first excited
singlet state (S1). We have calculated the energy corresponding
to the vertical excitation from the minimum in the ground state
to S1. This Franck—Condon structure is 14.13 keal/mol above
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Figure 2, Graphical presentation of the logarithm of misrecanonical
rate constant (solid) and classical rate constant (daghed) for 14-
dimethylanthrone (top) and 1,4-dimethylanthrone-ds (bottom) az a
function of the ensrgy.

the T, keto minimum and also well above the energy of the
transition state structure for the tautomerization in T, (6.45 keal/
mol). So it is quite clear that upon intersystem crossing the
structure may still possess enough energy to overcome the
transition-state barrier and the excited-state proton transfer will
oceur. But we should also consider the sitnation when energy
is not enough to overcome the adiabatic barrier and proton
transfer takes place through quantum turneling. To analyze all
the possibilities, the classical RRKM theory, adapted to take
inte account tunneling, has been used as described in the
methodological section to evaluate the rate constant at a wide
range of available energies.

The obtained rate constants are depicted in Figure 2. Both
the perprotio (1,4-MAT, Figure 2, top) and the deuterated (1,4-
DMAT, Figure 2, bottom) species are considered as in the
experimental data. We have only considered the gas phase
energy profile. The energy in the plots is given relative to the
transition-state structure for each isotopomer. It includes also
the zero point energy so that a positive energy comesponds to
an over-the-barrier process, whereas at negative energies the
only operative mechanism for the reaction is through quantum
tunneling. This explains the main difference between classic
and quantum RREKM results shown in Figare 2 as the former
suddenly fall to zero at negative energies whereas the quantum
rates show a more progressive decay, tmneling becoming less
probable as the energy goes further below the threshold As
the energy goes above the adiabatic barrier, both curves quickly
merge 50 that tunneling is not playing any role when the energy
is just one kcal'mol above the barrier. Of course this result
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Figure 3. Einetic izotope effact (FIE) in logarithimic scale az a function
of the energy.

appears, in part, as a result of the statistical nature of the RRKM
theory that does not take into acccount the actual mechanism
of energy transfer between the different degrees of freedom. A
more elaborated treatment taking in consideration the dynamics
of the energy transfer between the different degrees of freedom
would probably show that tunneling is still noticeable at energies
slightly above the adiabatic barrier.

It is also to be noted that tunneling is not important when
the energy is more than 0.5 kcal/imol below the transition state.
This means that the only relevant zone of the reaction path is
reduced to the neighbouring of the transition state. Therefore
the use of transition-state frequencies as constant values does
not imply significant errors.

A simple visual comparison between the 1,4-MAT and 14-
DMAT rate constants depicted in Figure 2 reveals a clear
difference between both isotopomers: the rate constant for the
deuterated species decreases more rapidly at negative energies.
To obtain a more clear comparison, it is necessary to evaluate
the kinetic isotope effect (KIE) by dividing the values of the
two rate constants at any given energy. The obtained results
are depicted in Figure 3. We have only considered the quantum
rate constants as these are the values actually predicted by our
calculations. The decrease of tunneling of the deuterated species
was, of course, to be expected given the higher mass of the
transferring atom. When tunneling is not important, at positive
energies, the KIE remains almost invariant taking a limit value
of around 2. This value comes from the modification of the
normal vibrational modes upon isotopic substitution. At negative
energies the KIE rapidly increases so that at 2 kcal/mol below
the barrier the KIE is already higher than 10°

From the obtained rate constants and the resulting KIEs, it is
now possible to compare with the previous experimental data
of Garcia-Garibay and co-workers.!” One of the most striking
resulis was the huge KIE predicted for the reaction of 10¢ or
higher. This value is obtained from estimated rate constants &y
and kp of 107 and 10 571, respectively. Analysis of the results
depicted in Figures 2 and 3 reveals that a rate constant of 107
s7! for 1,4-MAT is obtained ai energies slighily below the
adiabatic barrier (around —0.5 kcal/mol). At these energies, the
rate for the deuterated species is approximately 10° so that the
KIE is around 1(%. Of course, given the approximations of our
calculations, an exact match between our results and the
experimental ones is not expected but the comparison clearly
points to the proton-transfer reaction taking place, as expected,
through tunneling. However, our results also indicate that the
system energy is not far away from the classical energy
threshold. At lower energies the KIE would rapidly increase
(note the use of a logarithmic scale for the KIE in Figure 3)
but the rate constants would become too low to be experimen-
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tally measured. On the other hand, at higher available energies,
as the adiabatic energy barrier is surpassed, the isotope effect
rapidly reaches the limit value given by the frequency changes
upon isotopic substitution (in this case around 2.0 as commented
above).

Once proton transfer in T; is over, another intersystem
crossing has to take place to decay to the ground state singlet
enol structure. Once on the ground state, the enol structure will
easily revert to keto tautomer by a back proton transfer because
of the quite low barrier (<4 kcal/mol) and high exothermicity
of the process.

Conclusions

Electronic calculations on the tautomerization of 1,4-di-
methylanthrone {1,4-MAT) and its isotopomer 1,4-dimethylan-
throne-d; (1,4-DMAT) for both the singlet ground state (S;)
and the first triplet state (T)) reveal that tantomerization is very
unlikely in S, but energetically favored in T; where a barrier
of only 7.68 kcal/mol has to be surpassed from the minimum
energy structure. In any case, T can only be accessed from S
after photoexcitation to a higher singlet excited state (probably
S1) followed by vibrational relaxation and intersystem crossing
with T1. A calculation of the energy of the first singlet excited
state at the geometry of the minimum in S (Franck—Condon
transition) puts the molecule 6.45 kcal/mol above the transition
state structure for the tantomerization in T1. As it is not possible
to know the exact point (below that energy) where the singlet—
triplet crossing takes place, purely electronic calculations cannot
tell us whether the reaction in T) will be possible as an over-
the-barrier process or it will take place through gquantum
tunneling.

A dynamic calculation of the microcanonical rate constant,
using a modified RRIKM formalism that takes into account the
tunneling of the transferring hydrogen, has revealed that the
rate constant rapidly decreases as energy goes below the barrier.
However, the experimental proposed values of the rate constants
for 14-MAT and 1,4-DMAT and the predicted large kinetic
isotope effect of 10% for this reaction can only be explained if
the proton transfer takes place through tunneling at an energy
only slightly below the adiabatic barrier. Then our dynamic
calculations provide an explanation to the lack of phosphorence
emission experimentally observed for 1,4-MAT and the large
kinetic isotope effect measured for the deuterated 1,4-DMAT.
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Abstract: In this article a wide variety of computational approaches (molecular mechanics force fields, semiempirical
formalisms, and hybrid methods, namely ONIOM calculations) have been used to calculate the energy and geometry of
the supramolecular systemn 2-(2'-hydroxyphenyl)-4-methyloxazole (HPMO) encapsulated in S-cyclodextrin (3-CD).
The main objective of the present study has been to examine the performance of these computational methods when
describing the short range H- + - H intermelecular interactions between guest (HPMO) and host (5-CD) molecules. The
analyzed molecular mechanics methods do not provide unphysical short H + + + H contacts, but it iz obvious that their
applicability to the study of supramolecular systems is rather limited. For the semiempirical methods, MNDO iz found
to generate more reliable geometries than AM1, PM3 and the two recently developed schemes PDDG/MNDO and
PDDG/PM3. MNDO results only give one slightly short H - - - H distance, whereas the NDDO formalisms with
mexdifications of the Core Repulsion Function (CRF) via Gaussians exhibit a large number of short to very short and
unphysical H- + + H intermolecular distances. In contrast, the PMS method, which is the successor to PM3, gives very
promising results. Our ONIOM calculations indicate that the unphysical optimized geometries from PM3 are retained
when thiz semiempirical method is used as the low level layer in a QM:QM formulation. On the other hand, «b inizio
methods involving good enough basis sets, at least for the high level layer in a hybrid ONIOM calculation, behave well,
but they may be too expensive in practice for most supramolecular chemistry applications. Finally, the performance of
the evaluated computational methods has also been tested by evaluating the energetic difference between the two most
stable conformations of the host(5-CD)-guest(HPMO) system.

© 2003 Wiley Periodicals, Inc.  J Comput Chem 25: 99105, 2004

Key words: I - I interactions; supramolecular chemistry; semiempirical methods; ONIOM; melecular mechanics

Introduction

Today, one of the most important research fields in chemistry is the
study of large systems. In this sense, one of the most active
research areas is the field of supramolecular chemistry,! which
invelves the use of noncovalent interactions to assemble molecules
into stable, well-defined structures and which plays an important
rele in biclogical processes. Thus, it is crucial to examine the
interactions between molecules and their environment. Well-
known systems include host—guest and protein—substrate com-
plexes, molecular clusters, or simply molecules within their me-
dium.

Cuwrrently, there is great interest in the theoretical study of
supramolecular systems. For this purpose, molecular mechanics
(MM} or semiempirical methods are the most widely used as ab

imifio and Density Functional Theory (DFT) methods are prohib-
itively expensive in treating such large systems. Unfortunately, in
general, MM and semiempirical methods do not accurately de-
scribe the geometries or energetics of intermolecular interactions.
‘With no representation of electron density, many chemically im-
portant quantum based effects are missed. Additionally, intermeo-
lecular interactions for a number of MM force fields are known to
be poorly reproduced.” Semiempirical methods employ approxi-
mations to accelerate solution of the Roothan-Hall equations; thus,
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Confract/grant sponsor: the Spanish “Ministerio de Clencia y
Teenologia” and the “Fondo Europeo de Dasarrolle Eagional”; confract/
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they are quantum mechanical in nature and are an improvement
over MM methods in aceounting for quantum phencmena, How-
ever, empirical solutions are substituted for the large number of
multielectron integrals, and these are parameterized to reproduce
experimental observables for a large number of molecules. These
approximations sharply limit the precision of semiempirical meth-
ods, particularly in treating systems that were not present in the
initial parameterization procedure. Ameng the most widely used
semiempirical methods are MNDO® (Modified Neglect of Di-
atomic Overlap), AM1* (Austin Model 1), and PM3® (Parametric
Method 3). These methods are parametrizations of the Neglect of
Diatomic Difference Overlap (NDDO) model® and differ primarily
in the treatment of the core—core repulsion function. A concem in
applying these semiempirical methods to supramolecular problems
lies in the fact that they were parameterized to reproduce molec-
ular rather than intermolecular properties. Over the last few years
there have been some efforts” 1! to improve treatment of the core
parameters in semiempirical methods that play a large role in the
nenreproducibility of experimental data. One particular problem of
semiempirical methods is that they present an unphysical stabili-
zaticn effect for short-range H- -+ H interactions. The first analysis
of H- -+ H interactions in AM1 and PM3 was reported by Buss et
al.'? More recently, Cavitiela et al.'® found that the H - - - H
interactions were at the origin of erronecus selectivities in asym-
metric synthesis. Sekuiak et al.'* noted that PM3 overestimates the
strength of H -+ + H interactions. Csonka et al.'® found unphysical
minima with intermolecular H - - - H distances between 1.8 and 2.0
A in AM1 and PM3 calculations. Csonka et al.'® also advised that
the oscillating nature of the Gaussian Correction Functions (GCF)
used in the evaluation of CRF in PM3 introduces energetic errors
into calculated heats of formation. A further issue has been re-
vealed in the comparison of decomposition energies for intermo-
lecular interactions between ab inifio methods and PM3 and AMI.
Electrostatic stabilization was found to provide the majority of
intermolecular attraction in #& mifie methods, while thiz term ig
repulsive for PM3 and AM1." To improve the energetic accuracy
and consistency of NDDO based methods, Repasky et al.” have
recently proposed new schemes employing Pairwise Distance Di-
rected Gaussians (PDDG) to intraduce functicnal group informa-
tion into the CRF. Another recently introduced method is PMS3,%
which is the successor to PM3. Az PDDG/MNDO, PDDG/PMS3,
and PM3 have only recently been introduced their performance in
treating H + + + H interactions is unknown.

In the continual drive to treat ever-larger systems with ever-
greater precision, theoretical chemistry has turned its interest to the
so-called hybrid methods that use multiple approaches of varying
accuracy and cost to simultanecusly treat different parts of a
system. The use of hybrid methods is very important for the study
of large melecules or supramelecular systems. Within these
schemes the computational cost diminishes considerably and the
entire system can be considered without needing to generate sim-
plistic model systems. Ameong these hybrid approaches. the
ONIOM method developed by Morokuma et al.'® is especially
appealing as it can combine any quantum and MM method within
one other.

With an aim toward increasing our knowledge of supramolecu-
lar interactions, in this article we focus on the short range H---H
interactions between host and guest molecules. This study is re-

lated to a previous work!® in which we found too short interma-
lecular H - - - H interactions between 2-(2'-hydroxyphenyl)-4-
methyloxazole (HPMO, Scheme 1) and the 5-cyclodextrin (5-CD)
in which HPMO was encapsulated. Cyclodextring are cycelic oli-
gosaccharides usually consisting of a different number of glicose
units. In the case of 5-CD there are seven glucopyranose units.
These compounds form a hydrophobic cavity, and are able to
embed guests of the appropriate size. We theoretically studied this
host— guest system using ONIOM(RHFE/G-31G(d):PM3). Surpris-
ingly, rather short intermolecular R—C—H + + + H—C—R’ dis-
tances (less than 200 A) between the host (3-CD) and guest
(HPMO) were found.

A very limited body of work regarding the treatment of inter-
molecular H - - - H interactions using semiempirical methods was
found in the literature. For this reascn we have examined the
performance of different computational methods when describing
H -+ H interactions in a host—guest supramolecular system. We
will use the structures of HPMO encapsulated in 3-CD as a model
system to test a large number of theoretical methods ranging from
pure MM to “full” z& inifie caleulations.

Computational Details

A wide variety of computational methods were used to calculate
the energy and geometry of the supramolecular system. For testing
the capabilities of molecular mechanics methods, the MM2,2
OPLS-AA,?! and MMFF?* force fields were applied. The Maolec-
ular Mechanies 2 (MM2) method of Allinger was used for geormn-
etry optimization with subsequent energy evaluations made via the
Universal Force Field”® (UFF). Tn MM treatments, atoms are
assumed to be spherical. However, in some cases this approxima-
ticn is inadequate such az when dealing with hydrogen atoms.
Hydrogen possesses only a single electron, which is always in-
volved in bonding to a neighboring atom. For this reason the
clectron distribution about the hydrogen nuclens iz not spherical,
which could affect MM description of the hydrogen bonds. Then,
although the main component of the hydrogen bond energy nor-
mally comes from electrostatic attraction between the positively
charged hydrogen and the negatively charged heteroatom, special
caution must be taken when applying MM methods to the caleu-
lation of hydrogen bonds, 2

We have considered the most well-known semiempirical meth-
ods baged on the NDDO formalism: MNDO, AMI1, PM3, as well
as three recent schemes, PDDG/MNDO, PDDG/PM3, and PMS.
The PDDG and PM35 methods are very recent, and as such, their
performance in treating intermolecular interactions is unproven.
To our knowledge, there has been no published work regarding the
development, approximations, or parameterization of PM3, Qur
study is one of the first to show how PDDG and PM5 methods
perform in describing some of the typical intermolecular interac-
tions present in host—guest systems.

Ab it methods are anticipated to perform better than
semiempirical and MM methods, depending on the complexity of
the basis set and introduction of electron correlation. Because of
the size of the entire host—guest system, we have used the Re-
stricted Hartree—Fock (RHF) formalism with the STO-3G mini-
mum basis set.?’ As explained in the preceding section, study of
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Scheme 1.

HPMO encapsulated in 5-CD has also been done using hybrid
methods, namely ONIOM. With this method it is possible to define
up to three layers of atoms that are to be dealt with at different
levels of theory, We have restricted the number of layers to only
two (high and low levels). The HPMO molecule is treated in the
high level layer and the 5-CD in the low-level layer. Two possi-
bilities of calculation in ONIOM were considered: mixing Quan-
twum Mechanics (QM) with MM methods, ie. QMMM
(IMOMM), and QM: QM (IMOMO). In the first case, RHF calcu-
lations were carried out uging the split-valence 6-31G(d) basis set
for the high-level layer and UFF for the low-level layer. Two cases
arose in IMOMO treatment, using RHF and B3LYP with the
6-31G(d) basis set for the high-level layer and either PM3 or the
3TO-3G minimum basiz set for the low-level layer.

