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Connection atoms are proposed as an alternative to link atoms in semiempirical hybrid calculations that divide
a system at a €C single bond into a quantum mechanical (QM) and a molecular mechanical (MM) region.

A connection atom interacts with the other QM atoms as a specially parametrized QM atom, and with the
other MM atoms as a standard carbon MM atom. Detailed definitions of these interactions are given for three
QM/MM coupling models (A mechanical embedding, B/C electronic embedding without/with MM
polarization). Semiempirical connection atom parameters are derived for three standard methods (MNDO,
AM1, PM3) such that the adjusted connection atoms closely reproduce the geometrical and electronic properties
of methyl groups. The corresponding deviations are generally smaller than the intrinsic errors of these methods.
QM/MM test calculations on proton affinities confirm the usefulness of the adjusted connection atoms,
particularly in coupling model B. Connection atoms are conceptually superior to link atoms in that they do
not introduce extra centers and thus lead to well-defined potential surfaces. In addition, they allow an improved
semiempirical description of the QM/MM interactions.

1. Introduction orthogonal hybrid orbitals are then used in the actual QM/MM
calculation3®~#1 These orbitals are assumed to be transferable
and are not allowed to adapt during the QM/MM calculation.
The generalized hydrid orbital (GHO) approéis a refinement

of this concept: the QM part is saturated by a pseudoatom with
three frozen hybrid orbitals such that the electron density in
the cut bond can readjust in the QM/MM calculation.

beIn the second and most widely used approach, each free
valency is saturated by a so-calléidk atom?3 normally a
hydrogen atom (or a pseudohalogen atom in the case of the
HYPERCHEM softwar#®). The presence of additional “un-
physical” link atoms may cause problems in the definition of a
meaningful potential surfacee.g., because of extra degrees of
freedom due to link atoms or the need for link atom corrections
to avoid double counting. Furthermore, there is some ambiguity

potentialst8 which have first been proposed by Warshel and °" how to treat the QM/MM interactions involving the link -
Levitt in 1976 and have become quite popular during the past atoms, and different link atom options have been considered in

decade’38 Hybrid QM/MM methods have been used to study order to minimize any associated artifatts.
solvent effectg;”15 reaction mechanisms in enzyniddé-23 It would clearly be advantageous to saturate each free valency

electronic excitations in the condensed pHsé and topics ~ ©f the QM region by a pseudoatom that occupies the same
in organometallic and inorganic chemistry, particularly position as the r!elghborlng. MM atom in the bond being .CUt
catalysis® 38 These latter studi@ 38 have used ab initio and and that mimics its electronic influence as closely as possible.
density functional QM methods, while most of the organic and 1he recently proposed pseudobond appréaaddresses this
biochemical QM/MM applications have employed semiempirical 9@l at the ab initio and density functional QM level, by
QM components. introducing a one-free-valence atom with seven valence elec-
A central issue in the QM/MM approach is how to partition trons, a flourine basis set, and an effective core potential
the system into QM and MM regions and how to treat the QM/ gle5|gned to mimic a €C smgle_ b(_)nd. We have develop(_ed and
MM interactions for different QM/MM combination&> Special 'mP'eme“ted a conpep_tually _S|m|I_ar aprO”m the semiem-
problems arise when the QM/MM boundary disrupts covalent pirical QM level, which is outlined in this article (further details
bonds, leading to one unsaturated valency per cut bond in thebelng available from ref 46)' . . .
QM calculation. There are two major concepts for dealing with N our approach we define ajusted connection atowith
this situation. a special parametrization that connects the QM and MM regions.
In the approach of Rivail and co-workers, the electron density It may be viewed as a QM atom with some additional classical

of this bond is precalculated, and the corresponding “frozen” bonded terms. Its interactions with the neighboring QM carbon
atom (in the bond that is formally cut) are treated entirely by

