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Abstract. We present an extension of our semiempirical
floating occupation MO-CI approach for the determi-
nation of ground and excited state potential energy
surfaces of interest in photochemistry. The QM/MM
variant of the method, which allows for electrostatic and
van der Waals interactions between the QM and MM
subsystems, is supplemented with a treatment of cova-
lent interactions based on Antes and Thiel’s connection
atom approach. We concentrate on the correct treat-
ment of electrostatic interactions concerning the con-
nection atom, on the specific requirements for the
representation of excited states, and on the transfer-
ability of the optimal parameters. We show the viability
of the method with four examples of connection atoms:
S in a thioether bridge, acylic C, aliphatic C, and N in a
peptide. The results obtained with the QM/MM treat-
ment compare well with all-QM results of the same level.

Keywords: Hybrid QM/MM methods — Connection
atom — Semiempirical methods — Photochemistry —
Photobiology

Introduction

Ab initio Quantum Mechanical (QM) methods have been
shown over the years to be effective in providing insight
about the structure, energetics and dynamical processes of
molecular systems. They have been successful in repre-
senting chemical events that cannot be modeled by simple
force fields, like bond breaking and formation, and
electronic transitions. In general, they are able to repre-
sent changes in the electronic and nuclear structure along
a given reaction coordinate. Despite the fact that there has
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been remarkable improvement in ab initio methods and
algorithms, applications are still limited by their compu-
tational cost. Aside from any consideration of the accu-
racy of a particular method, they still appear to be limited
to systems containing tens or a few hundreds of atoms.
However, if one is interested in studying excited states, the
use of correlated electronic wave functions is mandatory
for reliable results, so the computational demand is
consequently increased. The applicability of ab initio
techniques is further limited in the field of dynamic sim-
ulations, because of the very large number of calculations
needed to build a potential energy surface (PES) or run
direct dynamics [1, 2].

Semiempirical methods [3-5] have long been appre-
ciated for their speed and overall reliability for ground
state molecules. The NDO model in its standard
implementations (MNDO [6, 7], PM3 [8], AM1 [9]) has
been parameterized primarily for geometries and ener-
gies of organic molecules using an SCF wave function.
However, when used in conjunction with correlated
wave functions, and applied for instance to excited
states, the regular parameters do not guarantee reliable
results. Reoptimization of semiempirical parameters,
usually for a specific molecule, is a necessary step in
order to obtain a fast method able to give acceptable
results for large systems. In particular, our group has
developed a new technique which extends the applica-
bility of Configuration Interaction in the semiempirical
context. Instead of using canonical SCF monoelectronic
functions, we compute Floating Occupation Molecular
Orbitals (FOMO) [2, 10]. Their occupation numbers
vary according to the molecular geometry: as a result,
homolytic dissociation is correctly treated and orbital
degeneracy is automatically satisfied if necessary. The
virtual orbitals are partially optimized and the quality of
the CI development is enhanced. In this framework,
standard semiempirical parameters are even less suitable
and a reoptimization is mandatory for good results.
This strategy has already been applied to run “on the
fly” dynamics of several processes, including the



photodissociation of CIOOCI [11] and the decay of the
first two excited states of benzene [12].

On the other hand, methods based on classical force
fields (MM) have been parameterized in order to give
quantitative agreement with structures and energetics of
ground state molecules, as determined experimentally or
through ab initio calculations. The molecular energy is
decomposed into two-, three- and four-body interaction
terms that can be computed extremely quickly. Of
course, any classical force field is intrinsically inadequate
to represent events where the quantum nature of the
electronic motion is manifest, such as excited states,
electronic transitions and bond rearrangements. How-
ever, if the portion of the molecular system where the
electrons must be explicitly treated with a Quantum
Mechanical approach is localized, then a mixed QM/
MM method can be resorted to. Indeed, QM/MM
strategies join the reliability and general applicability of
quantum mechanics to the effectiveness of molecular
mechanics, so that complex systems can be investigated.
Since the pioneering work done in the early 70’s (see for
instance [13, 14]) and especially after the seminal paper
of Warshel and Levitt (1976) [15], many variants of the
method have been developed and successfully applied
(for reviews see references [16, 17]). In a preceding paper
[18], we described a QM/MM extension of our semi-
empirical FOMO-SCF-CI method. In our approach, as
in some others too, the QM and MM subsystems
interact through electrostatic terms which are included
in the QM Hamiltonian, so as to influence directly the
computed wavefunctions. This feature is essential for a
correct treatment of surface crossing situations. Addi-
tional Lennard-Jones terms provide a representation of
the dispersion-repulsion interactions between the two
subsystems. This method can be applied to QM mole-
cules interacting in non-covalent ways with MM sol-
vents, solid surfaces, biological matrices, and so on. In
the present paper, we want to focus on the QM/MM
boundary, in cases where the two regions are linked
together through a covalent bond. Different approaches
have been proposed. The first idea was to saturate the
valence of the QM part by adding a monoelectronic
atom (link atom [19-22], usually a hydrogen), invisible
to the MM part of the system. Several variants of the
link atom method have been proposed, with the aim to
overcome the ambiguities in the treatment of the inter-
actions involving the link atom [23-26].