MM?2 calculations have been performed with the ChemOf-
fice3.0 package. MMFF and OPLS-AA calculation: were run
using MacroModel.?® MNDO, AM1, PM3, and PDDG calcula-
tions were performed using an adapted version of the MOPACG.0
program. ¥ The program was modified to include the new PDDG
methods. PM3 results were generated via the CAChe 3.0 pro-
‘f-;ram.z’3 The remaining methods, i.e., UFF, ONIOM, and RHF,
have been performed with the Gaussian 98 series of programs.>*
Minimum energy structures were located through the minimi zation
procedure of Schlegel” by using redundant internal coordinates in
the case of calculations performed with Gaussian 98 program. For
MOPAC calculations the Broyden—Fletcher-Goldfarb—Shanno®!
(BFGS) optimization procedure was used. MM?2 optimizations
were carried out by means of the Eigenvector Following™ (EF)
algorithm, while MMFEF and OPLS-AA calculations emploved the
Polak—Ribiere conjugant gradient optimizer.

Results

Equilibrium geometries of the enol structure of HPMO encapsu-
lated in 5-CD were recently analyzed.!” By means of a quite
exhaustive conformational search using the hybrid ONIOM
method at the RHF/G-31G(d):PM3 level, we found two geometries
of the host— guest system that were identified as the most stable
canformations. Figure 1 depicts these two structures (labeled 1 and
2), which are both lower in energy than the infinitely separated
host and guest melecules. In both geometries the oxazeole ring of

rl

2

Figure 1. Ths two most stable conformations of the enol structure of
HFMO encapsulated in 3-CD.

the guest is sequestered by the CD cavity, whereas the phencl
moiety is almost outside the host cavity. These results agree with
experimental evidence based on 'H-NMR spectra.®® The two
structures differ in the orientation of the host with respect to the
guest. Considering, as usual,” the cavity of CD to have the shape
of a truncated cone, 1 has the phenol ring near the larger diameter
gate, whereas in 2 it is found near the smaller diameter gate.
Geometry optimization of both complexes has been carried out
within the different levels of calculation referred to in the compu-
tational section. In all the cazes mininmmm energy conformations
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that can be ascribed either to 1 or 2 were obtained. Unsurprisingly,
with such a disparate group of methods large differences in result-
ant geomelrical parameters were obtained. Given the huge number
of atoms in the supramolecular system under study, it is not
practical nor actually of any interest to report here a full geomet-
rical analysis. As explained in the introduction, our main purpose
is to consider the quite elusive short-range H -+ + + H interactions that
appear in a host—guest system that iz linked only by (tenucus)
intermolecular forces.

Ay we are interested in the ability of computational methods in
reproducing short range H -« - - H interactions, it iz first necessary
to define what constitutes an unphysically short contact. A thresh-
old of 2.40 A hag been chosen as this corresponds to twice the van
der Waals radius of hydrogen.®® In fact, the presence of H- -+ H
distances slightly below this mark is not really significant, as the
van der Waals radii are defined as the shortest distance a given
atom can approach before the closed shell electronic repulsion
comes to play. As the electronic distribution around a given atom
depends on the entire molecular environment, the van der Waals
radii are also a function of the electronic distribution. Thus, de-
pending on whether hydrogen atoms are bonded to more or less
electronegative atoms, the van der Waals radius will be respec-
tively smaller or larger. Given that all the short H - - - H distances
that were found correspond to hydrogen atoms bound to carbon
atoms, the standard 1.20 A value appears ta be a very reasonable
choice, although it should be noted that contacts lower than about
2.00 A are not necessarily unphysical.

Results of this analysis are shown in Tables 1 and 2. The first
colunn gives the different theoretical methods as they were pre-
sented in the computational section. They are ordered in what
should be taken as increasing computational requirements so that
purely MM methods are presented first followed by semiempirical
methods, the hybrid ONIOM methods, and ab inific results are
presented. The second column indicates H - - - H distances that fall
below the chogen 2.40 A threshold. Atom numbers are merely used
to tag cach particular interaction. Numbers below 22 correspond to
atoms in HPMO, and larger figures indicate atoms in CD. The
carresponding numeration for the HPMO is shown in Scheme 1.
Ag for CD, itis sufficient to note that the involved hydrogen atoms
are always bound to carbon atoms.

The first rows present the short H- + - H distances for three MM
calculations. Five H - - - H distances shorter than 2.40 A were
observed for complex 1 and four for complex 2 with MM2. With
OPLS-AA three short contacts were found for both 1 and 2, while
MMFF gave the smallest munber of short contacts at one for both
1 and 2. Most of the observed distances for the MM methods are
close to the 2.40 A limit. As such they are not necessarily indic-
ative of an unphysical interaction.

Ag for the semiempirical methods, they have fewer empirical
parameters trying to improve performance over MM methods.
Conversely, they are much more computationally demanding as
self-consistent energy calculations are now invelved. However,
they still suffer the flaw of needing parameters that were originally
fitted for isolated molecules, and so it is again doubtful whether
such methods can correctly describe supramolecular systems. Even
regilar hydrogen bonds are poorly described by semiempirical
methods.” For instance, the MNDO and AM1 lowest energy hy-
drogen bond dimers are bifurcated structures while PM3 only

Table 1. Intermolecilar H - - - H Distance (A) Smaller than 2.40 A
Found in Complax 1 According to Diffarent Compurational Methods.

Cormpntational method dH- - H
MM2UFF d (H14.. HI22) = 2.16
d (H1§.. HI42) = 215
d (H18 .. HI52) = 235
d (H1% .. Hil4) = 232
d (H20.. Hléd = 217
MMFF d (H1é .. H7E) = 238
OFLE-AA d (Hlé .. H7S) = 227
d (Hie .. H99) = 233
d (H19.. Hlé2y = 226
MNDO d (H15 .. H38) = 227
PODGMNDO d (H15.. H59) = 190
d (H16 .. H78) = 1.284
d (H17 .. H83) = 202
d (H20.. Hléd) = 1.89
AMI1 d (H15.. H59) = 2.00
d (H16 .. H78) = 1.28
d (Hlé .. H83) = 234
d (H17 .. H83) = 228
d (H20 .. H143) = 2.16
d (H20.. Hl64) = 2.09
d (H22 ., H38) = 228
PM3 d (H15,. . H%) = 174
d (H16 .. . H7%) = 170
d (H17 ...H83) = 1.84
d (H20 .. Hléd = 170
PODG/PMS d (H9 .  H14l) = 238
d (H15 ... H5) = 171
d (H15.. . HéH = 231
d (Hlé ., . H78) = 165
d (H17 ... H83) = 212
d (H20 .. His4d) = 1468
d (H22 .. H38) = 231
PMS Nong
ONIOM (RHF/6-31G{d):UFF) d (H15.. . H3%) = 231
d (H16 . H78) = 235
d (H16 ... .H83) = 234
d (H20 ., Hléd) = 2.28
ONIOM (RHF/6-31G(d)PMY) d (H15,..H39) = 174
d (H16 .. . H7%) = 170
d (H17 ...H83) = 1282
d (H20 .. Hléd = 170
d (H21 .. H143) = 239

RHFSTOAG None

ONIOM (RHF/631G(d):5TO-3G) Nona

ONIOM (B3LYP/6-31G(d)FM3) d (H15 .. H12%) = 172
d (H16 ... H99) = 173

d (H21.. Hléd) = 172

Ag for the hydrogen mimbearing, see taxt and Schema 1.

repraduces the expected C. dimer geometry due to an artifact in the
PM3 CRF.'® In general, semiempirical methods underestimate the
strength of hydrogen bonds giving too long distances and too small
energies for H-bonded systems. Although the H - - - H interactions
in the current system are not hydrogen bonds, they apparently
follow the same pattern of too short distances and too large
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Table 2. Infarmolzcenlar H -+ - H Distancas (‘&) Stnaller than 240 A
Found in Complax 2 According to Differant Computational Mathods.

Computational method dH...H

MM2UIFFR (H14 . H124) = 212
HI15.. HI® = 195
(H18 ... H154) = 2.06

(H20.. . HI42) = 231

MMEF (HO .. HI43) = 236
OPLS-AA (HO .. H143) = 227
(H15., . H59) = 236
(H16.‘.H60) = 233

MNDO
PM3 (H9 . H143) = 239
(H17 .. H6D = 175
(H16 .. H80) = 236
(H20 . H120) = 171
L H141) = 238
PDDGPM3 (H9.. HM3) = 134
H15., . H99) = 237
(H17 . Hé®) = 170
(H20 ... H120) = 165
(H21...H141) = 2.28
PM5 (H16 .. H59) = 236

ONICM (RHF/6-31G(d) UFF) (H15 . H7%) = 237
(H20 ... H120) = 233
H? .. HI43) = 134
(H17 ... HéZy = 174
(H20 . H120) = 172

(Hlé.‘.H64) = 235

ONICM (RHF/6-31G(d):PM3)

RHF(STO 3G)
ONIOM (REF/6-31G(d)STO3G)

ONICM (BALYP/6-31Gid:PM3) d (H9 L HIE3) = 190
4 (HI17. . Héa) = 174
d (H20. . H1200 = 171

Ag for the hydrogen mambaring, s taxt and Figare 2,

stabilization energies observed in H-bonded systems. MNDO
shows only a single short H - - - H distance for complex 1 and none
for complex 2, with the lone short contact being enly shortly below
the threshold. However, AM1 and PM3 methods exhibit a large
number of short to very short H + - + H distances. In fact, both AM1
and, particularly, PM3, find some values that are below 1.90 A, At
these distances the interaction should be considered as a close
contact that makes little physical sense.

The more recent semiempirical methods also produced mixed
results. From a geometrical point of view, the problem with short
H - -+ H distances remains with the PDDG/PM3 method. In fact,
four short H - - - H distances for complex 1 are found by PDDG/
MNDO compared to only one with MNDO, whereas the PDDG
version of PM3 leads to even shorter distances than PM3. This is
not surprising, as the PDDG methods are local reparameteri zations
of the standard NDDO methods in which significant deviation
from the original parameters was forbidden. Az such, the PDDG
methods introduced their improvements, namely greater consis-
tency and accuracy in calculating the energies of molecules, while
retaining some of the known problems with the NDDO methods,
in this case their weak H + + + H repulsions.

H Interactions 103

Conversely, results are more promising for the very recent PM5
parametrization, as only one small distance (2.36 A) appears in the
two calculated geometries, with a value not far from the imposed
limit. The performance of the PDDG methods in the current
geometry optimization, particularly degradation in the results of
PDDG/MNDO relative to MNDO, further illustrates the fact that
NDDO approaches with modifications of the CRF via Gaussians
are at a disadvantage when evaluating intermolecular potential
energies.

To examine the strength of intermelecular repulsion between
two hydrogen atoms, a repulsive energy profile as a function of
intermolecular separation has been penerated for the methane
dimer comparing results from MNDO, AM1, PM3, PDDG/
MNDO, and PDDG/PM3 with results from RHF/6-31G(d) and
RHF/STO-3G calculations. This profile is shown in Figure 2. The
methane molecules are arranged in a staggered orientation, and the
distance between the two hydrogen atoms lying on the vector
between carbon atoms was varied. The STO-3G and 6-31G(d)
calculations show similar smooth repulsion profiles. MNDO is
most similar to the ab irifio profiles being slightly too repulsive.
The effect of adding the PDDG Gaussians and reparameterization
may be seen as the PDDG/MNDO method has a broad, spuricus
minimum at 1.8 A and reduced repulsion relative to MNDO. AM1
shows weaker repulsion than PDDG/MNDO aleng a smeothly
increasing profile. PM3 and PDDG/PM3 have similar repulsion
profiles with PM3 having a minimum at 1.7 A and PDDG/PM3
shifting, this minimum to 1.6 A. The methane dimers by PM3 and
PDDG/PM3 are attractive to contacts as short as 1.5 and 1.4 A,
respectively. As AMI1, PM3, and PDDG/PM3 show little to no
repulsion at distances greater than 2 A and particularly with PM3
and PDDGPM3 being attractive to very short distances, it is
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Figure 2. Energy profiles as a function of the H + + + H intermolecular
distance between two methane molecules arranged in a staggered
orientation. Ordering of the profiles at 1.5 A from top to bottorn:
MNDO, RHFE-31G(d), RHFSTO-3G, PDDG/MNDO, AMIL, PM3,

and PDDG/FM3.
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unsurpriging that they exhibit the largest munber of short H-- - H
contacts.

In geoing to mare computer-demanding procedures, the next
step are the hybrid approaches. The ONIOM method was previ-
ously used to analyze this system. As explained in the computa-
tional details section, ONIOM can take up to three different layers,
though the current calculations utilize only two. The high level
layer includes the host (HPMO) and it is dealt with cither by the
Hartree—Fock ab initio procedure or B3LYP Density Functional
Theory with the 6-31G{d) basis set. The lower layer includes the
large guest (CD), and is dealt with either by the UFF molecular
mechanics procedure or by PM3. In the former, the calculation is
formally of the QM:MM type (IMOMM), whereas the other two
are models of QM:QM (IMOMO) calculations. It should be
stressed that within the ONIOM scheme calculations of the full
host + guest system are only performed using the low level
method. Thus, itis not surprizing that in Tables 1 and 2 very small
H -+ H distances are found for the IMOMO calculations, com-
parable to those obtained with pure PM3. Curiously enough, the
gimpler IMOMM scheme appears to perform better than the
IMOMO method as fewer and not-ag-small short H + -+ H distances
are found, in good agreement with results corresponding to the
pure UFF method described above.

Finally, the behavior of purely «f initio methods has been
analyzed. Given the large size of the molecular system we were
restricted to performing caleulations including the entire host +
gucst complex at the Hartree—Fock level with the mininum basis
set, STO-3G. It is well known that very accurate geometries are
unlikely to be found using such a small basis set; however, analysis
of a large series of different molecular systems has revealed that
STO-3G geometries are usually similar to geometries from higher
level basis sets. In general, STO-3G geometries are quite close, on
average, to experimental values.®” Geometrical analysis of the
STO-3G results further suggests that the very small H - - - H
digtances found by AM1, PM3, MDDG, and PDDG are unphysi-
cal, a# no short distances are found for optimized structure 1 and
only one distance (2.35 A), nat far from the threshold, is found in
complex 2. To verify these results we have also carried out an
ONIOM(RHF/G-31G{d): 5TO-3G) caleulation. Az seen in Tables 1
and 2, no H - - - H distances below 2.40 A have been found at this
level.

Of equal importance to the optimized geometries obtained by
the range of computational methods is the computed energy dif-
ference between complexes 1 and 2. Relative energy differences
are presented in Table 3. A rather large range in energy differences
was found. However, all the methods except ONIOM(RHF/G-
31G(d):UFF) and MMFF find complex 1 to be more stable than
complex 2. Furthermaore, all the metheds that (probably correctly)
predict complex 1 as being more stable have energy differences
that are separated by nco more than 10 kcal/mol. The largest
discrepancy among the different levels is found between the ONI-
OM(RHF/6-31G(d):UFF) method that predicts 2 to be more stable
by 2.09 kcalmol and the RHF/STO-3G calculation that puts 1
11.69 kealmol lower in energy than 2. Whereas the simple &
initie STO-3G caleulation is probably good enough to obtain
equilibrium geometries, its energies may be subject to larger
errors. Thus, the large energy difference predicted by STO-3G
might not be the most accurate value. Instead, the ONIOM{RIIF/

Table 3. Relative Potential Energy (kealfmol) of Complex 2 Taking
Complax 1 az Origin of Energias.