 Max-Planck-Institut fu Kohlenforschung, Kaiser-Wilhelm-Platz 1, ~ quantum r_“eChaniCS’ thereby removing any double COl_JI_’lting a}nd
D-45470 Miheim, Germany. the associated corrections that have plagued the traditional link
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In recent years, advances in computer technology and
theoretical methodology have significantly extended the size
and complexity of systems that are accessible to quantum
mechanical (QM) calculations. Normally, however, it is still
not yet practical to study large-scale problems with thousands
of atoms by pure QM methods. On the other hand, this is often
not even necessary, because the processes that need to
described at the QM level usually occur in a fairly localized
region (e.g., bond breaking and making in the active side of an
enzyme, or electronic excitation within a chromophor). It may
therefore be sufficient to treat only this relevant localized region
by quantum mechanics and to include the influence of the
surroundings at a simpler level, e.g., by molecular mechanics
(MM). This is the idea behind the combined QM/MM
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atoms Je X plus any connection atoms CA (using standard
carbon force field parameters for CA). The pure QM energy
EgM(Y—CA) is obtained from a QM calculation for an isolated
molecule Y-CA (using special connection atom parameters;
see section 3). The interaction ene@M,MM(X,Y) is deter-
mined solely from the force field.

Etor = Enm(X—CA) + Egu(Y —CA) + Equm (X.Y) o
Egumim(X.Y) = Eqi®tX,Y) + E(X.Y) + Efi(X.Y)
3)
Conceptually, the interactions of a connection atom with all
MM atoms are included ity (X—CA), while those with all
QM atoms are represented thro%(Y—CA). Hence, in eq
3, the bonded termBESor®®{X,Y) only consist of bond angle
adjusted connection atom and torsion angle contributions (involving the connection atom
Figure 1. Definition of the QM and MM regions for ethanol. The  and at least one QM and one MM atom), while the nonbonded
QM/MM cut is made through the € C; bond when using link atoms,  van der Waals terrrEX/ld,\\?/(X,Y) and Coulomb termEKAo,\‘;ll(X’Y)
or the G atom (CA) in the connection atom approach. are composed of contributions from QM/MM atom pairs only

hes he other hand. bonded i . ith (excluding connection atoms).
atom approache® On the other hand, bonded interactions wit In model A of the link atom scherfethe pure MM term

MM atoms are handled clgssmally, using carbgn force field EI\A/IM is handled exactly as described above, Eég(Y—L) is
parameters for the connection atom. To be specific, we assume

; also computed for an isolated molecule. However, there are more
that carbor-carbon bonds are cut and that the connection atom ; . ) .
. . oo - QM/MM interaction terms since the atom replaced by the link
is adjusted such that it mimics the properties of an attached

methyl group. The parameters for the connection atom are atom L (i.e., the equivalent of the connection atom) is treated

. ) - S . as a regular MM atom. In the specific example of methanol
determined by a semiempirical calibration designed to reproduce(Figure 1), the link atom scheme includes QM/MM force field
theoretical QM reference data (energies, geometries, dipc’lecontributic;ns for G—Cp, O—Cy—Cyp, Hy—Cy—Cy, Ha—Cy—C.
moments, and charge distributions) for suitably chosen methyl __ H-0-C,—C asz,well a; nozr,lbozndei:i foﬁze e%ieldlint:rac-
compounds. This ensures that the connection atom remains af‘ o2

approximately the same position as the carbon atom being lons betyveen the Qand' the QM region, all of which are
. e - . missing in the connection atom scheme, where they are
replaced and that it has similar electronic properties.

represented bigg,, (Y —CA).
2. Theoretical Background Coupling model B provides an electronic embedding of the

. i . . QM region, by determining the QM wave function under the
We have previously defined a hierarchy of QM/MM coupling  infiuence of the external charges:

model$ and investigated different treatments of link atcws?6

In this section we present the corresponding definitions for Y—CA X
connection atoms a_nd relate them to those for link atoms, using H. (Y —CA;X) = H,(Y—CA) — z afry @
an analogous notation as before. — e