Another approach involves the use of localized
orbitals centered on a boundary atom which has both
QM and MM nature [27]. The boundary atom carries
atomic basis functions but it also concurs in defining
the MM potential through the frontier. In the Local
SCF wvariant developed by Rivail and coworkers
[28-30] the boundary atom is bound to three other QM
and one MM atoms. It forms four hybrid sp® orbitals.
Three of them, pointing toward the QM atoms, are
included in the SCF and contribute to the definition
of the molecular orbitals, while the fourth one is
oriented along the QM-MM bond and is kept frozen
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throughout the SCF optimization. Direct comparison
on benchmark compounds, with care taken in parti-
tioning and treatment of electrostatic, link atom and
Local SCF methods, have shown comparable results:
neither gave systematically better results [31]. A similar
approach has been developed by Gao who used Gen-
eralized Hybrid Orbitals [32]. Here, the boundary atom
is connected to three MM atoms and one QM atom.
Only the hybrid orbital pointing at the QM atom is
included in the SCF procedure, while the other three
are frozen.

A third strategy uses an adjusted connection atom, as
demonstrated by Antes and Thiel in a semiempirical
scheme [33]. Here, the boundary atom is a hydrogenoid
atom with one s atomic orbital. Since it replaces a car-
bon atom, the basis function is of 2 s type. Its electron
interacts quantum-mechanically with the rest of the QM
portion of molecule while the interaction with the MM
atoms is ensured by mechanical and electrostatic
embedding (model B in [33]). The wave function is
determined under the influence of an electric field pro-
duced by all the MM charges excluding those centered
on atoms directly bound to the connection atom. This
simple ansatz is quite adequate for alkyl residues, such
as those treated by Antes and Thiel.

In this paper, we present a variant of the connection
atom approach, the main difference with respect to
Antes and Thiel residing in the treatment of the elec-
trostatic interaction between the boundary atom and the
MM environment and in the parameterization, which is
adapted to our FOMO-SCF-CI treatment. We show
how to obtain the semiempirical parameters in bench-
mark molecules and then we apply them to two molec-
ular systems. The first one is a dipeptide containing a
triptophane and a glutammic acid, which can be con-
sidered a general piece of a polypeptide with low lying
excited states and the ability to establish strong intra-
molecular hydrogen bonds. It may constitute an exam-
ple of how to split a proteic polymer into QM and MM
parts. The second one is azobenzenophane, as an
example of a big organic ring.

In the following section we describe our method, and
in the section after that we discuss how the semiempir-
ical parameters have been reoptimized for four types of
connection atoms. Then, in the next two sections, we
report applications of our method to two large mole-
cules. Conclusions are offered in the final section.

Theory

The total Hamiltonian in any QM/MM partitioning strategy can be
written as a sum of three terms:

H = Hom + Homymm + Hvm (1)

In our approach, as in Antes and Thiel’s [33], the QM portion
includes the connection atom (CA) and its electron. Hqym is the
semiempirical Hamiltonian for all the QM atoms. Hyg, contains
all of the terms provided by the adopted force field and involving
only MM atoms; since it does not depend on the electronic coor-
dinates, it is a state-independent additive term.



272

Haowmmm contains all of the coupling terms between the QM
and MM portions. At the present level of theory, these are of three
kinds:
Hom/mm = HSI?/ILI/IMM + H(\{)(WMM + HSICI/MM (2)

The electrostatic term contains the Coulomb interactions of
QM cores and electrons with MM atomic charges:

Coul _ qodm qm
HaNi = D "= 2% 3)
om om m

im

Here and in the following i/, & and m number electrons,
QM nuclei and MM atoms, respectively; ¢, is the core charge of the
QM atom « and ¢, is the atomic charge of the MM atom m. The
second term in HSO \, is added to Hqy to perform the calcula-
tion of the electronic wavefunctions and energies. According to the
rules of NDO, only two-center one-electron integrals need to be
evaluated; they are of the type A, = (u|—gm/Rin|v), where p and v
are basis functions centered on the same QM atom. The approxi-
mate form of the 7, integrals we have actually used is given in
Appendix A.

The van der Waals interactions between QM and MM atoms
are:

12 6
Oy Ou
Hg]{/\l)‘?MM = 4§ Eom |:<R_m) - (R m) :| (4)
wn am am

with &, = \/€,&, and 64, = \/0,0,. The summation runs over all
o, m pairs. As an exception, as in most MM force fields, the 1-2 and
1-3 interactions (atoms connected by one or two covalent bonds)
are discarded: this situation occurs across the QM/MM boundary
gnd_ involves the CA. H(V)‘WMM, as well as the first term ian&‘\’/}‘/lMM,
is simply added to the total energy and is not state-specific.