Compntational method E

UFF 145
MMFF —0.98
OFLE-AA 1.14
MNDO 7.05
PM3 715
PODG/PM3 842
EMS 332
ONIOM (RHF/6-31G(d): UFF) —2.09
ONIOM (RHF/6-31G(d): PM3) 443
RHFSTO-3G) 1169
ONIOM (RHF/6-31G(d)8TOAG) 214
ONIOM (B3LYP/-31G(d):EM3) 2.84

5-31G(d):53TO-3G) caleulation in which the much more reliable
6-31Gi{d) basis set iz used to describe the host part, provides a
more reascnable energy difference (2.14 kealmol). In a previous
article we used the ONIOM method to analyze the ground and
excited states of intramolecular proton transfer in HPMO encap-
sulated in 5-CD and found quite good agreement between our
theoretical results and the experimental data if an equilibrium
between 1 and 2 were present. This implies that the energy gap
between the two complexes must be quite small, probably no
larger than 5 kcal/mol. The PM5 value lies within this limit, and is
quite close to the ONIOM(RIF6-31G(d):STO-3G) result. This
suggests that this relatively cheap procedure is promising for use in
the field of supramolecular chemistry. Of course, this conclusion
depends on further analysiz of the perfonmance of PMS3 in treating
other complicated situations. As a very recently launched method
and as far az we know, detailed examination of itz behavior
remaing to be reported.

Teo conclude, it is clear that reliable electronic methods are
needed to study supramolecular systems with a high degree of
accuracy. This iz balanced by the need for a reasonable computa-
tional effort. However. most of the current semiempirical methods
have not been designed explicitly for describing intermolecular
interactions. As a consequence shown in this article, they can
present unphysical results both when used to treat the entire
supramolecular system and when restricted to the low-level layer
in a hybrid ONIOM calculation. On the other hand, ab inifie
metheds involving good encugh basis sets, at least for the high-
level layer in a hybrid ONIOM calculation, behave well but they
can become too expensive in practice for most of the sizeable
systems currently of interest in supramelecular chemistry. At this
point, the very recently developed PM5 semiempirical method
seems to be promizing, although additional theoretical work in-
volving a number of other supramolecular systems would be
required to generalize the trends obtained in the present article.

Acknowledgments

We are grateful for the use of the computational facilities of the
CESCA.

141



142

Testing Eleetrosic Structure Methods for H - - - H Interaclions 105

References

11.
12
13,

15
16,
17.

20,
21

. Atwood, J. L. Lehn, J-M., Eds. Comprehensive Supramolecular

Chemistry; Pergatmon: New York, 1996, p. 3.

. Halgren, T. & T Comp Chem 1999, 20, 730,
. Dawar, M. 1. 5., Thiel, W. ] Am Chem Soc 1977, 99, 4599,
. Dewar, M. ] 8.; Zosbizch, E. G.; Healy, E. F.; Stewart, I.P. P.J Am

Chem Soc 1985, 107, 3902,

. Stewart, 1. J. P.J Comp Chem 1989, 209, 221,
. Pople, ], A& Beveridge, D. L. Approximate Molecular Orbital Thaory,

MeGraw-Hill New York, 1970,

. Bemmal-Urnchurtu, M. [, Buiz-Lépez, M. F. Chem FPhys Latt 2000,

330, 113,

. Bemal-Urchirtu, M. L Martine—Costa, M. T, C.; Millot, C.; Euiz—

Lopez, M. F.J Comp Cham 2000, 21, 572.

. Bepasky, M. P.; Chandrasekhar, J.; Jorgensen, W. L. J Comp Chem

2002, 23, 1601,

. Gonzdlez-Lafont, A, Tmong, T. N Trahla, D, G, ] Phys Chem

1991, 95, 4518,

Csonka, G. [ I Comp Chem 1993, 14, 895,

Buss, V., Messinger, T, Heusar, N. QCPE Bull 1991, 11, 5.
Cavitizla, C.; Dillet, ¥, Garcia, J. I.; Mayoral, J. &, Ruiz-Ldpez,
M. F.; Balvatella, L. ] Mol Struct (Theochem) 19935, 331, 37,

. Belgak, 5. Cory, M. G Bartlett, B. J.; Sablji¢ 4. I Phys Chem 4

1999, 103, 11384,

Csonka, G, 1.; Angydn, 1. G, J Mol Struct (Theochem) 1997, 393, 31,
Csonka, 3. [; Elids, K.; Ceizmadia, . G, I Comp Chem 1997, 18, 330,
Cummins, P. L. Titmuss, 8. 1, Jayatilakka, D.; Bliznyuk, A. A
Eendell, A, P, Graady, G. E. Chem Phys Latt 2002, 332, 245,

. Dapprich, 8., Komdromi, L; Byarn, K. 3.5 Morokuama, K., Frisch, M. J.

J Mol Struct (Theochem) 1999, 461-462, 1.

. Casadestis, B.; Moreno, M.; Lluch, I. M. Chem Phys Lett 2002, 336,

423,

Allinger, N. L. J Am Chem Soc 1977, 99, 8127,

Jorgansan, W, L., Matwell, D, 3., Tiradeo—-FRivas, J. ] Am Chem Soc
1996, 118, 11225,

22,
23,

24,
23,
26,

7
28,
29,

30

21
32,
23,
34,

33,

36,
37

Halgran, T. A&, ] Comput Chem 1996, 17, 490,

Eappd, &, K. Casewitt, C. 1., Colwall, K. 5., Goddard, W. A, Skiff,
W, M. ] Am Chem Soc 1992, 114, 10024,

Jenzan, F. Infroduction to Computational Chemistry; John Wiky &
Song: Chichester, 1992, p. 23

Hehre, W, J.; Stewart, R F.; Pople, J. &, ] Chem Phys 1969, 51, 2657,
Mohamadi, F.; Eichards, N. G. I.; Guida, W. C.; Lickamp, E.; Lipton,
M., Canfiald, C.; Chang, G.; Hendrickson, T.; Still, W, C. T Comp
Cham 1990, 11, 440,

Stewart, 1. J. P. I Comput Aided Mol Deg 1990, 4, 1.

Steweart, 1. J. P. Mopac 2002, Fujitsu Limited: Tokyo, 1899,

Frisch, M. 1., Trucks, G. W.; Schlegel, H. B.; Bouseria, G. E.; Robh,
M. AL Chessaman, ] R Strain, M, C.; Buarant, 1. C.; Stratmann, B E.;
Dapprich, 8.; Kudin, K. N.; Millam, J. M.; Daniels, A, D.; Patersson,
G. A Montgomery, 1. A Zakrzewski, V. G, Raghavachari K.
Ayala, PY ; Cul, Q. Morokuma, K.; Foresman, J. B.; Closloweki, T.;
Ortiz, . V., Barone, V., Stefanov, B, B, Lin, G, Liashenko, A
Piskorz, P Chen, W, Wong, M. W.; Andres, J. L.; Reploglk, E. 5.
Gomperts, B, Martin, E. L.; Fox, D I.; Keith, T.; Al-Laham, M. 4 ;
Nanayakkara, A.; Challacombe, M., Pang, C. Y. Stewat, ] P
Gonzalez, C., Head-Gordon, M., Gill, P, M, W.; Johnson, B, G.;
Pople, 1. A, Ganssian98; Ganssian Inc.: Pittsburg, PA, 1998,

Peng, C.; Ayala, P. Y, Schlegel, H. B ; Frisch, M. I. ] Comp Chem
1998, 17, 49,

Shanne, D, F. ] OptimisatTheory Appl 1985, 44, 87,

Baker, . ] Comp Chem 1938, 7, 385, 1937, 8, 563,

Polak, E.; Ribiers, G. Rev Fr Informat Racher Operat 1969, 18, 35
Garcfa-Cchoa, [ Diez Lépez, M.-A; Viflas, M. H,; Santos, L
Martinez Ataz, B Amat—Guerrl, F, Deouhal, 4. Chem Ear T 1999, 5,
897,

Szejfll I. Cyelodextring and Their Incluzion Complexes; Académiai
Kiadd: Budapast, 1982,

EBondi, 4. ] Phys Chem 1964, 68, 441,

Hehra, W. J.; Radomm, L Schleyer, P. v, B, Pople, J. A, Ab Initio
Molecular Orbital Theory; John Wiley & Sons: New York, 1986,



ON THE PLANARITY OF THE TROPOLONE MOLECULE IN THE A'B,
EXCITED STATE. A TIME DEPENDENT DFT GEOMETRY OPTIMISATION.
Ricard Casadestis, Miquel Moreno™ and José M. Lluch
Departament de Quimica, Universitat Autonoma de Barcelona, 08193 Bellaterra,

Barcelona, Spain

Abstract

Density functional theory along with the time-dependent formalism (TD-DFT) are used
to directly localise the stationary points in the A'B, first singlet excited state of
tropolone. The optimisation reveals that the equilibrium geometry of tropolone in the
excited state is planar, a result that seems in contradiction with recent analysis of the
electronic spectrum of tropolone using the high-resolution degenerate four-wave mixing
(DFWM) technique that finds a large inertial defect. A theoretical evaluation of the
vibrational modes reveals the presence of a very small out-of-plane frequency that could
also account for the observed large inertial defect. Our full TD-DFT optimisation has
also allowed a direct localisation of the transition state for the excited state
intramolecular proton-transfer (ESIPT) reaction in the A'B, state. According to our
results the energy barrier of this process, including the zero point energy, is 7.12

kcal/mol.
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INTRODUCTION

The intramolecular proton-transfer reaction in tropolone (2-hydroxy-2.4,6-
cycloheptatriene-1-one) is one of the most extensively studied chemical processes both
from the experimental[1-15] and the theoretical[16-22] points of view. From these

studies it is now well known that the proton transfer in the ground electronic state

X 'A, occurs through a tunnelling mechanism giving a zero-point tunnelling splitting of
0.98 cm™.[12] In the first excited singlet state A'B, that comes from a > electron
transition, the tunnelling is considerably enhanced up to 19.85 cm™.[15] This
enhancement of tunnelling is customarily attributed to a diminution of the energy
barrier for the proton transfer upon electronic excitation, a fact that is confirmed by
virtually all the theoretical studies carried out up to now for the excited state.[17-19,21]

In a very recent publication[15] the tunnelling-split origin region of the A'B; -

X 'A, electronic absorption transition is analysed through the use of the high-resolution
degenerate four-wave mixing (DFWM) technique. An adequate selection of transverse
characteristics for the incident and generated electromagnetic fields participating in a
resonant DFWM interaction provides a means for discriminating rovibronic transitions
according to their changes in rotational angular momentum AJ. The rotational constants
deduced from these experiments yielded unexpectedly large inertial defects, thereby
suggesting that the tropolone molecule has lost its planarity upon electronic excitation.
Previous theoretical calculations using the configuration interaction all singles
excitation method (CIS) had come to a virtually planar equilibrium geometry.[17-19]
However, Wojcik and co-workers [21] found a slightly non-planar minimum when
diffuse functions were included in the split-valence basis set (6-31++G(d,p)). This lead
to Bracamonte ef al.[15] to perform again CIS calculations now with the substantial 6-
311++G(d,p) basis set that has a triple-{ quality. They come to a minimum-energy
configuration of the electronically excited state clearly non-planar with a root-mean-
square (rms) displacement of atomic co-ordinates from planarity of 0.305 A.

However, the CIS method leads to very unrealistic energy barriers for the
proton- transfer reaction. The use of more complete basis sets does not improve this
fact. On the contrary, the barrier height of 12.0 kcal/mol obtained with the 6-31G(d,p)
basis set[21] increases to 13.0 kcal/mol when adding diffuse functions (6-31++G(d,p) )
and to 13.6 kcal/mol in the final calculation by Bracamonte ef al. at the 6-311++G(d,p)

level.[15] The inability of the CIS method to correctly describe the energies of proton-
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transfer reactions is very well documented[23-25] and comes from the neglect of the
dynamical correlation at the CIS level (which, according to the theorem of Brillouin is
the electronic excited-state equivalent of the Hartree-Fock method for the ground
state).[26] Introduction of the correlation can be done in the CIS scheme by using the
method of perturbations of Moller-Plesset up to the second order (CIS-MP2) or
including the double excitations in the configuration interactions (CISD method).
However, only single-point calculations can be done at these levels as no analytic
gradients are available. For the tropolone molecule, the energy corrected through either
one of these methods using the CIS geometries as reference led to the erroneous
prediction of negative proton-transfer barrier heights.[15] A different strategy could be
envisaged using the now quite popular complete-active self-consistent field space
method (CASSCF) to optimise the geometry and the CASPT2 method (that includes the
correlation perturbatively up to the second order) to correct the energy. Again, the
CASSCF method lacks dynamical correlation and the CASPT2 level is quite expensive
and, up to now, only single-point calculations are feasible at the correlated level. For the
5-hydroxytropolone and S5-methyltropolone molecules it has been found that the
CASPT2 calculations upon CASSCF optimised geometries leads also to unrealistic
negative barriers.[24,27]

In the recent years, the Density Functional Theory (DFT) has become a
widespread methodology that competes with conventional ab initio methods as it may
give quite reliable results with less computational effort than the traditional methods.
However DFT calculations are restricted to the ground electronic state (unless the
symmetry of the excited state is different from the one of the ground state). Quite
recently a scheme has been proposed to deal with excited states at the DFT level that is
based on the time-dependent formalism.[28,29] The performance of this method, called
TD-DFT, on different chemical processes is presently a hot topic in the world of
quantum chemistry.[30-32] However, until very recently the TD-DFT method suffered
the same drawback of the correlated CIS-MP2 and CASPT?2 levels, that is, the analytic
gradients were not available so that it was not possible to optimise geometries. Quite
recently the problem of obtaining the analytic derivatives of TD-DFT energies has been
solved [35] and TD-DFT geometry optimisations are now finally feasible.

In this work we have performed a TD-DFT study of the intramolecular proton-
transfer reaction of tropolone in the first singlet excited electronic state. We have

optimised both the minimum energy structure and the transition state so that energies
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and geometries are obtained at the same level of calculation. We hope that these results
will constitute a new step in the stair that leads to the understanding of the mechanism
of excited state intramolecular proton-transfer reactions (ESIPT) in symmetric systems
of which tropolone molecule is a paradigm. Given that the electronic spectra of
tropolone are obtained with great accuracy so that the vibrational structure is partially
known (and it will be for sure improved in the next future), we have also calculated the

vibrational frequencies for the excited state.

CALCULATIONAL DETAILS
TD-DFT calculations have been carried out using the B3LYP method[36,37]

which includes the LYP expresion and the VWNS local correlation functional.[38] The
basis set used has been the triple-{ quality 6-311++G(d,p),[39] the same used in the
recent work by Bracamonte ef al.[15] Optimisations have been carried out using the
recent 5.6 version of the TURBOMOLE program [35,40] that incorporates analytic
gradients at the TD-DFT level. Optimisation of geometries is done with the Ahlrichs
method.[41] For the transition state, a full geometry optimisation is performed but
restricted to the C,, symmetry. In order to ascertain the nature of the obtained stationary
points, the second derivative energy matrix (Hessian) is obtained through numerical
differentiation. No negative eigenvalues of the Hessian indicate a minimum whereas
one negative eigenvalue characterises a transition state. The diagonalisation of the
Hessian allows also the theoretical attainment of the vibrational frequencies of the

excited state through the harmonic approximation.

RESULTS AND DISCUSSION

The optimised geometries of the stationary points located for the A'B, excited
state of tropolone are given in Figure 1. The more relevant interatomic distance are also
given in this Figure. For clarity purposes the C-H distances, which are always 1.08 A,
are not posted. Though these geometries were directly obtained upon the Ahlrichs
optimisation algorithm as implemented in the TURBOMOLE program, a second
derivative calculation was also performed to insure the nature of the stationary points.
As expected, we found that the structure of Figure 1a has no negative eigenvalues so
that it is a true minimum and corresponds to the equilibrium geometry of the tropolone
molecule in this excited state. Conversely, the geometry of Figure 1b has one imaginary

frequency, so that it is a saddle point structure. Analysis of the motion along the
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imaginary frequency mode confirms what is obviously seen in the geometry: the saddle

point connects two equivalent minima with the hydroxylic hydrogen bonded to either

one or the other oxygen. It is then the transition state for the A'B, ESIPT in tropolone.
FIGURE 1 AROUND HERE

As this is one of the first optimisations of an excited electronic state carried out
using the TD-DFT method, it is quite interesting to compare with previous results.
Unfortunately, in the recent work of Bracamonte et al.[15] the geometries of the
minimum and saddle point structures are not explicitly given, so that we will have to
compare with the CIS/6-31++G(d,p) results of Wojcik et al.[21] Curiously enough, as
far as we know, there is also no report of A'B; tropolone geometry optimisation at the
CASSCEF level. Quite recently [24] we compared geometries for the substituted 5-
methyltropolone with different theoretical methods and found no significant differences
between CIS and CASSCF optimised equilibrium geometries (energies were not so
close). Comparison of the bond distances given in Figure 1 with CIS results reveals
some non negligible differences. Curiously enough, these differences are much more
relevant in the minimum than in the transition state, so that whereas in the transition
state the maximum difference between both sets of geometries is 0.03 A for the O-H
distances, in the minimum some distances differ by as much as 0.07 A. It is also
noteworthy that the larger differences are located in the fragment where the
intramolecular proton transfer occurs. In particular these are the C=0 distance (1.22 vs.
1.29 A) and the C-C distance between the two carbon atoms bonded to oxygen (1.51 vs.
1.44 A). To be also noted that differences are not systematically shifted either side, so
that sometimes TD-DFT distances are higher than CIS ones but sometimes they are
smaller.