Consider a molecule XY partitioned into an MM region X

(atoms J) and a QM region Y (atoms A). The QM/MM division {1y —CA:X) andFl¢(Y —CA) are the electronic Hamiltonians
is made through a particular bond that is saturated by a link for Y —CA with and without the external field, respectively,
atom L in the established link atom scheme or through a which is generated by the MM atomic point charggsutside
particular connection atom (CA) in our current approach. Figure the connection group (consisting of the carbon connection atom
1lillustrates these different QM/MM divisions for ethanol. When gpq any covalently bound hydrogen atom: G& CH; in
connection atoms are used, the total energy can generally bey _cH, CG= CH, in Y—CH,—R, CG= CH in Y—CHRR,
written as a sum of a pure MM terfum(X—CA), apure QM and CG= C otherwise). Excluding point charges from the
term Equ(Y —CA), and an interaction terrBqmmmm (X,Y). connection group is motivated as follows: The QM parameters
for the connection atoms are optimized such that they reproduce
E = Eyn(X—CA) + Equ(Y —CA) + Equmu(X,Y) (1) the properties of Y¥-CHz (see section 3) and thus effectively
absorb the influence of any internal methyl charges. Most force
Comparing with the corresponding expression in the link fields treat the Chl CH,, and CH units as charge grodpwith
atoms scheme, there is no correcti@ni,”> which was an overall net charge of zero, and it is thus reasonable to assume
previously needed to remove spurious link atom contributions that a parametrized connection atom may represent each of those
from the total energy and thereby caused an artificial distinction units (see section 4 for numerical validation). Excluding point
between the total energy and the Be@ppenheimer potential  charges from the connection group thus conserves the net charge
energy surfacé.Because of the absense of such corrections, of the interacting MM region and also avoids spurious short-
the connection atom treatment avoids this deficiency at the outsetrange Coulomb effects. In option L2 of the link atom schéfhe,

and provides a well-defined potential surface. all QM atoms and link atoms experience the influence of
The simplest coupling model®Anvolves mechanical embed-  external charge according to eq 4 so that this option is the closest
ding of the QM region. The pure MM terrE’QM(X—CA) is link atom analogue to the connection atom approach; in contrast,

evaluated according to the prescriptions of the chosen force field option L1 includes all MM charges (also from CG) but excludes
and includes all force field contributions that refer only to the any interactions between MM charges and link at&ifs®
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A QM calculation with the given Hamiltonian, eq 4, provides parametrizing the connection atom to mimic a methyl group,
apure QM energE%M(Y—CA) that is IowertharEgM(Y—CA) one can effectively extend the QM region compared with the
due to the polarization of the QM region induced by the MM link atom scheme. Therefore, fewer force field terms are required
point charges. It contains the Coulomb interaction energy to describe the QM/MM interaction in general, and only more

between the QM and MM regions: distant MM polarization effects need to be included in model
C. Moreover, due to the absence of extra atoms, the potential
coul Y CA X Y_CA X N surface is well-defined in the connection atom treatment.
Egu(X.Y—CA)= g POV, + Z ; ZyqyV o
T 1Te 1“ce 3. Parametrization
(5) The success of the present approach will largely depend on

how well the connection atom can simulate the electronic and
geometrical behavior of a methyl group (in the sense of a united
pseudoatom). It would seem reasonable to use a pseudohalogen

Here, P,, and Z, are density matrix elements and nuclear
charges, respectively}w fw and VA denote nuclear attraction

integrals and Coulomb repulsion terms that describe the M . X
interaction between a unit charge at MM atom J and an electron With Seven valence electrons and an sp-basis for this pufpése,

or core A in the QM region, respectively. In eq 5, the QM but in a semiempirical context an even simpler representation
summations include the connection atoms. while the MM turns out to be feasible, namely a connection atom with one

summations exclude the charge in the connection groups. Having’2/énce electron and a single 2s orbital. .
incorporated the Coulomb interactions from eq 5 into Connection atom parameters have been determined for the

i iri 50
5,1~ CA), they must not appear i oler energy erms to SRS Semieniical QM meiods NGB Fond
avoid double counting. This is ensured by the following : P P
. ; s, one-center one-electron eneldy, one-center two-electron
definitions for model B: ; -
integralgss resonance parametgg, repulsion termo). In the
case of AM1 and PM3, the parameters for the core repulsion