The Hgy v term  groups MM-like contributions which

involve the CA, at least one MM atom, and possibly one or two
QM atoms. It is mainly through this term that the PES’s depend on
distances, angles and dihedrals involving covalent bonds across the
QM/MM boundary.

Contrary to all other QM atoms, the CA has a fractional core
charge:

‘ICA:QJFI*Z‘]m (5)

In this way, we can attribute to each MM atom the atomic
charge ¢,, as prescribed by the adopted force field, still preserving
the total charge QO of the QM + MM system. Usually Q =0; nev-
ertheless, each of the QM and MM subsystems may be charged. In
practice, the gca charge is mainly determined by the MM atomic
charges of the groups directly bound to the CA: for instance, if the
CA is a carbon atom bound to oxygen and/or nitrogen gca exceeds
1 and induces the expected polarization in the next QM bond. The
CA also interacts electrostatically with all of the MM atoms,
through both the ¢gca charge and the electronic density, as
expressed in Eq. 3. In most MM force fields (for instance, in
AMBER) the electrostatic 1-2 and 1-3 interactions are not com-
puted and the other MM interactions (bond stretching, bending,
and so on) are parameterized accordingly. Since we prefer not to
alter the MM parameters concerning the CA, we should treat the
electrostatics with consistency; in other words we should include all
of the interactions of the CA with MM atoms, except for its first
and second neighbors. These interactions are essentially propor-
tional to gcat¢e, where gg~—1 is the CA electronic charge.
Therefore, when computing the 1-2 and 1-3 electrostatic terms in
H&(}I/MM (and only in these cases), we use a core charge ¢’ca =1,
which cancels out ¢, approximately and annihilates the total
interaction.

Optimization of semiempirical parameters

The semiempirical parameters of the connection atoms (in
a similar way to those of the other QM atoms) have to be
optimized: an atom containing one electron only has to
reproduce the geometry and the electronic structure of the
entire environment, like in a full QM calculation. The
general approach to this problem is to list a certain
number of properties (at least geometrical data and
energies) of one or more molecules that contain the same
chemical environment for the connection atom, and
reproduce the same properties at QM/MM level. The
QM/MM calculations have been carried out with a
development version of the MOPAC [34] semiempirical
code merged with the AMBER [35] force field. In the
following, all of the QM atoms in the QM/MM calcula-
tions, apart the CA’s, are represented by regular or pre-
viously reoptimized AM1 parameters. The optimization
consists of the minimization of the target function:

Z W; (ds.i - do,i)2

F:
>

(6)

over all the molecules and data. Here d; are the semi-
empirical results, dj is the reference data (obtained from
experiment and/or good quality calculations) and w; are
weights. In this work, we consider a single molecule as
the benchmark and we show that our approach gener-
ates parameters that are transferable to other, more
complex, systems. This is reported in the next sections.

As a first case we optimized the sulfur atom in the
simplest thioether, (CH3),S, because of the interest in
sulfur bridges in organic and biological chemistry. In the
QM/MM calculation a methyl group was included in the
QM part (semiempirical CAS-CI with four electrons in
four orbitals, using standard AM1 parameters and
floating occupation molecular orbitals with a Gaussian
width equal to 0.2 hartree), the other methyl being
treated at MM level with the GAFF-AMBER force
field, explicitly developed for organic molecules, with
atomic charges computed ab initio, as described in
ref. [36]. The central sulfur atom was, of course, the
connection atom, characterized by a single 3 s atomic
basis function (see Fig. 1) and the core charge was equal
to 0.8976. The data included in the optimization were
the S-C(QM) distance, the Mulliken charges of all of the
QM atoms, and the energy profile as a function of the
S-C(QM) bond distance, computed with four rigid
displacements of £0.1 and +0.05 A from the equilib-
rium geometry. Note that the Mulliken charge of the
connection atom incorporates its core charge ¢.. The
corresponding reference data were obtained with an
MP2 ab initio calculation with the cc-pVTZ Dunning’s
basis set. The optimization was carried out with a sim-
ulated annealing procedure [37]. Table 1 reports refer-
ence ab initio and optimized semiempirical QM/MM