The more controversial point related to the geometry of tropolone in the A'B,
state is the loss of planarity upon electronic excitation as suggested by recent
experimental data and somewhat confirmed by the large basis set CIS calculations
carried out previously.[15] As cited in the introduction, older CIS calculations that did
not incorporate diffuse functions found a completely planar geometry but the recent
CIS/6-311++G(d,p) calculation came to a clearly non-planar geometry with an rms
displacement of atomic co-ordinates from planarity of 0.305 A.[15] The discrepancy
between the different results was attributed to the lack of diffuse functions in the
previous calculations. However, our TD-DFT results with the same 6-311++G(d,p)

basis set gives again a virtually planar geometry with a negligible rms displacement of
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atomic co-ordinates from planarity of 7.55x10* A. Of course this result seems in
contradiction with the recent finding of a large inertial defect for tropolone molecule in
the A'B, state, that apparently points also to a non- planar geometry of tropolone in the
excited state. As this is the more controversial point to be discussed in this letter and is
related to the vibrational analysis to be carried out later on, we will defer the discussion
until then. As for the planarity of the transition state, there is no controversy as all the
calculations, including ours, predict a fully planar geometry.

Another interesting data to discuss here are the energies for the proton-transfer
reaction in the excited state. The range of energy barriers obtained in the previous
theoretical works goes from negative values [15] to near +20 kcal/mol [18]. Our TD-
DFT calculation gives a pure electronic energy barrier of 9.61 kcal/mol, a value which
is noticeably lowered to 7.12 kcal/mol when the zero point energy is accounted for. This
value is clearly lower than the best estimated result using purely the CIS method (13.6
kcal/mol) but higher than the value recently reported at the TD-DFT level with CIS
geometries (5.1 kcal/mol).[15] Experimentally there is no direct measure of this barrier
but the large tunnelling splitting observed in the electronic spectra suggests a quite low
energy barrier. As the tunnelling splitting strictly depends not only on the energy barrier
but also on the length of the tunnelling path there is no way to know a priori what is the
best estimate of the energy barrier. This would require a rigorous dynamical calculation
of the tunnelling splitting in the global potential energy surface of the A'B, electronic
state of tropolone.

Let us finally analyse the vibrational harmonic frequencies for the A'B,
minimum calculated at the TD-DFT level. Table 1 gives the full list of vibrations
ordered in decreasing frequency. As the equilibrium geometry in the excited state is
planar, vibrations are classified according to their symmetry as in-plane A’ or out-of-
plane A”.

TABLE 1 AROUND HERE

Again it is not possible a direct comparison with experimental data as detailed
studies of the electronic spectra have been able to identify only quite a few number of
vibrations.[6,7] These are also given in Table 1. Comparison of these cases reveals that,
in general, our calculated values are quite in agreement with data obtained from analysis
of the electronic spectra. In one case (the 34" frequency) there is a great discrepancy
between the two sets of experimental data. Our result lies between both data though

much closer to the value reported by Sekiya et al.[7] We also give in Table 1 the
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theoretical frequencies obtained at the CIS level with the 6-31++G(d,p) basis set.[21]
There are not much relevant differences. We note that TD-DFT frequencies are usually
higher than CIS ones obtained with a slightly smaller basis set. In Figure 2 the motion
along the normal modes for which there is experimental data is given. An analogous
Figure has been provided for the CIS results (see Figure 2 in Ref. 21). Though
qualitatively there are no serious differences between both set of results, it is
noteworthy that the arrow lengths depicting the amount of motion of each atom are
quite different.
FIGURE 2 AROUND HERE

Special attention has to be devoted to the lowest frequency usually identified as
v6. This out-of-plane motion is the best studied experimentally as the electronic spectra
presents a nice vibrational progression, so that transitions from the ground vibrational
level of vz n”=01in Sy to the vibrational levels n’={0,2,4,6,8,10} in the A'B, electronic
state have been identified.[6,7] Both experimental studies agree in that case to assign to
this frequency a value of 38-39 cm™. Our theoretical calculation predicts a noticeably
higher frequency of 60 cm™. Curiously enough, the CIS calculation gives a remarkably
closer value (37 cm™). [21] However, given the well known deficiencies of CIS to
reproduce excited state energies, this agreement has to be looked merely as a
cancellation of errors. To further analyse this point, it has to be reminded that theoretical
frequencies are obtained through diagonalisation of the second derivative energy matrix,
so that the calculated frequencies are purely harmonic. The actual frequencies, as
measured in the spectra will not coincide with harmonic values unless anharmonicity is
very small. Analysis of the values for the n”—n’ frequencies measured in the electronic
spectra reveals that they are not equally spaced as they should in a harmonic oscillator,
so that anharmonicity is not disregardful. What is more, trying to fit the experimental
data to an anharmonic potential including just the first anharmonic correction term (the
one that depends on the square of the quantum number) gives also quite disparate
results, so that anharmonicity must be very important for this deformation mode, a
result which was to be expected for a motion with such a low frequency. Thus, the
harmonic approximation is not to be applied for this mode. Instead, a study of the
energy profile along the vi9 normal mode should be carried out and the vibrational
levels obtained directly over this energy profile using some nuclear dynamics method.

This calculation is out of the scope of the present letter.
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We can now return to the question of the planarity of the tropolone molecule in
the equilibrium geometry of the excited state. The large number of transitions
corresponding to the vjg series, seen in the electronic spectra, is one of the facts
suggested to be in support of a non-planar geometry as the substantial Franck-Condon
activity of this mode would be caused by the shift of the equilibrium geometry of the
excited state in the direction of v3¢ (so that breaking the planar geometry). However, as
just discussed, this mode has a high degree of anharmonicity and a very low frequency,
so that the nuclear wave functions are probably widespread along the configurational
space giving rise to the large Franck-Condon activity observed in the electronic spectra.
The other factor in favour of a non-planar geometry is the large inertial defect Aly
measured by means of the DFWM technique.[15] However, as already pointed out by
the same authors of the Aly measure, this large inertial defect can also be accounted for
if the planar molecule exhibits a single (isolated) low-frequency out-of-plane vibration.
Of course this is the case in tropolone with the vi9 mode. For a planar molecule the
semiempirical approximation suggested by Oka can be applied:[42]

33715
AL, = - ==+ 000803,/I (1)
L

where 1. (in amuA?) denotes the moment of inertia orthogonal to the molecular plane

and v is the low frequency in cm™'. Assuming a frequency of 39 cm™' the inertial defect
is calculated to be -0.686 amuA’ , lower, in absolute value, than the value extracted
from DFWM spectral simulations (-0.802 amuA?) but close enough so that it is not
possible to disregard this as the origin of the measured inertial defect. Also in favour of
this interpretation is the fact that vso takes a much higher value of 168 cm™ in the
ground electronic state,[14] so that Equation (1) predicts a very small inertial defect in
the ground state.

Just to close this discussion, we would like to point out that a non-planar
equilibrium geometry would be in contradiction with the high tunnelling splittings
measured for the A'B; excited state. As the transition state for the ESIPT is planar, the
whole tunnelling path would not only imply in-plane motions (the actual hydrogen
transfer and reorganisation of the seven member ring) but also out-of-plane motions, as
the path should approach the transition state to overcome a high energy barrier. This
large tunnelling path would quench down the tunnelling splitting. Of course this

reasoning is merely qualitative. A rigorous quantitative analysis would require a
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dynamical calculation on the whole potential energy surface of the A'B; electronic state

of tropolone. Work devoted to this aim is currently in progress in our laboratory.

CONCLUSIONS

TD-DFT geometry optimisations carried out for the A'B, excited state of
tropolone have disclosed that the equilibrium geometry of the excited state molecule is
planar (Cs symmetry). A numerical evaluation of the second derivative energy matrix
has allowed the attainment of the vibrational frequencies disclosing the presence of a
very small out-of-plane frequency that would account for the large inertial defect
extracted from degenerate four-wave mixing (DFWM) spectral simulations of
tropolone. The transition state for the ESIPT has also been directly localised. As
expected it is totally symmetric, its geometry belonging to the C,, symmetry group. The
barrier height for the proton transfer from our calculations is predicted to be 7.12
kcal/mol (including the zero point energy correction), a value lower than the previous
CIS calculations but slightly higher than the single-point TD-DFT calculations

performed on the stationary points located at the CIS level.
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TABLE 1. Harmonic frequencies® for the equilibrium structure of tropolone in the A'B,

excited state obtained with the TD-DFT method.

Mode Symmetry TD-DFT® CIS® Experimental

1 A 3612 3591

2 A 3200 3041

3 A 3182 3035

4 A 3166 3021

5 A 3159 3015

6 A 3147 3003

7 A 1631 1615

8 A 1558 1548

9 A 1511 1517

10 A 1458 1478

11 A 1433 1431

12 A 1405 1395

13 A 1331 1353

14 A 1277 1281

15 A 1254 1231

16 A 1248 1183

17 A 1193 1145

18 A 1066 1059

19 A 1040 1007
20 A” 983 945
21 A” 950 926
22 A 927 899
23 A 883 842
24 A” 824 827
25 A” 778 760
26 A 738 703
27 A 690 616
28 A” 689 675
29 A” 650 631
30 A” 583 575
31 A 523 516
32 A” 499 477
33 A 440 417 4159 414°
34 A’ 362 350 3784 296°
35 A 356 317
36 A” 346 347
37 A” 288 259
38 A” 173 132 1649, 171°
39 A” 60 37 384, 39°

“In cm™.
® This work.

¢ From ref. 21.
4 Experimental results from Reference 6.
¢ Experimental results from Reference 7.
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FIGURE CAPTIONS

Figure 1. Geometries of the stationary points obtained in the A'B, excited state through
direct optimisation at the TD-DFT level. (a) Minimum. (b) Transition state for the

intramolecular proton-transfer reaction. Interatomic distances are given in A.
Figure 2. Normal modes of tropolone in the A'B, excited state equilibrium geometry.

The numeration refers to that in Table 1. Arrows indicate the relative direction and

magnitude of the motion of each atom.
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FIGURE 2
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ANNEX 1

FONAMENTS METODOLOGICS

Un pas previ a, practicament, qualsevol estudi teoric de les propietats o
reactivitat d’un sistema quimic consisteix en el calcul de la funci6 d’ona electronica,
que contindra tota la informaci6 electronica del sistema que representa. Per tal d’arribar
a determinar la funcié d’ona electronica exacta d’un sistema quimic aillat sén

necessaries successives aproximacions.

All.1.CALCUL DE LENERGIA | FUNCIO
D'ONA ELECTRONIQUES

Els postulats de la Mecanica Quantica estableixen que qualsevol sistema pot ser
descrit per una funci6 d’ona V. A tota magnitud fisica li correspon un operador lineal i
hermitic. L operador que dona I’energia del sistema s’anomena hamiltonia ( H).Sies té
un sistema no relativista independent del temps (estats estacionaris) amb N nuclis amb
coordenades R i n electrons amb coordenades r, el calcul de I’energia del sistema passa
per la resolucié de I’equacié d’Schrodinger independent del temps’™ que adopta la

forma:

HY(r,R)=E¥(,R) (ATI-1)

essent H , el hamiltonia del sistema, la suma dels operadors “energia cinética” 7 i

“energia potencial” v, Y(r,R) la funcié d’ona total i E 1’energia total del sistema.

Aleshores,

H=T AT PR=T, +T + 73, R+, 0+ R (A1)

" E. Schrodinger, Ann. Physik, 79, (1926), 489; 80, (1926), 437; 81, (1926), 109.
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en que hi apareix el terme cinétic dels nuclis T v » €l terme cinetic dels electrons T L, el
terme potencial d’electrons i nuclis ¥ (r,R) que es desglosa en el terme de potencial de

repulsié nuclear ¥ yn(R), el terme de potencial de repulsio electronica V «(R) i el terme

de potencial d’interaccid nucli-electréd vV N(1,R).

Ara bé, agrupant els termes electronics, es defineix H .» ¢l hamiltonia electronic del

sistema:

H=T+V )+V (tR (AIL-3)

L’equacié All-1 no pot resoldre’s exactament perque les coordenades nuclears i
electroniques estan acoblades. Per aixd, una aproximaci6 habitual, donat que els nuclis
son molt més pesats que els electrons, és considerar aquells fixos respecte aquests. Aixi,
per a cada configuracié nuclear, la reorganitzaci6 electronica es suposa suficientment
rapida com per considerar que els electrons estan sempre en “equilibri” (Aproximacio
de Born-Oppenheimer’*). Aquesta aproximacié permet separar el moviment electronic
del nuclear i dividir el hamiltonia en una part electronica i una part nuclear. Aixo
equival, de fet, a suposar que els electrons es mouen sota un potencial creat per uns
nuclis “congelats” de forma que els lents desplacaments d’aquests -molt més massius-
no alteren significativament la funcidé d’ona electronica. Aixi doncs, ara I’equacio

d’Schrodinger es desdobla en:

A, (r;R)=E'¥(r;R) (AIL-4)

(TN + Ui(R))FN(R) =E, I'n(R) (AIL-5)

on U(R)=E; +V,,(R) (AIL-6)
i

¥ (r,R)=¥:(r;R) T\ (R) (AIL-7)

En aquest context, a U(R) se I’anomena “hipersuperficie d’energia potencial” 1 aquest

potencial nuclear efectiu porta al coneixement dels nivells vibracionals i rotacionals

™ M. Born, J.R. Oppenheimer, Ann. Physik, 84, (1927), 457.
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d’un determinat estat electronic i. D’aquesta manera, si es vol con¢ixer la forma de la
hipersuperficie d’energia potencial, caldra resoldre per a cada punt de la superficie
I’equacio d’Schrodinger electronica. Malauradament, per a sistemes de més d’un electr6
ja no és possible trobar una soluci6 analitica. Cal recorrer, doncs, a meétodes que ajudin

a superar aquest greu inconvenient.

All.2.METODES AB INITIO

En aquesta familia de métodes es treballa amb una W aproximada inicial (funcio
de prova) que permeti resoldre I’equacié d’Schrodinger. Els métodes de calcul ab initio
convencionals basen el calcul de I’energia d’un sistema quimic en la seva funci6é d’ona

polielectronica.

L’inconvenient d’aquests metodes €és que, malgrat permetre fer prediccions a nivell

quantitatiu, requereixen un elevat cost computacional.

All.2.1.METODES VARIACIONALS

Es considera una funcié de prova y. Aquesta funcid, en general, no sera funcio
propia del hamiltonia electronic exacte del sistema. Llavors, 1’energia electronica es

troba segons:

— <Wie |He|\|!ie >
<y ly; >

E. (AIL-8)

El teorema d’Eckart’”” mostra que I’energia electronica calculada amb aquesta funcié de
prova aproximada és sempre superior a 1’exacta. En conseqiiéncia, la millor funcio
d’ona sera aquella que doni el valor més baix de 1’energia en aplicar-li I’equacié AII-8.
Per tant, el cami per obtenir ¥, passara per minimitzar variacionalment E, respecte als
parametres de que depengui la funci6 de prova utilitzada. Segons quin tipus de funcio

de prova acceptable s’utilitzi, s’obtindran diferents metodes:

" C.E. Eckart, Phys. Rev., 36, (1930), 878.
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A. METODE DE HARTREE-FOCK

En aquest méetode, y és descrita per un Unic determinant de Slater (producte
antisimetritzat de funcions monoelectroniques anomenades spin-orbitals). Minimitzant
E. respecte els spin-orbitals () 1 imposant la condici6 d’ortonormalitat amb el métode
dels multiplicadors indeterminats de Lagrange s’obtenen les equacions de Hartree-
Fock’®”’. Per a un sistema de 7 electrons existeixen n equacions monoelectroniques del

/ (I)Xi(l) = 8,%1-(1) (AIL-9)

on j} (1) ¢s I"operador de Fock. Aquest operador és monoelectronic i inclou de forma

promitjada el potencial que experimenta un electrd a causa de la preséncia de la resta
d’electrons 1 nuclis. L’expressio de I’operador de Fock depen, en conseqiiencia, de la

forma de la funcid d’ona del sistema.