B _ B _ B v B
Eiot = Eum(X—=CA) + Equ(Y =CA) + Equam(X.Y)  (6) Gaussians are also required. Keeping the standard parameters

B _ _ A _ _ pcoul for all other elements fixed, those for the connection atom were
BEum(X=CA) = By (X—CA) = BEqu(X,CA) - (7) optimized by a nonlinear least-squares procedbire.
EgM/MM X,Y) = EgM/MM X,Y) — Eth:/clahtjll(x,Y) 8) The reference data for the parametrization (heats of formation,

geometries, dipole moments, net atomic charges) were generated
The explicit QM/MM interaction term, eq 8, thus contains only PY standard MNDO, AM1, and PM3 calculations, respectively.

the bonded and the nonbonded van der Waals force field PUring the course of the parametrization, typically—3D
contributions from model A, see eq 3. methyl compounds were employed as reference molecules,

In model B of the link atom scheme 5, the atom replaced by including hydrocarbons, alcohols, ethers, carboxy acids, alde-
the link atom is again treated as a redular MM atom. which Nhvdes, ketones, and amines; the final reference set contained
inplies Eyyy = Eyy- ConcermningEdym (X.Y), the definit’ion 29 molecules (see Supporting Information). In the parametriza-

is analogous to eq 8, and the distinction between the link atom tion runs, the methyl groups were replaced by connection atoms
and connection atom treatments is the same as for model Awhose parameters were adjusted to reproduce the reference data

(see above). for these compounds. The optimized parameters are listed in
In addition to electronic embedding, coupling model C (eq Table 1. . . .
5) accounts for MM polarization: The quality of these parameters may be judged by comparing
the results for methyl compounds and the corresponding
1 X analogues with connection atoms. Such comparisons have been
EC, =E>—— ;Pz W F O (9) carried out for the 29 molecules of the final training set covering
23 S heats of formation, dipole moments, and net connection atom
charges, as well as bond lengths, bond angles, and dihedral
where x) and [F,denote the components of the induced angles involving the connection atoms. A statistical evaluation
atomic dipole moment and the QM electric field, respectively. of the available datd is given in Table 2. Obviously, heats of
In the chosen classical treatment, short-range polarization isformation are well reproduced when connection atoms are used
damped in an empirical mann®&and MM atoms at the QM/  (see Tables S1S3 of the Supporting Information). The mean
MM boundary are considered unpolarizable (UP) to avoid absolute deviations of 1.3 (MNDO), 1.6 (AM1), and 0.9 (PM3)
unreasonably large polarization effects. In the link atom scheme, kcal/mol are considerably lower than the intrinsic errors relative
the only unpolarizable atom is the one replaced by the link atom to the experimental valug§;52 and the maximum absolute
(e.g., G in Figure 1), whereas all atoms bound covalently to deviations within the training s&tare not excessive (MNDO
the connection atom are unpolarizable in the present approach3.4, AM1 5.5, PM3 1.7 kcal/mol). Likewise, dipole moments
(e.g., H, Hs, Hg in Figure 1). Conceptually, the parametrized are well reproduced, with mean absolute deviations of about
connection atom should effectively absorb any polarization 0.1 D. The net charges of the connection atoms are generally
effects within the methyl group that it replaces, and therefore close to those of the methyl groups being replaced; they are
models B and C are equivalent in the connection atom treatmentuniformly somewhat too low in MNDO and somewhat too high
for methyl compounds ¥ CHs. in AM1 and PM3. Concerning the geometric variables, the
This completes the definition of coupling models-& when substitution of a methyl group by a connection atom also leads
connection atoms are used. Compared with the link atom to relatively minor changes, typically by less than 0.01 A for
scheme, the QM/MM division has essentially been shifted from bond lengths and 12° for bond angles and dihedral angles
the QM/MM bond being cut to the connection atom (see Figure involving the connection atom (and significantly less for the
1). The connection atom has a dual character. Generally remainder of the molecule). To be specific, the mean absolute
speaking, it acts as an MM carbon atom in the MM region and deviations between the-€CA and the corresponding-GCHs
as a specially parametrized QM atom in the QM region. By bond lengths amount to 0.007 (MNDO), 0.005 (AM1), and
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TABLE 1. Parameters for the Connection Atom

parameter MNDO AM1 PM3
Cs (au) 0.93258788 1.15644960 1.43824357
a (1/A) 1.64501728 1.46212100 1.96719427
Ps (eV) —12.67678925 —11.20857778 —9.94923778
Uss(eV) —13.37151483 —11.83958268 —11.59537348
Oss(eV) 11.89194026  11.39327472  11.60459808
Core Repulsion Gaussians