Fig. 1. The model compound (CH3),S for the parameterization of
S as connection atom. Balls represent QM atoms, sticks MM atoms

results which agree very well. We took care to ensure that
the lowest excited state lies at least 5.5 eV above the
ground state at the equilibrium geometry, to ensure that
the connection atom does not produce fictitious low-lying
excited states involving the adjacent ¢ and ¢* orbitals.
The second benchmark system was a substituted
glycine. It was saturated with a NH-CHj3 group on the
acylic side and with a CO-CHj; on the aminic one (see
Fig. 2). This molecule was used to obtain three different
sets of parameters for connection atoms: the amidic
nitrogen (N), the acylic carbon (C) and the tetrahedral
carbon (Ct). In the first case, the connection atom (N) is
bound to a QM carbon with sp® hybridization, to an
MM hydrogen, and to the MM CO-CH; group (see
Fig. 2, upper panel). In the second case the CA (acylic
carbon) was surrounded by an sp® QM carbon, the MM
oxygen, and the MM NH-CHj; group (see Fig. 2, middle
panel). The aliphatic carbon Ct is bound to the acylic
QM carbon, two MM hydrogens and an MM nitrogen
(see Fig. 2, lower panel). These three connection atoms
were provided with a 2 s atomic basis function. The QM
reference calculation was a semiempirical AM1 CI with
eight electrons in eight orbitals, limited to triple excita-
tions only, with floating occupation molecular orbitals
(width=0.2 hartree). In the QM/MM calculations the
CI active space was limited to four electrons in four
orbitals. The MM force field was the standard AMBER
for proteins, which also supplies the values of the atomic
charges. Accordingly, the core charges of the connection
atoms were 0.7003 for N, 1.7133 for C and 0.9764 for Ct.
As in the case of the sulfur atom, the target data were
the distance between the CA and the adjacent QM sp°
carbon, the Mulliken charges of the QM subsystem, and
the energy profile of the CA-QM bond. In addition we
considered the bond length with the isolated MM atom
(O or H) and the vertical excitation energy to Sj.
Actually, the system contains two peptidic groups and
therefore has two low-lying n — 7* states. However, all
of the QM/MM calculations include only one peptidic
group in the QM subsystem and consequently only one
n — n* state will be found. The connection atoms Ct, N
and C occupy the o, f and y positions with respect to the
QM carbonyl group, respectively. In all of the cases, we
had to make sure that the ¢ and ¢* orbitals of the CA
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Table 1. Results for the optimization of the semiempirical
parameters for dimethyl sulphide: target abinitio and reparame-
terized QM/MM results. Weights for the data are also reported

Ab initio QM/MM Weight

S—C(QM) distance (A) 1.804 1.777 50
Mulliken charges

S —-0.1126 —0.1166 10

C —-0.2559 —-0.2692 6

H1 0.0998 0.0930 4

H2 0.0998 0.0930 4

H3 0.1127 0.0972 4
Energies (eV) at distorted

S—-C(QM) distances

-0.1 A, 0.1286 0.1098 2

—-0.05 A 0.0296 0.0272 2

0.05 A 0.0254 0.0246 2

0.1 A 0.0940 0.0961 2

Fig. 2. The substituted glycine used to parameterize the peptidic N
atom (upper panel) and C (middle panel) and the aliphatic C atom
(Ct, lower panel). Balls and sticks represent QM and MM atoms
respectively

were not involved in the peptidic n — ©* excited state.
Actually, this requirement is most easily fulfilled when
the CA is far from the chromofore. In this scenario, the
worse case is represented by the Ct atom which is
directly bound to the carbonyl.

The all-QM results confirmed that there are two
almost degenerate n — 7©* excited states characterized
by localized excitation in the two peptidic groups.
Consequently, the three optimizations have to provide
approximately the same vertical transition energy for S;.
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Tables 2, 3 and 4 report the results for the N, C and Ct
connection atoms, respectively.

As a general remark, we notice that the bond dis-
tances between the connection atoms and the closest
QM and MM atoms are in very good agreement with the
corresponding reference data. Despite the fact that the
connection atom has only one electron and one basis
function, and moreover its electrostatic MM embedding
is very different with respect to a real environment
constituted by nuclei and electrons, the electronic charge
distribution in the QM subsystem is not substantially

Table 2. Results for the optimization of the semiempirical
parameters for the amidic N in the substituted glycine (see Figure 2
upper panel): target AM1 and reparameterized QM/MM results.
Weights for the data are also reported

AM1 QM/MM Weight

N-C(QM)distance (A) 1.437 1.445 150
N-H(MM)distance (A) 0.995 1.001 1
Mullik encharges

NgConn.At.) -0.3903 —-0.4464 1

sp’C —-0.0214 —-0.0232 1

H1 0.1010 0.1245 1

H2 0.1010 0.1245 1

Peptidic C 0.3661 0.3640 1

Peptidic O —0.4428 -0.5012 1

Peptidic N —-0.3651 —-0.3518 1

Peptidic H 0.2265 0.2362 1
Energies (eV) at distorted

N-C(QM)distances

-0.1 A, 0.2786 0.2628 4

—-0.05 A 0.0648 0.0642 3

0.05 A 0.0571 0.0569 3

0.1 A 0.2116 0.2160 8
Excited state (eV) 4.14 4.09 5

Table 3. Results for the optimization of the semiempirical
parameters for the acylic C in the substituted glycine: target AM1
and reparameterized QM/MM results. Weights for the data are
also reported