Cada spin-orbital y; pot expressar-se com un producte d’una funcidé espacial (orbital
molecular) y; i una funcié d’spin a o B segons si el valor propi de I’operador S_és 2 0 -

"5 respectivament:
L=vio o =i (AII-10)

A partir d’aquestes expressions s’obtenen les equacions de Fock amb orbitals enlloc de

spin-orbitals.

Un dels punts claus del metode és que I’operador de Fock depén dels orbitals ;. Per
tant, les equacions s’han de resoldre de forma iterativa a partir d’uns orbitals de partida

que es van optimitzant durant el procés.

Per calcular I’energia potencial d’una molécula amb una geometria concreta R s’haura
de resoldre ’equacié de Schrédinger electronica (All-4), pero la preséncia de termes
bielectronics no separables en el hamiltonid no permet fer-ho de manera exacta. Les
estratégies adoptades per a la resolucid d’aquest problema es poden agrupar en dos

conjunts: (a) les que intenten aconseguir el hamiltonia del sistema en estudi introduint

pertorbacions en el A d’un sistema més senzill perd conegut i (b) les que parteixen del

7 D.R. Hartree, Proc. Cambridge Phil. Soc., 24, (1928), 89.
"'V Fock, Z. Phys., 61, (1939), 126.

162



A

H exacte pero treballen amb funcions d’ona aproximades que cal optimitzar. La
primera estratégia dona lloc als metodes pertorbatius i la segona és la base dels metodes
variacionals, dels quals el més emprat ¢és el del camp autoconsistent SCF (Self-

Consistent Field).

La clau del metode SCF és considerar que cada electrd es mou dins el camp de potencial
creat pels nuclis i la resta d’electrons del sistema, de manera que les repulsions electro-
electrd es tracten de manera promitjada (estrictament caldria considerar les interaccions
instantanies entre els electrons ja que la posicidé d’un electré en un instant determinat
depén de la posici6 de la resta dels electrons en aquell moment). Com que la distribucio
d’electrons depén del camp creat pel conjunt de nuclis i electrons, 1 aquest camp depen
alhora de la distribuci6 dels electrons, la resolucié del problema és iterativa: es parteix
d’una distribucio6 electronica inicial i es calcula el camp associat a aquesta, després es
contemplen els efectes que aquest camp provoca a la distribucio inicial i d’aqui s’obté
una segona distribucié que servira per calcular el camp de nou i aixi successivament fins

a obtenir una distribuci6 electronica autoconsistent amb el seu camp associat.

A.1. Métode Restricted Hartree-Fock

En el metode Restricted Hartree-Fock (RHF) s’imposa una restriccio a la forma
dels spin-orbitals. La restriccid consisteix en que dos electrons que ocupen el mateix
orbital molecular siguin descrits per la mateixa funci6 d’ona espacial i unicament

difereixin en la funci6 de spin:
X2i1 :\Vi(r)'a(m)
12 =V ,(r) Blo) (AIL-11)

on \,(r) és la part espacial del spin-orbital i a(w) 1 B(®) son les funcions de spin. Les
equacions de Hartree-Fock que s’obtenen en aquest cas a partir del métode variacional i

imposant la condicié d’ortonormalitat son:

Flrh (n)=¢ew.(r) (AL-12)

on g; és I’energia d’un electr6 a ’orbital ; 1 f és 1’operador monoelectronic de Fock, la

forma del qual depén de v, i, per tant, cal resoldre de forma iterativa aquestes

equacions, partint d’una funci6 orbital inicial y’;.
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El desenvolupament estricte del problema topa amb certes complexitats matematiques
com ara la resoluci6 d’un sistema d’equacions integro-diferencials (irresoluble

numericament per a molecules).

Tanmateix, per resoldre aquestes equacions es necessita definir unes noves funcions
que, habitualment, consisteixen en expressar els orbitals moleculars y; com una
combinacié lineal d’orbitals atomics ¢; anomenades funcions de base. Aquesta
aproximaci6 s’anomena OM-CLOA (Orbitals Moleculars-Combinacié Linial
d’Orbitals Atomics) i fou introduida per Roothaan’® i Hall”. Aleshores, es converteix el
problema del sistema d’equacions integro-diferencials en un problema matricial, de

resolucié matematicament més simple.
v, =>.C.-0, (AI-13)
u

on y; 1 ¢,son els orbitals moleculars 1 atomics, respectivament. El conjunt de
coeficients C,; son els parametres a optimitzar que determinen els millors orbitals

moleculars obtenint-se de la resolucid iterativa de les anomenades equacions de

Roothaan-Hall:

Z(Fw —&:5,, )'Cui =0 (AII-14)

i
que en forma matricial esdevenen:

FC=SCE (AII-15)
on F és la representacié matricial de 1’operador de Fock i1 S és la matriu de solapament,
ambdues avaluades sobre la base de funcions atomiques. E és una matriu diagonal que
té per elements els valors de g;, i C és la matriu de coeficients (les columnes de la qual
corresponen als coeficients dels orbitals moleculars). El métode de Hartree-Fock-
Roothaan-Hall és iteratiu, i comparteix amb d’altres técniques similars el problema de la

convergencia.

8 C.C.J. Roothaan, Rev. Mod. Phys., 23, (1951), 69.
" G.G. Hall, Proc. Roy. Soc., A 205, (1951), 541.
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Els metodes de calcul ab initio convencionals basen el calcul de I’energia d’un sistema
quimic en la seva funcid d’ona polielectronica. Gairebé tots es poden considerar
diferents vies d’introduccié del terme de correlacid electronica a I’energia trobada

mitjancant la teoria de Hartree-Fock’®"’. Segons aquesta teoria, I’energia val:

N
E,=) H,+

i=1

S50, -k

=1 j=1 (AII-16)

N [ —

on N ¢és el nombre total d’electrons en el sistema, H;; representa 1’energia d’un electrd en
un orbital molecular, J;; és la integral de Coulomb, que representa la interaccio repulsiva
entre les distribucions de carrega de dos electrons, 1 Kj;, la integral d’intercanvi, és la

correccio de I’energia de repulsio entre dos electrons d’spins paral-lels.

A.2. Métode Unrestricted Hartree-Fock

Per la seva part, el metode UHF (Unrestricted Hartree-Fock) no manté la
restriccid d’spin, podent considerar calculs d’estats triplets. Aixi s’arriba a dues séries

d’equacions:

F*C*=SC*“E*i FPCP=SCPEP (ATI-17)

amb dues matrius de Fock que s’han de resoldre conjuntament, ja que ambdues depenen

dels coeficients C*i CP.

A.3. Conjunts de Funcions de Base

Els orbitals atomics actuen com a conjunt de funcions de base, perd quina forma
matematica tenen aquests? Convé un tipus de funcidé que pugui descriure les
caracteristiques dels orbitals perd que no dificulti 1’avaluaci6 d’integrals

bielectroniques.
Si el nombre de funcions de base per descriure el sistema fos infinit (conjunt complet),

es tindria la millor aproximacio possible del métode OM-CLOA. A partir d’aqui,

s’obtindria I’energia limit Hartree-Fock.
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Evidentment, no és possible treballar amb bases infinites. Aleshores, a la practica hom
es veu obligat a utilitzar bases truncades. Com que 1’obtencié de millors o pitjors
resultats dependra forca de la qualitat de la base emprada, 1’eleccié del conjunt de

funcions de base ¢s un dels aspectes crucials del treball del quimic tedric.

Normalment, s’utilitzen dos tipus de funcions matematiques per descriure els orbitals
atomics:

a) Slater (STO, Slater Type Orbital): dependéncia radial proporcional a e

2
b) Gaussiana (GTO, Gaussian Type Orbital): dependéncia radial proporcional a e *"

Les funcions tipus Slater descriuen millor la densitat electronica, pero les funcions
gaussianes simplifiquen el calcul d’integrals multicéntriques i per aquesta rad son les
més utilitzades. La utilitzaci6 de GTO implica que per a una correcta descripcio de la
densitat electronica al voltant d’un atom s’han d’utilitzar moltes funcions de base o

representar cada funcidé com una combinacio lineal de gaussianes amb coeficients fixats.

El nombre de gaussianes emprades per descriure cada orbital atomic sera el que

caracteritzara els diferents tipus de base:

base minima: cada orbital ve representat per una Unica funcidé o combinacid
linial de funcions.

base extesa: cada orbital ve representat per més d’una funcié o combinacio
linial de funcions. Es distingeixen les bases doble-C, triple-C, etc
segons si I’orbital €s representat per dues, tres, ... funcions o

combinacions linials de funcions.

base split valence: és un cas intermedi entre les dues anteriors. Els orbitals interns

son descrits amb una sola funcidé o combinacid linial de funcions
(base minima), mentre que els orbitals de la capa de valéncia so6n
descrits amb més d’una funcié o combinacié linial de funcions

(base extesa).
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Les bases emprades més sovint son les bases split valence N-21G, N-31G, doble-C a la
capa de valéncia, en les que cada orbital de valéncia és desdoblat en dos grups de

gaussianes de diferents exponents, aconseguint d’aquesta manera una major flexibilitat.

Cal destacar que sovint s’han d’afegir als conjunts de base altres funcions de
polaritzacié i/o funcions difoses per tal de descriure millor els orbitals dels atoms, que
poden tenir importancia a la descripcido de les propietats moleculars. Una altra
consideraci6 a fer és que la despesa computacional augmenta molt amb el nombre de

funcions de base del sistema.

B. INSUFICIENCIES DEL METODE HARTREE-FOCK

En el meétode Hartree-Fock es suposa que un electrd es mou en un camp de
potencial mitja creat pels nuclis i la resta d’electrons. Es a dir, no es consideren les
interaccions instantanies electré-electrd (correlacid dinamica). A més, per la seva
naturalesa monodeterminantal no es considera la influéncia d’estats excitats propers en
energia a ’estat fonamental (correlacid no dinamica). Per aix0, es diu que en el métode
Hartree-Fock els electrons no estan correlacionats. Com a conseqiiéncia, no sera

raonable aspirar a obtenir resultats quantitatius amb aquest metode.

Si el nombre de funcions del conjunt de base fos infinit -com ja s’ha dit a priori-
s’obtindria I’anomenat limit de Hartree-Fock (Eyr) que seria la millor energia que es
podria obtenir dins les aproximacions d’un calcul SCF. Pero, no obstant aixo, no
s’assoliria I’energia experimental quan aquest conjunt esdevingués complet perque la
funcidé d’ona electronica Hartree-Fock, descrita per un producte antisimetritzat de spin-
orbitals, només té en compte les interaccions entre electrons de forma promitjada.
Caldria considerar d’alguna forma les interaccions instantanies entre els electrons, ja
que la posiciéo d’un electrd en un instant donat depén de la posicidé de la resta dels
electrons en aquell moment. Com que els moviments dels electrons estan correlacionats

per aixo es parla de correlacio electronica.

La correcci6 que caldria fer a I’energia Hartree-Fock (Epr) per tal de suplir les

deficiéncies del meétode SCF i obtenir aixi I’energia real (E,), s’anomena energia de
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correlacid (E.,). Es defineix energia de correlacié com la diferéncia entre I’energia no

relativista exacta i I’energia limit Hartree-Fock:

Ee = EHF + Ecor (AH-18)

Part d’aquesta correlaci6 ja queda inclosa dins la funci6é d’ona pel sol fet d’expressar-se
en forma de determinant de Slater (correlacid que s’anomena “bescanvi electronic’)

pero aquesta només fa referéncia a les interaccions entre electrons de spins paral-lels.

Amb I’intent d’introduir més correlacié electronica s’han desenvolupat diverses
estratégies: els métodes postHartree-Fock™ i els métodes basats en la Teoria del
Funcional de la Densitat (DFT) que introdueixen la correlaci6 en el hamiltonia i no pas

en la funci6 d’ona, que es presentaran més endavant.

C. METODES POSTHARTREE-FOCK

Com acabem de dir, els meétodes postHartree-Fock intenten introduir la
correlaci6 electronica, la qual no es té en compte en el metode SCF. Aquests es poden
agrupar en: métode d’interaccid de configuracions (I’Gnic dels tres que €s variacional),

metodes pertorbatius i els metodes Coupled Cluster.

C.1. Métode d’Interaccio de Configuracions

El desenvolupament de la fotoquimica i de les técniques experimentals associades a
mesures cinetico-dinamiques de mecanismes en estats excitats (femtoquimica) estan
dirigint molts calculs vers aquests estats. Aquesta €s una tasca interessant pero, alhora,

dificil car els estats excitats requereixen un cost técnico-computacional molt gran.

\ s . 1 \
El métode d’Interaccié de Configuracions®' és un métode postHartree-Fock que
incorpora la correlacio electronica. La funcidé d’ona s’expressa com una combinacid
lineal de determinants de Slater construits a partir de les funcions monoelectroniques

que s’obtenen en resoldre les equacions de Hartree-Fock:

) =cyp, + Y cl W) (AII-19)

r rs
4 a > + anb
ab

807, Andrés, J. Bertran (editors), Quimica Tedrica y Computacional, Universitat Jaume I, Castello, 2000.
U E.A. Hylleraas, Z. Physik, 48, (1928), 469.
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on y és el determinant de referéncia (normalment el determinant Hartree-Fock), vy, és
el determinant de la configuracié monoexcitada on 1’spin-orbital a s’ha substituit per

S

I’spin-orbital » , .~ és el determinant d’una configuraci6o diexcitada i aixi
successivament...

Els coeficients ¢, cu'", ... es determinen variacionalment, aixi com I’energia. A més,
poden optimitzar-se també els coeficients dels orbitals moleculars (metodes

multiconfiguracionals) (veure subapartat C.2).

Si es tingués una combinacid lineal d’infinits determinants de Slater amb una base
infinita, ¥ seria la funcié d’ona exacta. Com que s’utilitzen bases truncades, es té un
nombre finit de combinacions possibles de spin-orbitals. Considerar-les totes (espai
“Full-CI”), pero, és prohibitiu -excepte en sistemes petits tractats amb bases petites- per
I’enorme cost computacional que se’n deriva. Per aix9, es fan diverses aproximacions
per reduir I’espai CI (Configuration Interaction), truncant I’expansio, normalment, a les

biexcitacions.

En la present tesi, s’ha utilitzat el métode CIS (Configuration Interaction Singles), que
pot entendre’s com una interaccid de configuracions completa a I’espai de les
substitucions simples, és a dir, la funcidé d’ona de I’estat excitat s’expressa com a

combinaci6 linial de tots els determinants amb excitacions simples.

La determinacié variacional dels coeficients CIS permet a la funci6 d’ona global
relaxar-se. Per a sistemes de capa tancada —com son els casos aqui estudiats- la ycis pot
descriure estats singlets i triplets sense contaminacié de spin gracies a la seva capacitat
de combinar diferents determinants. A més, el metode CIS porta a una funcié d’ona ben
definida, sobre la qual es poden aplicar técniques de gradients analitics i aixi permetre
I’optimitzacié de geometries directes en estats excitats. El metode CIS és size-consistent
(consistent amb la grandaria) i, segons el Teorema de Brillouin®, els seus calculs

aplicats a I’estat fonamental corresponen al nivell Hartree-Fock.

82 L. Brillouin, C. R. Acad. Sci., 46, (1934), 618; J. Phys., 7, (1926), 353.
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C.2. Metode CASSCF

El metode CASSCF (Complete Active Space Self-Consistent Field) pertany als
metodes MCSCF  (Multi-Configuration Self-Consistent Field). Aquests meétodes
vindrien a ser com el métode d’Interaccid de Configuracions (CI) pero optimitzant, a
més, els orbitals moleculars usats per construir els determinants de Slater. Son també

metodes iteratius com el SCF.