Gl

prefactor —0.30401893 —4.25077548

exponent (1/4) 5.07141717 6.90952417

width (A) 1.62230340 1.51754243
G2

prefactor 0.05480783 4.40160107

exponent (1/4) 5.21442318 5.37194220

width (A) 1.97508768 1.48927868
G3

prefactor —0.25449049

exponent (1/A) 5.10879333

width (A) 2.26466753

4

prefactor —0.11453638

exponent (1/A) 4.70889286

width (A) 2.92552463

a Standard notatiof 5! see text.

TABLE 2: Statistical Evaluation of the Deviations between
the Results for Methyl Compounds and the Connection

Atom Analoguest

mean abs
method property N meanerror error std dev
MNDO heats of formation 29 0.5010 1.3217 1.7115
(kcal/mol)
bond lengths (A) 29 —0.0006 0.0069 0.0090
bond angles (deg) 30 —0.3968 1.4867 1.8488
dihedral angles (deg) 22 0.4486 1.1623 2.5525
dipole moments (Debye) 29 0.0419 0.0807 0.0999
atomic charges (e) 29 —0.0459 0.0459 0.0492
AM1 heats of formation 29 0.2293 1.5859 2.0747
(kcal/mol)
bond lengths (A) 29 0.0009 0.0051  0.0067
bond angles (deg) 30 —0.6165 1.3908 1.8151
dihedral angles (deg) 22 0.2404 1.3173 2.4178
dipole moments (Debye) 29 0.0494 0.1026 0.1236
atomic charges (e) 29 0.0275 0.0275 0.0294
PM3 heats of formation 29 —0.2496 0.8828 1.0912
(kcal/mol)
bond lengths (A) 29 —0.0006 0.0082 0.0096
bond angles (deg) 30 0.0621 0.7023 1.0808
dihedral angles (deg) 22 0.0191 0.3603 0.4902
dipole moments (Debye) 29 0.0222 0.0677 0.0820
atomic charges (e) 29 0.0342 0.0342 0.0360

aN comparisons for the final training stt.

©

Figure 2. Definition of the QM and MM regions for diethyl ether,
dimethoxyethane, di(methoxyethyl) ether, and cyclohexylamine.

0.008 A (PM3) while the average absolute errors of the
computed C-C bond lengths compared with experiment lie in

the range 0.01:30.015 A.
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TABLE 3: C —C Bond Lengths (A) at the QM/MM
Boundary Calculated Quantum Mechanically (QM = AM1)
and with the Coupled Potential (AM1/AMBER)? Using the
Link Atom (L2) and the Adjusted Connection Atom (CA)
Approach

oM MM® oM L2 CA
HOCH, CHs 1.512 1.529 1.522
HOCH, CH,CHs 1.519 1.533 1.523
HOCH, CH,CH.CH;  1.519 1.532 1.523
HOCH, CH(CHg), 1.527 1.539 1.526
HOCH, CH(CH.CH3), 1.528 1.545 1.534
HOCH, C(CH,CHj3)3 1.536 1.555 1.543
HOCH, CH,CH,OH 1.518 1.537 1.527
HoNCH; CH,CH,OH 1.527 1.539 1.529
H.NCH, CH,CHNH,  1.529 1.533 1.522
diethyl ethef 1.510 1.529 1.526
dimethoxyetharfe 1.525 1.529 1.523
di(methoxyethyl) 1.525 1.529 1.525
ethef
cyclohexylamine 1.514/ 1536/ 1.518/
1.540 1.538 1.541

aStandard AMBER parameters: see refs 44 and*®3.the CA
approach, the first carbon atom is the connection afc@M/MM
division; see Figure 2.