AM1 QM/MM Weight
C-C(QM) distance (A) 1.532 1.534 150
C-O(MM) distance (A) 1.246 1.236 2
Mulliken charges
C (Conn.At.) 0.3661 0.6334 2.5
sp> C -0.0214 -0.0205 2
H1 0.1010 0.1063 1.5
H2 0.1010 0.1063 1.5
Peptidic N —-0.3903 —-0.3802 1.5
Peptidic H 0.2469 0.2612 1
Peptidic C 0.3674 0.3612 1
Peptidic O —0.4482 —0.4499 0.5
Terminal sp® C —0.2065 —0.2084 0.5
Energies (eV) at distorted
C-C(QM)distances
-0.1 Ao 0.2490 0.2592 2
—-0.05 A 0.0570 0.0592 2
0.05 A 0.0480 0.0482 2
0.1 A 0.1730 0.1711 2
Excited state (eV) 4.14 4.08 5

modified by the breaking of a covalent bond. The exci-
tation energies are slightly underestimated: the largest
error (— 0.12 eV) is obtained when Ct is the connection
atom. Moreover, in this case, we find a non-negligible o
and ¢* contamination of the n — ©* wavefunction.

Table 5 reports the reoptimized semiempirical
parameters.
Azobenzenophane
The  2,19-dithia[3.3](4,4")-trans-diphenyldiazeno <2 >

phane consists of a ring which contains two azobenzene
units linked by two -CH,-S-CH,- bridges. Our interest in
this molecule comes from a broader study carried out in
our laboratory on the photochemistry of azobenzene
[38, 39, 40] and of supramolecular systems based on
azobenzene functionality. This compound has been
studied by Rau and Liiddecke to demonstrate that the
mechanism of trans — cis photoisomerization of azo-
benzene in S; involves an inversion motion [41]. In fact,
apparently the torsional motion along the C-N=N-C
dihedral angle in this compound is hindered by the
tension of the ring. Here we just focus on geometrical
and electronic features to assess the reliability of the
connection atoms, which are in this case two sulfur
atoms.

Experimental data on the molecular geometry and
electronic spectrum are available [41]. It is not easy to
produce a reliable all-QM calculation to serve as refer-
ence for such a big system. On the other hand, we have
already simulated the excited state dynamics of azoben-
zene using semiclassical [39] and quantum methods [40].
Therefore, we have already optimized the semiempirical
parameters for the nitrogen and carbon atoms to get an
accurate representation of the ground state and first three
excited states of azobenzene [39]. We can directly com-
pare the shifts in the transition energies from azobenzene
to azobenzenophane using the corresponding experi-

Table 4. Results for the optimization of the semiempirical
parameters for the tetrahedral C (Ct) in the substituted glycine:
target AMI1 and reparameterized QM/MM results. Weights for the
data are also reported

AM1 QM/MM Weight

C-C(QM) distance(A) 1.532 1.459 100
Mulliken charges

C (Conn.At.) -0.0214 -0.0214 2.5

Peptidic C 0.3661 0.4689 2

Peptidic O —0.4428 —-0.4702 1.5

Peptidic N —-0.3651 —-0.3902 1

Peptidic H 0.2265 0.2316 1

Terminal sp® C -0.0874 -0.1011 0.5
Energies (eV) at distorted

C-C(QM)distances

-0.1 A, 0.2490 0.1963 2

-0.05 A 0.0570 0.0486 2

0.05 A 0.0480 0.0430 2

0.1 A 0.1730 0.1672 2
Excited state (eV) 4.14 4.02 15
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Table 5. Optimized

semiempirical parameters for Parameter S N C Ct

sulfur and peptidic nitrogen (N)

and carbon (C) and tetrahedral ~ Uss ~11.4636158302 ~11.5510913592 ~25.9143353860 ~13.4514522134

carbon (Ct). n indicates the s ~13.6986805840 ~12.9908116907 ~23.5586541962 ~14.2657034001

principal quantum number of  Zs 1.1545008268 1.1242153967 1.0939735163 1.2234953769

the atomic basis function used; 1.3020718805 1.0764930858 1.3946964243 1.4695046726