L’objectiu dels metodes CASSCF ¢és cobrir tots els canvis que ocorren en 1’energia de
correlacio (estatica) per a un procés donat. El principal problema d’aquests métodes és
seleccionar les configuracions necessaries que s’han d’incloure per tenir el sistema ben

definit.

Pel que fa al CASSCF, s’han de seleccionar les configuracions repartint els orbitals
moleculars en I’espai actiu. Els orbitals moleculars actius solen ser els ocupats
energeticament més alts 1 alguns dels virtuals energeticament més baixos d’un calcul
RHF, que cal fer préviament. Entre els orbitals moleculars actius es realitza un calcul CI

i totes les configuracions apropiades per simetria s’inclouen en 1’optimitzacié CASSCF.

La decisi6 més important que hom ha de prendre és quins orbitals moleculars s’han
d’incloure en I’espai actiu, tenint en compte el cost computacional. La notacid que s usa
normalment és CASSCF(n, m), on n és el nimero d’electrons distribuits de totes les

maneres possibles en m orbitals.

La funcié d’ona CASSCF es forma mitjancant una combinacié lineal de totes les
configuracions possibles que es poden construir entre els orbitals i els electrons actius

consistents amb la simetria espacial 1 d’spin requerida.

All.2.2. METODES PERTORBACIONALS

Aquests tipus de metodes es basen en introduir una pertobaci6 externa al sistema
per dur a terme el calcul d’aquest. Aquesta pertorbacid fara que s’afegeixin termes

(lineals 1 quadratics) extra al hamiltonia que descriu el sistema. Aixi tindrem:

A

H=H,+\P +)\*P, (AI1-20)
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on H, és ’operador hamiltonia electronic estandard, F, 1 P, son els operadors que

descriuen la pertorbacid i A €s un factor multiplicatiu que determina el grau d’aplicacio

de la pertorbacio.

Hi ha diferents métodes pertorbatius, perd els més comuns son el Moller-Plesset 1, més

recentment, el Coupled Cluster.

All.2.2.1. METODE COUPLED CLUSTER

El metode Coupled Cluster (CC) té la seva base en els métodes pertorbatius 1
pretén incloure totes les correccions d’un tipus donat per a un ordre infinit. Aquestes
correccions poden ser Singles, Doubles, ... en referéncia al nombre d’excitacions de la
funcio d’ona. En el cas del CCSD (Coupled Cluster Singles and Doubles), la correccid

es trunca al segon ordre.

La funcid d’ona CC es descriu aixi:

Y. = D, (AII-21)
P ~ 1 3 1A
one =1+T+—T%+— 7’ 2:——
2 !

on I’operador de cluster (T') s’expandeix en funcié dels operadors d’excitacio (7, ) com

A A A

T'=T+T, +ﬁ +...+fN.
Aquest operador f“, actuant sobre una funci6 d’ona Hartree-Fock genera i determinants

d’Slater:

oc Vir

flq)o = Zzti‘lcp?

oc vir

T,0,=> Y 10w (ATI-22)

i<j a<b

on ¢ sén els coeficients d’expansio o amplituts del cluster.
D’aquesta manera, en la construccid de 1’operador exponencial, es genera un primer

terme de referéncia Hartree-Fock, seguit del segon terme que correpon a totes les

monoexcitacions, el tercer correspon a tots els estats doblement excitats, ...
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Partint, doncs, de 1’equacié de Schrodinger amb la funcié d’ona CC

He'®, = E e ®, (AII-23)
obtenim E. = (@, |He' |®,) (AII-24)

En el cas CCSD, es truncara als estats doblement excitats i, per tant, tindrem que

A A as AU A
T=T+T,ie"" =1+T, +(T2+—lej+...

2
Tenint en compte aixd, segons el desenvolupament exposat abans, s’obtindran les

amplituts i I’energia de correlacio.

All.3.METODES SEMIEMPIRICS

Aquest grup de metodes simplifica el calcul de 1’energia Hartree-Fock
mitjancant I’aproximacié del recobriment diferencial zero (ZDO, Zero Diferential
Overlap). Usa només bases minimes pels electrons de valéncia, no contemplant aixi les
funcions de polaritzacié i difoses i la correlacio electronica només s’inclou en els
parametres. L’as de parametres ajustats empiricament redueix la construccid de la

matriu de Fock de O(M*) a O(M?).

All.3.1.METODE MNDO

El métode MNDO® (Modified Neglect of Diatomic Overlap) és un métode
semiempiric parametritzat per diversos atoms (H, C, N, O, ...) a partir del model

NDDO* (Neglect of Diatomic Differential Overlap Approximation).

El MNDO ¢s previ al PM3 1 AMI, pero tots ells es basen en el NDDO encara que es
diferencien en la forma de tractar el potencial core-core i en 1’assignacid dels
parametres. Malgrat aixo, el MNDO encara s’utilitza en alguns tipus de calculs perqué

sembla donar millors resultats que aquests.

% M.J.S. Dewar, W. Thiel, J. Am. Chem. Soc., 99, (1977), 4899.
1A Pople, D.L. Beveridge, Approximate Molecular Orbital Theory, McGraw-Hill, New York, 1970.
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No obstant aixo, el MNDO presenta moltes limitacions, com per exemple: la descripcio
que fa de les interaccions febles, no predir bé els enllacos d’hidrogen, predir energies

massa grans per a la formacio6 i trencaments d’alguns tipus de reaccions, ...

Concretament, el potencial de repulsi6 core-core que usa el MNDO, considerant A 1 B

dos atoms qualssevol, és:

v (4,B)=2,7, <SASB |SASB >(1 +e tahu 4 gmsRus ) (AII-25)

nn

on o son parametres d’ajust.

Pero per a les interaccions que impliquen enllagos O-H i N-H, el potencial és:

=04 R
Vil A H)=Z,Z, (s ,s, |55, >[1 + eR + g uRan ] (AII-26)

AH

All.3.2.METODE AM1

Dins el grup dels metodes semiempirics, s’hi troba també I’AM1 (Austin Model
I) creat pel Prof. M.J.S. Dewar® (Universitat d’Austin, Texas) que sorgeix com a
conseqiiencia dels errors sistematics que es troben en el me¢tode MNDO. Aixi, I’AMI és
una modificacié del MNDO. L’AMI ha estat parametritzat per diversos elements entre
els quals s’hi troben els que s’estudien en aquesta tesi (H, C, O i N). No obstant aixo, i a
part de ser semiempiric, presenta —com tot metode- limitacions. Dues d’elles son la
tendeéncia a exagerar els enllagos d’hidrogen i la mala prediccio de les interaccions de

Van der Waals.

All.3.3.METODE PM3

El Prof. J.J.P. Stewart®® crea el PM3 (Parametric Method 3) fent un procés
d’optimitzacié automatic a partir d’implementar formules de I’AM1 1 aixi poder
optimitzar tots els parametres simultaniament. En aquesta reparametritzacio, I’expressiod
de repulsio core-core és la mateixa que en AMI1 excepte que només s’assignen dues
funcions gaussianes per atom. El PM3 ha estat parametritzat per diferents elements
d’entre els quals s’hi troben també els que s’estudien aqui (H, C, O i N). Les limitacions

més importants del PM3 —tenint en compte que €s un meétode semiempiric- son: predir,

8 M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am. Chem. Soc., 107, (1985), 3902.
% J.J.P. Stewart, J. Comput. Chem., 209, (1989), 221.

173



sistematicament, els enllagos d’hidrogen més curts que I’experimental, no predir bé les
interaccions de van der Waals 1 predir unes barreres de rotacidé massa baixes per

enllacos amb cert caracter de doble enllag sobretot pel cas de I’enllag C-N.

All.3.4. METODES PDDG

El PDDG® (Pairwise Distance Directed Gaussian) és un nou métode elaborat
pel grup del Prof. W. Jorgensen que es basa en la modificacié de les funcions de
repulsi6 de core (CRF) en els métodes semiempirics PM3 1 MNDO del programa
MOPAC 6.0. D’aquesta reparametritzacio, sorgeixen els metodes PDDG/MNDO i
PDDG/PM3. Aquests metodes neixen del fet d’intentar eliminar errors sistematics del
PM3 i MNDO 1 minimitzar els errors globals en el calcul dels calors de formacié en

aquests dos metodes.

All.3.5.METODE PM5

El métode PM5% (Parametric Method 5) és un métode molt recent i, per ara, hi
ha molt pocs treballs publicats. Amb aix0, es vol dir que la seva aplicacié no ha estat
posada a prova encara en molts aspectes. A més, no hi ha cap publicacio, fins avui,
sobre el seu desenvolupament i parametritzacid, la qual cosa fa que hi hagi una certa
obscuritat sobre aquest metode i el seu funcionament. Pel que sembla, el PM5 és una
reparametritzacié del 1’anterior metode de Stewart (PM3) amb millores. E1 PMS5 es

troba incorporat dins el programa MOPAC2002.

All.4.METODES EMPIRICS: MECANICA
MOLECULAR

La Mecanica Molecular tracta els nuclis dels atoms com a masses puntuals
classiques de Newton que es mouen per una funcié d’energia potencial (camp de forces
conservatiu) definida pels ntivols electronics del voltant. No es determina la posicio dels
electrons, ni tan sols es tenen en compte explicitament; les posicions dels nuclis

defineixen directament les forces que actuen entre ells.

87 MLP. Repasky, J. Chandrasekhar, W.L. Jorgensen, J. Comput. Chem., 23, (2002), 1601.
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Els models de Mecanica Molecular descriuen els atoms com esferes subjectes a una
atracci6 i repulsié muatua. Tanmateix, la Mecanica Molecular té limitacions: les dades
energetiques que s’obtenen no tenen cap sentit fisic per si soles. A més, només es poden
considerar diferéncies energetiques en determinades situacions, ja que I’energia
obtinguda depen del nombre d’atoms 1 de la seva connectivitat. A més, no es tenen en

compte els efectes electronics.

All.4.1. METODE MM2

El MM2 (Molecular Mechanics 2) és un métode creat per N.L. Allinger® que es

basa en la mecanica molecular. Per al calcul de I’energia utilitza la segiient expressio:

E=YE()+2 E,0)+ X E @)+ Eylr)+ X E, (ALL-27)

Aquests termes son, respectivament: 1’energia associada a la vibracid dels enllagos
(stretching), I’energia de deformaci6 dels angles (bending), 1’energia adscrita a les
rotacions internes (forsional), I’energia de les interaccions de van der Waals i el terme

d’acoblament energétic stretching-bending.

All.4.2. METODE UFF

Un altre tipus de parametritzacid dels camps de forca en mecanica molecular és
el UFF (Universal Force Field). L’UFF usa un nombre reduit de conjunts de parametres
que troba a partir de les constants atomiques (radi atomic, potencial d’ionitzacid,
electronegativitat, polaritzabilitat, ...). En principi, ’'UFF pot calcular molecules que
continguin qualsevol atom de, practicament tota, la taula periodica. Encara que aquest
metode és menys acurat en el calcul d’energies que el MM2, les geometries les calcula

qualitativament correctament.

% N.L. Allinger, J. Am. Chem. Soc., 99, (1977), 8127.
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All.5.METODES DEL FUNCIONAL DE LA
DENSITAT®

Els metodes Hartree-Fock presentats abans tenen 1’inconvenient de que, malgrat
permetre fer prediccions a nivell quantitatiu, requereixen un elevat cost computacional.
En canvi, els métodes basats en la Teoria del Funcional de la Densitat introdueixen la
correlacid electronica en I’expressié de 1’energia amb un cost computacional molt
inferior als métodes ab initio convencionals, i donant resultats comparables amb alguns

metodes postHartree-Fock, els quals son més cars computacionalment.

La Teoria del Funcional de la Densitat parteix dels teoremes formulats per Hohenberg i

Kohn el 1964°°.

Aquests sostenen que, coneguda la densitat electronica p(r) d’un sistema de N electrons,
es té prou informaci6 com per determinar completament les propietats electroniques del
seu estat fonamental (no degenerat). Llavors, 1’energia en funcidé de la densitat

electronica del sistema vindria donada per I’expressio:

E[p]=TIp] + Ecelp] + Vexlp] (AII-28)

on T ¢és I’energia cinética dels electrons, E,. és el potencial de repulsio electro-electro i
Ve €s €l potencial extern aplicat sobre els electrons, en abséncia d’altres pertorbacions,

el potencial d’interaccié nucli-electré. Es a dir,
V = I r)v(r)dr
lp]=]pv(r) (AI1-29)
essent v(r) el potencial local nucli-electro.

Ara bé, E..[p] = J[p] + K[p], on J i K sOn, respectivament, els potencials d’interaccio

couldmbica i d’intercanvi electronic.

L’us dels métodes DFT en quimica computacional va veure’s augmentat gracies a la

introducci6 d’orbitals en el formalisme per Kohn i Sham”".

% F. Jensen, Introduction to Computational Chemistry, John Wiley & Sons, Chichester, 1999.
% P. Hohenberg, W. Kohn, Phys. Rev., 136, (1964), B864.
' W. Kohn, L.J. Sham, Phys. Rev., 140, (1965), A1133.
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La idea en que es basa el formalisme de Kohn-Sham ¢és dividir el funcional d’energia
cinctica (7/p/) en dues parts, una de les quals pot ser calculada exactament (7s), més un

terme de correlacio (7¢).

De la solucid exacta de I’equacid de Schrodinger electronica s’obtindria el funcional
d’energia cinetica exacta (7/p/). Com que aixo no és possible, en comptes d’aixo, es
resol iterativament el sistema de N equacions monoelectroniques anomenades equacions

de Kohn-Sham, a partir de les quals s’obtindra 7s/p/.
I L =
T s Vi (1) [0, =€,0, (AI1-30)

on A s €s el hamiltonia de Kohn-Sham que conté v, I’anomenat potencial efectiu de

Kohn-Sham, que es defineix com:

V() =v(r)+ | P v (1)
! -l (AIL-31)
essent vy
(r)= OE c[p]
xe ap (l') (AH—32)

La clau de la teoria de Kohn-Sham ¢és el calcul de I’energia cinética assumint la no

N
interaccio dels electrons; €s a dir, T = z<(p ;

i=1

1 .
- EVZ\(p [> . No obstant aix0, realment els

electrons si interaccionen i, per tant, 75 no proporciona I’energia cinética total, encara

que la diferéncia entre aquesta i I’exacta sembla ser petita.

Aquesta energia cinética que no contempla 75 (7¢) s’inclou en un terme de correlacio-

intercanvi (Exc/p/). Aixi ’expressio de I’energia DFT pot escriure’s com:

Eprrlp] = Tslp] + Vex [p] +J7[p] + Exc[p] (AII-33)

Aixi, com que E/p]/ 1 Eprr/p] sOn iguals, restant I’equacio AII-28 de la AII-33

s’obtindra Exc:

Exclp] = (T1p] - Tslp] )+ (Eeelp] - J'IP]) (AII-34)
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d’on agrupem I’energia cinctica de correlacio i les energies potencials d’intercanvi 1

correlaci6 electroniques:
Telp] = TIp) - Tslpl i Eyclp]=E.[p]-7[p]=(/[p]-7[p])+K]p]

on J’[p] és el potencial classic de repulsio electronica,

J[p]= ; (] p(rlr)p(rz)drlalr2 (AIL-35)

12
essent rypy = ‘ ry-r ‘ .

Finalment, doncs, quedaria: E,.[p]|=T.[p]+ E,.[p] (AII-36)

Pero el problema de tot el desenvolupament del métode DFT és que no coneixem

exactament el valor de Exc[p].