In an overall view, the results with the connection atoms are
quite satisfactory. For the investigated properties, the substitution
C—CHz — C—CA causes changes that are normally smaller
than the intrinsic errors of the underlying semiempirical QM
method. This is particularly important in the case of the
geometrical variables, because the good agreement that has been
found supports our basic assumption that the connection atom
can indeed be constrained to coincide with a carbon atom at
the QM/MM boundary (Figure 1). This holds for a variety of
chemical environments since the training*&eéncludes both
C(sp)—CHs and C(sp)—CHs moieties, with diverse substituents
attached to C(sp (e.g., alkyl R, OH, OR, CHO, COOH, NH,

CN) and to C(sp (e.g.,=CH,, =CHR, =0).

Finally, it should be emphasized that the parametrization of
the connection atom occurs entirely at the QM level. The
optimized parameters can therefore be used for QM/MM
calculations in combination with any force field.

4. Validation

The preceding section has demonstrated that adjusted con-
nection atoms can successfully simulate methyl groups in
Y —CHsz compounds. In practice, however, they will be em-
ployed to connect the QM region Y to a much larger MM region
X, e.g., in systems such as—CH,;R, Y—CHR,, or Y—CR3
where the connection atoms serve to mimicCBH, or C,
respectively. Their performance in this regard has been stiidied
through QM/MM calculations using MNDO and AM1 as QM
components and the AMBERA4.1 force fiéflAs in previous
validation work34446we have chosen the proton affinities of
simple organic molecules and the geometries of the correspond-
ing unprotonated and protonated forms as our test cases. There
are bound to be strong electrostatic effects upon protonation so
that the QM/MM coupling model A (mechanical embedding)
is not expected to be adequate. We have therefore only
considered coupling models B and C (see section 2).

The selected set of test molecules-X consists of six
aliphatic alcohols HOCK-R, three molecules with electrone-
gative groups in the MM region (HOGHCH,CH,OH,
H,NCH,—CH,CH,OH, HzNCHz—CHchQNHz), three acyclic
ethers, and cyclohexylamine. Figure 2 shows the QM/MM
division for the latter four molecules; in three of these cases,
there are two QM/MM boundaries.
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TABLE 4: Absolute2 and Relative® Proton Affinities (kcal/mol) Calculated Quantum Mechanically (QM = AM1) and with the
Coupled Potential (AM1/AMBER) According to Model B and Model C Using the Link Atom (L2) and the Adjusted Connection
Atom (CA) Approach®

L2 CA

QM MM exp? QM model B model C model B model C
HOCH; 181.9 170.4
HOCH, CHs 6.4 6.9 0.5 6.3 3.4 3.4
HOCH, CH,CHs 8.9 7.1 34 9.4 6.2 8.5
HOCH, CH,CH,CHs 9.2 7.5 2.9 10.0 5.9 8.7
HOCH, CH(CHg), 9.3 8.0 7.2 15.8 9.3 14.8
HOCH, CH(CH,CHa), 12.4 8.4 19.3 10.2 18.6
HOCH, C(CH.CHs)3 16.0 11.9 255 14.4 26.6
dimethyl ether 175.6 175.9
diethyl ether 8.1 11.3 0.1 8.8 4.0 4.0
dimethoxyethane 12.8 11.0 7.7 141 10.1 11.9
di(methoxyethyl) ether 27.3 20.3 15.3 27.5 20.0 23.1
HOCH, CH,CH,OH 190.1 181.5 189.7 184.5 189.3
H,NCH, CH,CH,OH 228.6 220.2 215.7 219.8 219.3 221.3
H.NCH, CH,CH,NH, 234.1 224.4 219.8 226.1 221.0 224.9
cyclohexylamine 221.2 216.9 217.9 224.2 219.8 222.0

aValues above 100 kcal/madt.Values below 100 kcal/mof.See footnotes-ac of Table 3.9 From ref 54.