for the other parameters see [43]  Gss 11.2252957230 16.3758167108 12.3359253484 11.8856958539
K —0.2959768819 —0.5122426232 —0.2822886402 —-0.3156048028
L, 4.5892926321 10.6702903382 9.4980765320 5.8012199929
M, 1.8983396405 1.3362713488 1.3796150939 1.5742505900
K, 0.0418281873 0.0610837625 0.0629927643 0.0577247239
L, 5.0154537672 2.6175313365 4.1885921105 5.4825078424
M, 1.2828125314 —-0.5105622887 2.1210480914 2.1468318567
K3 —0.3198628377 —0.5835698069 —0.1439263952 —0.2334521642
L 5.1845917106 21.0534243879 6.8272068727 5.3825357844
M5 1.8273677516 2.3642526844 2.3469666640 2.3951922703
Ky 0.0372125488 —-0.0587377597 —0.0282225702 —0.1270557422
Ly 4.9292335733 4.9330597165 3.617491946 4.1139242811
My 2.8804361971 1.7776280934 3.7326939634 3.0841720178
n 3 2 2 2

mental data. The azobenzene was computed using a multi
reference single CI starting from a complete active space
with four electrons in four orbitals, adopting floating
occupation MQO’s with width equal to 0.1 hartree. In the
present QM/MM treatment of azobenzenophane, the
QM subsystem includes one of the two azobenzene units,
two standard AM1 CH, groups, and two sulfur atoms
optimized as connection atoms, as described in the pre-
vious section. The MM subsystem consists of the other
azobenzene unit plus two CH, groups. Notice that the
QM treatment of both azobenzene units at a CI level
comparable with the one adopted here, which is neces-
sary to represent the S;-S; excited states, would pose
serious problems of efficiency and consistency. More-
over, the inclusion of the S lone pairs in the QM calcu-
lation would further complicate the definition of the MO
active space. The force field used for the MM part of the
ring was GAFF of AMBER 7 [36] with ESP charges
obtained from an SCF/6-31G* calculation on a para-
substituted azobenzene with two CH3-S-CH,- groups.
The resulting core charge of sulfur was 0.9088. Figure 3
shows the molecule and how the atoms have been parti-
tioned between QM (balls) and MM regions.

The optimized geometry at QM/MM level looks very
similar to the one obtained at pure MM level. They are
superimposed in Figure 4. This similarity could also
serve as a check for the GAFF force field since the QM/
MM optimized geometry compares favorably with
experimental results [41]: the distances between the two
azo groups are believed to be 3.86 A and the QM/MM
calculation yields 3.73 A (an all-MM calculation with
AMBER gives 3.65 A). The two benzene rings have an
average distance equal to 3.57 A while the QM/MM
computed quantity is 3.45 A (AMBER: 3.40 A). Con-
sequently, the two azobenzene units are not perfectly
planar, and the molecular geometry is vaguely elliptical.
The S-C(QM) and S-C(MM) bond distances are 1.788 A
and 1.829 A, respectively (AMBER: 1.827 A) this is in
line with the results obtained for the benchmark mole-
cule, (CH3)2$

Fig. 3. Azobenzenophane used as a test case for the sulfur
connection atom. Balls and sticks represent QM and MM atoms
respectively

Fig. 4. Optimized geometries of the azobenzenophane: grey, all-
MM calculation; black, QM/MM
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Fig. 5. Triptophane-glutammic acid dipeptide used as a test case
for the peptidic N, C and Ct connection atoms

Moving from azobenzene to the azobenzenophane
molecule, the first two excited states show a different
behavior [41, 42]: the absorption maximum for S; is
blue-shifted from 447 to 436 nm (from 2.77 to 2.84 eV)
while S, shows a red-shift, from 316 to 340 nm (3.92 to
3.65 eV). The same trend is obtained with our calcula-
tions, although the shifts are somewhat overestimated:
S; changes from 2.93 eV in the azobenzene molecule to
3.24 in the benzaphane compound (vertical excitation).
For S, we obtain 4.27 and 3.58 eV for azobenzene and
azobenzenophane respectively.

TRP-GLH dipeptide

We applied the peptidic C and N and tetrahedral Ct
reparameterized connection atoms to a dipeptide con-
taining glutammic acid and triptophane, the structure of
which is drawn in Figure 5. This compound was chosen
to test possible intramolecular hydrogen bonds between
a QM and an MM part of the system. Triptophane has
low-lying excited states and we wanted to verify that the

Fig. 6. Partition of the triptophane-glutammic acid dipeptide in
QM (balls) and MM (sticks) subsystems, used to test the peptidic N
(left panel), C (middle panel) and Ct (right panel) connection atoms

e

QM/MM treatment is able to preserve the electronic
structure of the ground and of the excited states. Three
tests were carried out on this compound: the QM sub-
system was defined in turn as one or the other of the two
aminoacids, depending on the chosen connection atom.
Figure 6 shows how the atoms are partitioned in the
three calculations. The atoms represented by balls
belong to the QM subsystem. One can see that the
connection atoms have been chosen to be the peptidic C-
7 and N-1 atoms and tetrahedral C-9. The correspond-
ing QM parts of the compound contained glutammic
acid for C and triptophane for N and Ct. Of course, in
any application of the method, the appropriate QM/
MM partition depends on the focus on the reactive and/
or excited state processes of interest. In the following we
shall focus on the properties of the QM-MM frontier
regions. In fact, the further we go from the connection
atom inside the MM or the QM regions, the easier it is
to reproduce the expected QM or MM behavior. Before
going into details, we stress that the results depend on
the particular choice of the force field and the QM
Hamiltonian chosen, in the sense that even pure QM and
pure MM calculations give slightly different results.