Existeixen dos tipus d’aproximacions per calcular-lo: les aproximacions de la densitat
local (LDA) i les aproximacions generalitzades de gradient (GGA). Ambdues categories
suposen que s’esta en preseéncia d’un gas uniforme d’electrons, de manera que els
termes d’intercanvi i de correlacid es poden tractar independentment. En concret,
segons aquestes aproximacions, podriem escriure I’energia d’intercanvi (Ex ) i

correlacié (E¢ ) com:

Exc[p] = Ex[p] + Ec[p] (AIl-37)

1 aixi obtenir 1’energia total a partir de:

Eprrlp] = Tslp] + Veu[p] +J7[p] + Ex[p] + Ec[p] (AII-38)

All.5.1. METODES AMB LDA

192

L’aproximaci6 de densitat local’= LDA (Local Density Approximation)

consisteix en considerar que Eyc ¢és només funcid de la densitat electronica. Llavors,

%2 0. Gunnarsson, I. Lundquist, Phys. Rev., B10, (1974), 1319.
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I’energia d’intercanvi es pot calcular en termes de la densitat d’un gas uniforme

d’electrons:

E,(p)= —3[jj3jp3(rﬁr (ATI-39)

Quant a D’energia de correlacio E¢, es determina a partir d’'una de les diverses
parametritzacions que es poden trobar a la literatura. La més usada és la VWN®°, basada

en simulacions de Monte Carlo.

L’inconvenient que s’observa en els calculs DFT amb LDA és que en nombrosos
sistemes ’energia Exc esta sobreestimada, el que es tradueix en una exageracido de

I’energia d’enllag.

All.5.2. METODES AMB GGA

Les aproximacions que utilitzen algun tipus de correccié de gradient tenen en
compte les fluctuacions locals que conté la densitat electronica, és a dir, que el gas

d’electrons no és uniforme.

Aixi, en aquests metodes, el terme Eyc depén tant de la densitat com del seu gradient.
Generalment, s’afegeix un terme de correccid de gradient al funcional d’intercanvi de

I’aproximaci6 local (AII-39), com és el cas del funcional de Becke de 1988%*.

Per aixo, ha aparegut una serie de metodes de calcul que també afegeixen una correccid
de gradient al funcional de correlacid6 de I’aproximacid local. D’aqui provenen els

potencials de Perdew de 1986”1 1991°°, i el LYP de Lee, Yang i Parr de 1988

%'S.H. Vosko, L. Wilk, M. Nusair, Can. J. Phys., 58, (1980), 1200.

* A.D. Becke, Phys. Rev., A38, (1988), 3098.

% J.P. Perdew, Phys. Rev., B33, (1986), 8822.

% p. Ziesche, H. Eschring (editors), Electronic Structure of Solids, Akademie, Berlin, 1991.
’7C. Lee, W. Yang, R.G. Parr, Phys. Rev., B37, (1988), 785.
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All.5.3.METODES AMB FUNCIONALS HIBRIDS

Son una alternativa als métodes amb GGA, 1 es basen en la introduccid de

I’energia d’intercanvi exacta trobada en I’aproximaci6 Hartree-Fock (E,™).

De fet, I’energia de Hartree-Fock, que en funcié de la densitat es formula com:

Elp] = TTp] +JIp] + K[p] + Veulp] (AII-40)

es pot considerar com un cas especial de la DFT on J'[p] = J[p], ExIp] = K[p], Ec[p] =
01Tlp] = Tslp].

El métode hibrid més simple és 1’anomenat Aalf and half °**, que aplica un funcional al

HF + 1~ LDA 1.: o
qual £, 1 E.”7° hi contribueixen cadascun en un 50%.

D’altres métodes més complexos es basen en dades empiriques per determinar la
proporcié amb que cal que contribueixi cada terme energetic. Per exemple, el métode
B3LYP i el seu analeg sense restriccio d’spin UB3LYP, desenvolupats a partir del que
Becke proposa el 1993, combina I’energia d’intercanvi de Hartree-Fock (£,"") amb el
funcional d’intercanvi d’Slater'® (E, "

d’intercanvi de Becke de 1993” (AE%*), I’energia de correlaci6 local de Vosko, Wilk i

), la correcci6 de gradient del funcional

Nusair” (E.”"™) i la correcci6 de gradient del funcional de correlacio no local de Lee,

Yang i Parr’’ (AECLYP):
Exc :A_ExSlater + (]-A)'EXHF _|__ B'AEx393 + E(/VVV]V + C'AELLYP (AII_41)

Els parametres 4, B i C van ser establerts per Becke ajustant-los a valors experimentals
d’energies d’atomitzacid, potencials d’ionitzacio, afinitats protoniques i energies

atomiques de diversos sistemes.

Ara per ara, el caracter semiempiric dels funcionals hibrids constitueix 1’tnic problema

a superar en aquests metodes de calcul DFT.

% A.D. Becke, J. Chem. Phys., 98,(1993), 1372.
% A.D. Becke, J. Chem. Phys., 98, (1993), 5648.
100 y C. Slater, Quantum Theory of Molecular and Solids, McGraw-Hill, New York, 1974.
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All.5.4 METODE TIME DEPENDENT DFT

Els métodes DFT sén metodes que no contemplen, per si sols, I’estudi d’estats
excitats 1, per aixo0, cal recorrer al formalisme denominat Time Dependent (TD). El
métode TD DFT'*"'%? proporciona una extensié rigurosa del DFT de Hohenberg, Kohn
i Sham, que ¢és independent del temps, a una situacié en la que un sistema, situat
inicialment en el seu estat estacionari fonamental, es veu sotmes a una pertorbacid
depenent del temps mitjancant la modificacié del potencial extern. Aixi, s’ introdueix un
potencial efectiu depenent del temps per a un sistema de particules independents, els

orbitals de les quals porten a la mateixa densitat que el sistema interaccionant.

Aixi, doncs, partint de I’equacié de Kohn-Sham depenent del temps:

{— ; V2 4y, (r, z)}y (r,¢)= igw (r,?) (AII-42)

ot

Aquesta equacio pot derivar-se per a un sistema de particules independents, els orbitals
de les quals donen la mateixa densitat de carrega que el sistema interaccionant, assumint

I’existéncia d’un potencial v,y que pren la forma:
veﬁ.(r,t)z V(t)+ VSCF(r’t) (AI1-43)

on v(t) és una pertorbacié que s’aplica sobre el sistema i vscr (r,t) és el potencial SCF

definit com:

Veep (r,) = Ji(f’rt)dr v (r.1) (AIL-44)

r-r!

on el potencial de correlacid-intercanvi v, es dona com la derivada funcional de 1’accio

d’intercanvi-correlacio (A4y.):

o)=L S8 1o Yo (AT45)

"' E.Runge, E.K.U. Gross, Phys. Rev. Lett., 52, (1984), 997.
22 R E. Stratmann, G.E. Scuseria, M.J. Frisch, J. Chem. Phys., 109, (1998), 8218.
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Aqui, encara que el funcional 4,. sigui desconegut, és aproximadament E,., el funcional
de correlacio-intercanvi de la teoria de Kohn-Sham, el qual és una funcio6 p ; de I’espai a

un temps fix. Aquesta aproximacio rep el nom d’aproximacié adiabatica.

Per a un sistema, inicialment a 1’estat fonamental, I’efecte de la pertorbaci6 introduida

en el hamiltonia de Kohn-Sham per un camp aplicat dv(z) és:
OV (r’ t ) = Sv(t ) +0Ver (r’ t ) (AII-46)

on Ovscr(T,t) és la resposta linial SCF del canvi en la densitat de carrega donat per:
8p(ro) =38P, (@), (r)y (r)+2 8P, (@, (r)y (r) (AI1-47)

on 0P(w) és la resposta linial de la matriu densitat Kohn-Sham, usant els subindex i,j
per indicar els orbitals moleculars ocupats, a,b pels virtuals i s,z,u,v pels orbitals

moleculars com no pertorbats.

Aixi, es pot escriure la resposta linial de la matriu densitat de Kohn-Sham per a un camp
aplicat com:

5P, (co)=(A"”8vfff(w) (AII-48)

on Any, és la diferéncia en els nombres d’ocupacio i €s [ per st = ai 1 —1 per st = ia. € és
I’energia dels orbitals moleculars i w son les energies d’excitacio, les quals es

determinen com valors propis de

vl A oy

on X, :Spai(w): Y., :SBa((D)s Aai,bj :Sab5y‘(8a _81‘)+Kai,bj i Bai,bj = Kai,_/b .

Finalment, mitjangant la regla de la cadena i a partir de les equacions All-44, AIl-45 1

AlI-47 es calcula la matriu d’acoblament K pel TD DFT:
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Ko = o = b (O, 6 6 (s O 0, 69).

uyv

(AII-50)

S’ha de fer notar que la matriu A només implica les monoexcitacions, mentre que la
matriu B implica les mono i les biexcitacions. Per tant, el TD inclou efectes de
correlacié de I’ordre de les biexcitacions, les quals no es tenen en compte en el metode

CIS. Per aixo, es pot dir que el TD introdueix una major correlacio que el CIS.

All.6.METODES HiBRIDS

Descriure tedricament les reaccions quimiques amb un model acurat requereix
meétodes que normalment no son aplicables a molécules grans. No obstant aixo, hi ha
alguns metodes per vorejar aquest problema. Sovint, s’usen sistemes model petits per
descriure el centre reactiu que normalment es situa a una regidé particular de la

molécula %1%

. Una altra aproximaci6é és utilitzar hamiltonians simplificats com als
métodes empirics i semiempirics'®. Encara que la validesa i I’aplicabilitat depén
enormement de la parametritzacid 1 no pot generalitzar-se, una solucié obvia d’aquest
problema és la partici6 del sistema en dues o més parts o capes, on la part d’interes
(capa interna) es tracti a un nivell computacional alt i la resta del sistema (capa externa)
a un nivell computacional més baix. Aquesta idea no és nova, a la literatura s’hi troben

moltes i diferents implementacions'®®'07108:10%-110-111

. Aquests metodes s’anomenen
hibrids perque inclouen diferents nivells de calcul per a diferents parts d’un mateix

sistema.

Els metodes hibrids es distingeixen principalment en dos aspectes. El primer fa

referéncia a les diferents maneres de tractar la regio frontera de les parts del sistema

1 N Koga, K. Morokuma, Chem. Rev., 91, (1991), 823.

194 A Veillard, Chem. Rev., 91, (1991), 743.

195 3. Aqvist, A.Warshel, Chem. Rev., 93, (1993), 2523.

196 J. Gao, Reviews in Computational Chemistry, vol.7, VCH, New York, 1995.
7D, Bakowies, W. Thiel, J. Phys. Chem., 100, (1996), 10580.

"% . Bakowies, W. Thiel, J. Comput. Chem., 17, (1996), 87.

' U.C. Singh, P.A. Kollman, J. Comput. Chem., 7, (1986), 718.

"9M.J. Field, P.A. Bash, M. Karplus, J. Comput. Chem., 11, (1990), 700.

"U. Eichler, K.M. Kélmel, J. Sauer, J. Comput. Chem., 18, (1996), 463.
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molecular. Entre dues capes hi ha una intercapa. Si no hi ha enllagos covalents entre les
capes, aquesta regio fronterera no té perque existir. I si n’hi ha s’ha d’escollir el lloc per
delimitar la capa interna. Aixo fa que un enlla¢ covalent uneixi un atom que ¢és tractat a
un nivell de calcul amb un altre atom tractat a un nivell de calcul diferent i que per tant,

aquest enllag en delimitar les capes es “trenqui”.

Hi ha diverses maneres de solventar el problema d’aquest trencament. Una possibilitat
¢s construir un altre model quimicament virtual, en el qual es substitueixin aquests
atoms units per un enlla¢ covalent fronterer per uns “atoms d’uni6d” o link atoms, que

solen ser hidrogens, per simular els enllagos covalents del sistema real.

Un segon aspecte a considerar és la interaccid entre les parts interna i externa del
sistema. També hi ha diverses formes de solventar aixo. Una d’elles es basa en
I’aproximacio:

E(X-Y) = E(X) + Ex(Y) + Eintercapa(X, Y) (AII-51)
on E(X-Y) I’energia total del sistema X-Y, essent X la regi6 internai Y I’externai 112
els diferents nivells de calcul amb els que es tracta el sistema, 1 Einercapa(X,Y) €és

I’energia d’interaccid entre les dues capes.

D’altra banda, si E(X-Y) es calcula aixi:

E(X-Y) = Ex(X-Y) - Ex(X) + E{(X) (AII-52)
aleshores tindrem un model d’extrapolacié'' i, en aquest cas, no hi ha la necessitat d’un
hamiltonia d’interaccié especial, ja que la interaccid entre les dues capes ¢és tractada
consistentment a nivell computacional baix. Obviament, les dues aproximacions sén
equivalents si:

Ex(Y) + Eintercapa(X,Y) = E2(X-Y) - Ex(X)  (AIL-53)
és a dir, si Eiyercapa(X,Y) correspon a I’energia d’interaccid exacta al respectiu nivell de

calcul baix.

125 Humbel, S. Sieber, K. Morokuma, J. Chem. Phys., 105, (1996), 1959.
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All.6.1. METODE ONIOM
El programa GAUSSIAN inclou un métode hibrid denominat ONIOM (Our own

N-layered Integrated molecular Orbital and molecular Mechanics) que permet tractar
un sistema amb diferents nivells de calcul, que ha estat desenvolupat pel grup del Prof.
Morokuma'"®. L us de dit programa ha estat fonamental per a la introduccié dels efectes
del medi i1 supramoleculars des del punt de vista d’aquest estudi; encara que donada la
seva relativa novetat com a metode quantic electronic, ha estat necessari un cert periode
d’ajust 1 assaig per optimitzar els meétodes a usar a cada zona depenent del nivell de
calcul, aixi com la frontera Optima per delimitar ambdues regions. Un avantatge del
metode ONIOM és la no necessitat intrinseca de limitar I’estudi a dues zones, podent-se
aixi definir fins a tres zones de nivell de calcul (es podria generalitzar facilment a més
de tres) decreixent a mesura que hom s’allunya del centre reactiu. L’ONIOM inclou els
métodes IMOMM'™*  (Integrated Molecular Orbital and Molecular Mechanics) i
IMOMO'" (Integrated Molecular Orbital and Molecular Orbital) i esta basat en un
sistema d’extrapolacid. El sistema molecular pot dividir-se en tres capes diferents

connectades arbitrariament i cada capa pot tractar-se a un nivell teoric distint.

’ \ . . . \ . 11 \
L’ONIOM té, en poténcia, moltes aplicacions en calculs de macrocicles 6 molécules
organiques''’, compostos de coordinacié, clusters i fenomens de superficie''®,

el 19
complexos organometal-lics

1 també per a I’elucidacié estructural mitjancant la
prediccié d’espectres de RMN'?’, aixi com I’obtencié de les fregiiéncies en IR i

121
Raman“, ...

'S Dapprich, I. Koméaromi, K.S. Byun, K. Morokuma, M.J. Frisch, J. Mol. Struct. (THEOCHEM), 461-
462, (1999), 1.

"4 F. Maseras, “Quantitative consideration of steric effects through hybrid Quantum
Mechanics/Molecular Mechanics Methods” dins el llibre Computational Organometallic Chemistry,
Cundary & Dekker, New York, 2001.

15 K. Morokuma, T. Vreven, J. Comput. Chem., 21, (2000), 1419.

16 H E. Zimmerman, 1.V. Alabugin, V.N. Smolenskaya, Tetrahedron, 56, (2000), 6821.

"7 K. Morokuma, R.D.J. Froese, Chem. Phys. Lett., 305, (1999), 419.

"8 4 -R. Tang, K.-N. Fan, Chem. Phys. Lett., 330, (2000), 509.

"9 B. Goldfuss, F. Rominger, Tetrahedron, 56, (2000), 881.

120 p B. Karadakov, K. Morokuma, Chem. Phys. Lett., 317, (2000), 589.

12 M. Svensson, S. Humbel, R.D.J. Froese, T. Matsubara, S. Sieber, K. Morokuma, J. Phys. Chem., 100,
(1996), 19357.
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Considerem el cas de dues regions. Denotem doncs, quatre sistemes: Real a nivell baix,
Model a nivell baix, Model a nivell alt i Real a nivell alt, on Model correspon a la zona

interna (en el present cas és el guest).

Aleshores, I’energia extrapolada Egnijom €s defineix com:

Eoniom = Enaix(Real) + E (Model) — Ep,ix(Model) (AII-54)

on Eoniom és una aproximacio a I’energia del sistema Real a nivell alt;
Eai(Real) = Eoniom + D (AIl-55)
D = E,(Real) - E;(Model) — [Epaix(Real) - Epix(Model)] (AII-56)
Aixi, si ’error del procediment d’extrapolacio (D) és constant per a dues estructures
diferents, la seva energia relativa AE,(Real) pot ser avaluada correctament mitjangant
AEoniom. Davant de la impossibilitat de calcular E,(Real), ja que si es pogués fer no

tindria sentit usar ’ONIOM per a aquesta finalitat, calcular D només ¢és possible per

induccid, prenent com a variables geometriques diverses estructures similars.

El sistema Model comprén la capa interna 1 els link atoms (atoms d’unio) i el sistema

Real compren tant la capa interna com 1’externa.

Es denoten les coordenades dels atoms del sistema Model i del Real com R;, les
coordenades dels /link atoms al sistema Model com R, les coordenades dels atoms
substituits pels /ink atoms al sistema Real com Rj 1 les coordenades dels atoms de la

capa externa no substituits per /ink atoms com R4. Aixi, la geometria del sistema Real és

descrita per Ry, R3 i R4 i d’aquestes coordenades en dependra ’energia Egniom = (R,

R3a R4)

De cara a generar el sistema Model, descrit per R, i els link atoms per R,, es defineix R,

en funci6 de R; i R; com R, = (R4, R3).

En els calculs del sistema Model, els link atoms estan sempre aliniats al llarg dels
vectors d’enllag del sistema Real. Per a la posicid exacta R, d’un simple atom
d’hidrogen al llarg de I’enlla¢ A-B (R3-R;), s’introdueix un parametre de distancia g.

Aixi,
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R2 = Rl + g( R3-R1) (AH-57)
Per calcular el gradient de tot el sistema a partir de 1’energia es té:

VE viom (Rl Ry, R, ) =VE,, (Real )(Rl Ry, R, ) +VE,, (MOdel )(Rl R, ) J(Rz — R, R, ) +
~VE,,. (Model R,,R,)-J(R, > R,,R,)

(AII-58)
on J és la matriu jacobiana que projecta les forces de tots els link atoms (R;) a R; 1 Rs.
Ara només resta calcular la matriu de derivades segones de l’energia respecte les

coordenades nuclears o matriu hessiana H.

Aixi s’obté:
H o vi0u (R1 Ry, R, ) =H
_Jt(Rz - R1,R3)'H

baix (Real)(Rl Ry, R, )+ J (Rz —> R, R, ) H
(Model)R,, R, )-J(R, > R,,Ry)

(Model\(R,,R, )-J(R, — R, R, )+

alt

baix

(AII-59)
Pero les freqiliencies normals de vibracid que s’obtenen d’aquesta matriu hessiana estan,
normalment, sobreestimades; per aixo es realitza un escalat'?. Es clar que aquest escalat
dependra del conjunt de base i del metode de calcul. Aleshores, s’introduiran factors

d’escala diferents a les matrius hessianes de nivells de calcul distints com es pot veure a

AII-60.

H oyviom (R1 Ry, R, ) = CZaix (Real)' H,,. (Real)(Rl Ry, R, )"‘

+c2,(Model)-J*(R, = R,R,)-H,,(Model\R,,R,)-J(R, = R,R,)+  (AII-60)
~Crui (MOdel)' J' (Rz — R, R, ) H,,, (MOdel)(R1 R, ) J(Rz - R, aRs)
El procés d’optimitzacio6 en el meétode ONIOM no consisteix en una serie
d’optimitzacions successives de diferents parts de la molecula, siné que es tracta d’una
successio d’iteracions a dos nivells: macroiteracions dins les quals s’inclou un procés

microiteratiu tal i com il-lustra el diagrama de flux de la Fig.34.

122 A P. Scott, L. Radom, J. Phys. Chem., 100, (1996), 16502.
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convergida?
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FIGURA 34: Diagrama de flux del procés d’optimitzacio en ONIOM



Les macroiteracions son més cares, computacionalment parlant, ja que inclouen calculs al
nivell alt. Aleshores, el sistema ideat permet incorporar un procés de microiteracions que
tenen un cost computacional molt més reduit. Les macroiteracions tenen lloc a un nivell de
calcul alt (pels casos estudiats, ab initio 1 DFT) i les microiteracions a un nivell baix
(empiric o semiempiric). S’inicia el procés amb unes coordenades de partida que
defineixen la geometria inicial R; 1 R,. Seguidament, es calcula 1’energia i el gradient
inicials al nivell de calcul alt i, a continuacio, s’entra en el procés de microiteracions on,
amb R, 1 R; fixats, s’optimitza R4 al nivell de calcul baix. Quan I’energia convergeix, es
dona per finalitzat el cicle de microiteracions, obtenint pel nivell de calcul baix una energia
1 un gradient. Tal com s’ha exposat abans, I’energia i el gradient total es calculen sumant
I’energia 1 gradient obtinguts pel nivell de calcul baix del sistema Real amb 1’energia i
gradient inicialment calculats amb el nivell de calcul alt del sistema Model, tot restant-li
I’energia i el gradient pel nivell de calcul baix del sistema Model. Una vegada obtinguts
I’energia i el gradient totals, es passa a la segiient macroiteracié comprovant si aquests
convergeixen a partir del criteri de convergencia. Si €s aixi, el calcul ja ha finalitzat.

Altrament, es defineixen unes noves coordenades R; i R i es reinicia el procés.

En els casos que s’estudien, no caldra definir R, ni R3 ja que soén coordenades que es
refereixen als link atoms 1 aquests no es tenen en compte, car no hi ha enllagos covalents a
I’intercapa; per tant el calcul es simplifica donat que la matriu jacobiana que projecta les

forces dels link atoms es converteix en la matriu unitat.

Tal com es defineix el meétode ONIOM, no es pot trobar una funci6é d’ona de tot el sistema
complet. Encara que la densitat es pot definir clarament com la suma de densitats, igual

que I’energia. Aixi,

pONIOM = pbaix (Re al) + palt (MOdel) - pbaix (MOdel) (AIl-61)

I a partir de la variaci6 de ’energia amb el camp eléctric F es pot calcular el moment

dipolar p com:

" OE onions _ OB pun (Real) , OEu, (Model)  0E,,, (Model) (AI-62)

oF oF oF oF
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All.7.CONSTRUCCIO D’UNA HIPERSUPERFICIE
D’ENERGIA POTENCIAL

Fins ara, s’ha explicat com calcular I’energia electronica d’un sistema quimic
donada la seva geometria. A continuacid, es veura com aquests calculs energétics

serveixen per construir una hipersuperficie d’energia potencial U(R).

Després de desacoblar el moviment nuclear del moviment electronic mitjancant
I’aproximacié de Born-Oppenheimer, la resolucié de I’equacié de Schrodinger electronica
(AIl-4) dona I’energia U(R) que inclou tots els termes energétics, excepte el cinétic
nuclear. Aquesta funcio energetica rep el nom d’hipersuperficie d’energia potencial 1 el
seu prefix fa referéncia a la impossibilitat de representar-la graficament a 1’espai
tridimensional (quan la molécula té més de 2 atoms) ja que la seva dimensionalitat és 3N-6

(essent N el nombre d’atoms del sistema).

U(R) permet traduir qualsevol canvi estructural de la molécula a la variacié d’energia
potencial que aquest implica (es pot saber, per exemple, si augmentar un determinat angle
estabilitza o desestabilitza el sistema), per aixo es converteix en una eina molt til a ’hora

d’estudiar la dinamica d’una reaccio.

Estrictament, s’hauria de treballar sempre a I’espai (3N-6)-dimensional representat per R.
Aix0 és possible quan es calcula U(R) perd no pas a I’hora de representar-la graficament.
Per tal d’adaptar-ho a la visio tridimensional s’haura d’escollir només una (cas
monodimensional) o bé dues (cas bidimensional) coordenades que puguin reproduir les
caracteristiques més rellevants de la superficie real i aixi fer una reducci6é dimensional. La

dificultat rau en ’eleccio de la/les coordenades adients.

La superficie d’energia potencial que es representa, doncs, no sera (R, U(R)) sind (x, U(x))

en el cas monodimensional i (x, y, U(X,y)) en el cas bidimensional.

Pel cas monodimensional, per exemple, només és necessari un conjunt de punts (x, U(x))
que descrigui 1’evolucio dels nuclis al llarg de la reaccié quimica. Si es té la geometria de
la molécula es pot calcular U(x), tal i com s’ha explicat a 1’apartat anterior. Pero, com se

sap quina x correspon a cada geometria? El primer que s’ha de fer és calcular els punts
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estacionaris que la superficie ha de descriure, de manera que es tinguin les estructures dels
reactius, productes, intermedis 1 estats de transicid. Després cal determinar aquestes
geometries mitjancant metodes d’optimitzacid i finalment trobar les x dels punts intermedis

a través de metodes d’interpolacio.

All.7.1.0PTIMITZACIO DE GEOMETRIES

Les optimitzacions de geometria requereixen trobar els punts estacionaris de la

superficie d’energia potencial.

Suposant que s’esta situat a un punt de la superficie (g;) i es fa un petit desplagament,
’energia del punt final (¢ ) pot expressar-se en funcié de la del punt inicial mitjangant un

desenvolupament en série de Taylor. Si es fa I’expansié fins al terme quadratic tenim:

u(G,)=U(G,)+ 35 %EH((;,. 5 (AIL63)

(el simbol ~ indica que s’ha transposat el vector)

on S és el vector desplacament (q r- d;), g és el vector gradient (derivades primeres de

I’energia potencial U) i H la matriu hessiana o de derivades segones.

ouU
o { (AIL-64)
aSiaS.f ij=I,.,3N

U(i)

Si el punt inicial és un punt estacionari, g(ql.) =0 o el que ¢és el mateix, =0 per
9,
j7=1,2,...,.3N, en aquest cas
_ _ 1= \=
= l J— l _
Ulg,)=u@)+ ZSH(q )S (AT1-65)
. 12 \=
i )7 A i -
AU(G, —3,)= 2SH(Q )S (AI1-66)

Truncant I’expansi6 en série de 1’energia al segon ordre, I’increment d’energia produit per

un desplacament ve donat només per H. En aquestes condicions, es podria diagonalitzar H
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a través d’una matriu P, la qual cosa portaria a un sistema de coordenades ¢’. Vegi’s el

desenvolupament matematic a continuacio:

JP tal que P'=P

PHP=A (AII-67)
essent A la matriu diagonal
A, 00 -+ 0
0O », 0 - 0
A={0 0 . 0 : (AII-68)
oo 0
0 0 0 - Ay

I com que el producte de matrius és associatiu perd no commutatiu, la diagonalitzacio

implicara fer un canvi de base. Aixi,

V=PS (AIL-69)

essent V¥ =| ? | el vector transformat de S en la nova base.

Van

Aleshores, aplicant I’expressio AII-67 i I’ AII-69 sobre I’ AII-66 s’obté:

~
—

AU=%VT’HPI7= VAV=%Z7LZ. v} (AI1-70)

1
2
I ja que els quadrats de (vl,vz,...) son positius, aleshores el signe de AU depén de les A;

que indiquen la corbatura. D’aquestes n’hi haura sis que seran zero ja que al llarg de la

rotacio i la translacié —en molécules poliatomiques- la corbatura no canvia.

Els punts de més interés quimic de la hipersuperficie de potencial sén: minims (reactius,
productes 1 intermedis) 1 punts sella de primer ordre (estats de transicid). Els primers es
caracteritzen per tenir una H amb tots els valors propis positius i els segons per tenir-la

amb un sol valor propi negatiu, a part dels sis zeros trivials.
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Per localitzar efectivament els minims energetics hi ha diferents métodes segons es faci
servir només 1’energia, 1’energia i el gradient o I’energia, el gradient 1 H. EI métode més
rigords, perd que implica un alt cost computacional €s el métode iteratiu Newton-Raphson

on:

- ~ i
4,.,-49,—H, &, (AIL-71)

Quan els punts inicials i les energies d’aquests punts estan suficientment a prop en
iteracions successives, es considera que s’ha localitzat un punt estacionari sobre la
superficie d’energia potencial. Aix0 exigeix calcular 1’energia i el gradient a cada punt.
Estrictament, també s’hauria de con¢ixer la matriu de derivades segones H, pero sovint es
fa una aproximaci6 per tal de no calcular-la. Aixo, tot i que redueix el temps de calcul de
cada pas, pot fer augmentar el nombre de passos necessaris per arribar al minim. Sera,
doncs, convenient fer una bona elecci6 del sistema de coordenades i de la geometria inicial

si, com ha estat el cas, s’utilitza un métode on H és aproximat.

El gradient g en una geometria optimitzada (és a dir, corresponent a un minim local de la

superficie d’energia potencial) ha de valer zero i, per tant, les coordenades corresponents a

aquest punt estacionari vindran donades per I’equacio (AII-71).

Aquest ¢és el fonament del meétode de Newton-Raphson, pel qual és indispensable una
geometria de partida (¢;) i una H inicial, que generalment rep un valor aproximat,

millorable a cada pas de I’optimitzacio.

123
1

Uns altres algorismes son el de Berny Schlegel “” (en coordenades internes redundants), el

qual és una millora del seu algorisme de 1982'**

, que esta forca extes, i el de Fletcher i
Powell'”® que s’aplica a aquells métodes de calcul que els manca una expressio analitica

pel gradient.

A diferéncia del que succeeix en el cas dels minims, els estats de transicié han d’ésser un
minim en totes direccions excepte en una, en la qual han de ser maxims. El vertader estat
de transicid per a un determinat procés elemental ha de complir una serie de requisits que

vénen donats per les regles de Mclver-Komornicki:

123 H B. Schlegel, J. Comput. Chem., 17, (1996), 49.
124 4 B. Schlegel, J. Comput. Chem., 3, (1982), 214.
123 R. Fletcher, M.J.D. Powell, Comput. J., 6, (1963), 163.
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a) Ha de ser un punt estacionari (gradient nul).

b) La matriu hessiana ha de tenir un, i només un, valor propi negatiu.

¢) Ha de ser un maxim energetic d’un cami monodimensional continu que uneixi els
minims de reactius i productes de la reacci6 que interessa.

d) Si més d’un punt compleix els requisits anteriors, 1’estat de transicié de la reaccid

sera el de menor energia de tots ells.

Es necessari disposar d’una matriu hessiana molt acurada per tal d’arribar a 1’estat de
transicio, fet pel qual esdevé quasi imprescindible avaluar-lo analiticament, com a minim a

I’inici de I’optimitzacio.

D’estrategies per a localitzar un estat de transicidé n’hi ha més d’una. En aquest treball s’ha
emprat, fonamentalment, I’algorisme de Berny Schlegel que s’engloba dins els metodes
anomenats de localitzaci6 directa. Perd, també s’ha usat en alguns moments el métode de

la coordenada de reaccio.

El métode de la coordenada de reaccid, conegut també com el metode de la coordenada
distingida'®®, té els seus origens en el métode de relaxacid proposat per Empedocles'’.
Consisteix en seleccionar una o dues coordenades internes del sistema com a variables
independents de la funci6 d’energia potencial. Llavors, per a cada conjunt de valors fixats
d’aquestes variables es deixa que la resta adoptin aquells valors que facin minima

I’energia. D’aquesta manera es construeix una superficie reduida.

El cami construit segons aquest métode, sovint té el problema de la histéresi quimica'*®,
¢s a dir, camins de reacci¢ diferents per a la reaccid directa i la inversa, que poden no
arribar a trobar-se. Aix0 succeeix, sobretot, quan les variables triades no soén bones

representants de la vertadera coordenada de reaccio.

Un cop construit el cami de reaccio, per trobar 1’estat de transicié segons aquest metode
només és necessari trobar-ne el maxim. El métode d’Empedocles, perd, dona tinicament

una orientacid de la geometria del veritable estat de transicid. Sovint €s emprat per fer una

126y S. Kong, M.S. Jhon, Theoret. Chim. Acta, 70, (1986), 123.
127p_ Empedocles, Theoret. Chim. Acta, 13, (1969), 139.
"2 M.J.S. Dewar, S. Kirschner, J. Am. Chem. Soc., 93, (1971), 4291.
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exploracié prévia de la hipersuperficie de potencial, just abans d’emprar métodes de

localitzacid directa.
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