We optimized a local minimum of the ground state
but we did not need to find the absolute minimum,
because there is no rule to ensure that all-QM and all-
MM calculations (let alone the three QM/MM ones)
would provide the absolute minimum at the same con-
formation. We just checked that the five local minima we
found (QM, MM and three QM/MM) belonged to the
same conformation. The three QM/MM calculations
were performed using a CI wave function containing
single and double excitations (CISD) in a window of
orbitals: when the triptophane was included in the QM
part, the window contained ten electrons in eight orbi-
tals; for the glutamic acid we adopted an active space of
eight electrons in seven orbitals. Consistently with these
choices, the QM reference calculation was carried out
with an 18 electron/15 orbital CISD. In all calculations
the Hamiltonian was a standard AM1 and the Gaussian
width for the floating occupation of molecular orbitals
was 0.2 hartree. The MM force field was again
AMBER. The CA core charges were 0.7281, 1.5670 and
1.0439 for N, C and Ct respectively.

w




Table 6. Comparison between

geometric and electronic AMI N C Ct AMBER
parameters obtained at different
Computationa] levels: pure]y Charge C5 0.285 0.362 0.597 0.315 0.597
semiempirical AM1; QM/MM Charge C2 0.015 0.034 0.027 0.012 0.027
calculations with C, N and Ct Charge C4 —-0.096 —0.098 —-0.005 -0.109 —0.005
as connection atoms (see Fig. 5 Charge H3 0.168 0.172 0.078 0.124 0.078
for the labels and Fig. 6 for the ~Charge N1 -0.361 -0.434 -0.416 -0.404 -0.416
definition of the QM and MM Charge H6 0.220 0.272 0.272 0.231 0.272
subsystems); the entire system Charge C7 0.331 0.597 0.386 0.320 0.597
computed using the AMBER Charge O8 -0.376 —-0.568 —-0.568 -0.377 —-0.568
force field. Mulliken charges are ~ Charge C9 0.008 0.014 0.148 0.113 0.014
reported for atoms in the QM Charge HI11 0.141 0.078 0.122 0.078 0.078
region (bold) and MM atomic Charge C10 —-0.159 —-0.007 -0.179 —-0.007 —-0.007
charges for the other ones. Charge N12 —-0.382 -0.416 -0.397 -0.416 -0.416
Bond distances (A) are also Dist. C5-C2 1.553 1.522 1.544 1.555 1.542
reported (see Figure 5 for Dist. C4-C2 1.539 1.524 1.537 1.535 1.537
labeling). Note that the Dist. C2-N1 1.441 1.421 1.469 1.441 1.471
distances between two QM Dist. N1-H6 0.989 0.991 1.018 0.993 1.001
atoms are in bold and those Dist. N1-C7 1.375 1.326 1.356 1.388 1.335
involving the connection atom Dist. C7-08 1.242 1.232 1.245 1.252 1.228
are in italics. The last five rows Dist. C7-C9 1.550 1.540 1.535 1.497 1.541
contain vertical transition Dist. H11-C9 1.135 1.091 1.145 1.095 1.091
energies: © — 7* states are Dist. C9-C10 1.538 1.543 1.551 1.545 1.542
located on the indole group of ~ Dist. N12-C9 1.442 1.467 1.464 1.454 1.467
trip[ophane while n — ©* ones E(Sl) 396 1 > w* 3.88 7 — n* 423 n — n* 387 n > n* —
are localized on the peptidic E(S») 422 n —> n* 417 1 — n* - 417 1 — n* -
groups E(S;) 4.66 n —» n* 4.74 n - n* - 534 n - n* -
E(Sy) 481l n > n* - — - -
E(Ss) 483 n —> n* - - - -

The results are summarized in Table 6 (see Figure 5
for the labels). Here we compare Mulliken charges (only
for the QM atoms), bond distances, and the vertical
excitation energies for the QM, the three QM/MM cal-
culations and also the corresponding one performed
with the force field only. The Mulliken charges deter-
mined by QM/MM methods are very similar to the
corresponding ones obtained at all-QM level. This tells
us that the QM-MM cut does not significantly alter the
electronic distribution in the QM region of the system.
In addition, the five lowest singlet excited states of the
dipeptide are also obtained in one or another of the
three QM/MM calculations: the two lowest states (3.96
and 4.22 eV) are 1 — 7* excitations of the indole group
while the three next at 4.66-4.83 eV are n — 7* excita-
tions of the peptidic groups. The same order is obtained
when the triptophane only is computed at QM level (N
and Ct connection atoms), and the energies of the two
lowest states (n — n*) agree with the all-QM calcula-
tion. When the CA is N, we also get one n — ©* state,
approximately at the right energy. When it is Ct the
n — ©* energy is largely overestimated, showing that the
contamination with ¢ and ¢* could spoil the transfer-
ability of the connection atom parameters, as far as the
excited states are concerned. The calculation of the QM
glutammic acid (C as CA) provides one peptidic n — ©*
state, and its energy is underestimated by ~0.4 eV.
Apparently the presence of the indole group influences
the position of the n — n* states. This is confirmed by
an all-QM calculation for the same dipeptide without
the indole group (alanine-glutammic acid dipeptide):
here the lowest state is a peptidic n — 7n* at 4.29 eV (the

isolated indole has two m — m* states at 3.90 and
4.23 eV).

The bond lengths obtained in the QM/MM treatments
are very close to all-QM or all-MM results, respectively,
when both atoms belong to the QM or to the MM region
of the system. The bond lengths involving the CA (in italic
in Table 6) should be compared with all-QM or all-MM
results when the partner is a QM or an MM atom,
respectively. The largest error (— 0.05 A) occurs in the C-
7-C-9 bond length when C-9 is the Ct connection atom.
The second largest (— 0.03 A) occurs between two QM
atoms (C-5-C-2), with N as CA. All other errors do not
exceed 0.02 A.

Conclusions

We have conjugated our semiempirical QM/MM mul-
tistate method [2, 10, 18] with Antes and Thiel’s con-
nection atom approach [33]. As a result, we have
described a viable QM/MM strategy, which can be
applied when there are covalent bonds linking the QM
and MM subsystems, and is able to treat excited states
and bond breaking or formation in the QM portion.
The transferability of the connection atom parame-
ters allows us to optimize them for a model compound
and to use them in much larger molecules, for which
structural and energetic data are not available and/or
the optimization would be a burden. We have success-
fully applied this procedure for two examples, a large
cyclic molecule composed of two azobenzene units
joined by -CH,-S-CH,- bridges, and a triptophane-glu-
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tammic acid dipeptide. In this way we have tested the
method for four different connection atoms: S in the
thioether group, and the acylic C, amidic N and ali-
phatic C in a peptide.

The results show that the most important goal (to
reproduce the electronic structure of the QM subsystem,
as it can be computed in an all-QM treatment) is
achieved. The treatment of the excited states of a peptide
is particularly exacting. In fact, each aminoacid has at
least one chromophore and one should not place the
connection atom too close to a chromophore belonging
to the QM subsystem: this is shown by the example of
the aliphatic carbon positioned in o with respect to a
peptidic group. Anyway, this choice is quite acceptable
for studying ground state phenomena.

The calculation of energies and energy gradients by
the QM/MM procedure illustrated in this paper is very
fast, even with a large MM environment. On the other
hand, a specific parameterization of the semiempirical
CI method allows one to obtain accurate ground and
excited state PES for practically any molecule. These
favorable features are currently being exploited in sim-
ulations of photochemical events in supramolecular
systems of various kinds, including biological chromo-
phores embedded in proteins.

Appendix A

Here we give the expressions we have used in the cal-
culation of the monoelectronic integrals:

qdm
By = () Lm.
o = (A )

(7)
where p and v are atomic orbitals centered on the same
atom o, and R;,, is the distance between the electron i
and the point charge ¢,,,.

Following the standard MNDO rules, the above
integral is approximated by a bielectronic integral:

(®)

where s, 1s an s-type atomic function centered on the
MM atom m. The bielectronic integral (Eq. 8) is in turn
evaluated using the standard MINDO rules; the only
other approximation we made was to neglect the pene-
tration effect of the s, orbital into the charge distribu-
tion puv.

Considering only s and p type atomic functions we
have

h;w =qm (,uV|SmSm)

dm oy Im

Sl =2 )

oy (L1 oo

o2 o) =2 (s )5 (=)
(10)

q_m _ ﬁl B ﬂz /
<po|Rim Iper) = R2 44
+ ﬁzéa,a’ (1 1)

where R = /x2 + )2+ 22 is the distance between the
atoms o and m and

(0-7 o = xvyvz)

1 1 1
ﬁl:q’”<|R25q|+|R+25q|_E> (12)

2 1
In | ———
JR et R

where J, and 6, are semiempirical derived parameters
characterizing the sp and pp charge distributions, given
in terms of the Slater exponent and the principal quan-
tum numbers of the orbitals involved [43].

B = (13)
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