For the sake of brevity, we shall focus on AM1/AMBER. Closer inspection of Table 4 shows that the results for model
The results obtained with the use of adjusted connection atomsC tend to be quite similar for the link atom (L2) and connection
will be compared with the available experimental data, the pure atom (CA) treatments. The corresponding trends are normally
AM1 values, and the results from the closest link atom analogue, also apparent at the level of model B, but generally in a less
i.e., option L24446 More extensive comparisons can be found pronounced manner. The differences between the results from
in ref 46. models B and C are smaller in the CA than in the L2 approach,

Table 3 lists the €C bond lengths at the QM/MM boundary. ~ as theoretically expected since the CA treatment incorporates
The C-CA distances from the connection atom treatment show more of the QM/MM interactions at the level of model B (see
a mean absolute deviation from the pure AM1 values of only section 2).

0.0052 A (essentially the same as for the methyl compounds Comparison with pure AM1 results indicates that model C
Y —CHjsin the training set; see Table 2). The variations in these usually overestimates the variations in the QM proton affinities,
C—C bond lengths for different molecules are relatively small, particularly for the branched test molecules (both with L2/C
but the main trends in the pure AM1 results are reproduced by and CA/C), while model B underestimates these variations in
the CA approach (e.g., see cyclohexylamine). In the link atom the link atom scheme (L2/B). The best overall performance is
scheme, the €C distance at the QM/MM division is essentially  found for model B with connection atoms (CA/B; see Table
determined by the force field. It is therefore not surprising that 4). Even though one should be cautious about generalizations
the L2 results exhibit larger deviations from the pure AM1 based on a relatively small number of tests, the present findings
values (0.012 A on average) and do not capture some of thesuggest that semiempirical QM/MM calculations with unpolar-
AML1 trends (e.g., see cyclohexylamine). In addition, they are izable force fields should best be performed by using connection
almost identical for AMI/AMBER and MNDO/AMBER whereas  atoms and coupling model B (whenever mechanical embedding
the CA results do indeed reflect the differences between theis not sufficient). This is quite fortunate for practical purposes
pure AM1 and MNDO distance®.Concerning bond angles and  since QM/MM calculations for model B are significantly less
dihedral angles involving the boundary atoms, the CA and L2 expensive than for model €.

approaches yield results of similar quality (deviations 621 Concerning individual molecules in our test set, it seems
from pure AMT*), which is as expected since these angles are poteworthy that the connection atom approach does not face
mostly affected by the force field. any particular problems with cyclic molecules (cf. cyclohexyl-

~In summary, these tests thus indicate that QM/MM calcula- amine) or with strongly electronegative substituents in the MM
tions with adjusted connection atoms reproduce the QM region, even when these are covalently bound to the connection
geometries in the coupling region very well. The deviations are atom (cf. dimethoxyethane, di(methoxyethyl) ether). Likewise,

about as small as for the methyl compoundsGHs in the it is possible to have two or more connection atoms as long as
training set (section 3). This confirms the soundness of the they are separated by at least two intervening QM atoms (see
connection atom concept. Figure 2). However, the use of geminal connection atoms that

Table 4 lists absolute and relative proton affinities for our are bound to the same QM atom is not recommended since this
test molecules ¥-X. Generally speaking, the trends in the leads to larger deviations from pure QM resd®$his limitation
experimental and AM1 reference data are also found in the seems plausible, however, since the spherical connection atoms
AM1/AMBER calculations. This can be seen, e.g., from the cannot be expected to capture all of the QM interactions between
relative proton affinities for the alcohols and ethers, and from neighboring nonspherical methyl groups.
the absolute values for HOGHCH,CH,OH, H,NCH;—CHj-

CHzOH, and BNCH,;—CHCH,NH_. In the special case X 5. Conclusions

CHs (ethanol, diethyl ether), option L2/B is known to be

inadequat® while CA/B and CA/C are defined to be identical Connection atoms have been introduced as an alternative to
(see section 2); the resulting irregularities are not considered tolink atoms in semiempirical QM/MM calculations. They may
be serious since realistic QM/MM applications will always be used to saturate free valencies in the QM region whenever
involve MM regions larger than %= CHa. the QM/MM boundary occurs at a-€C single bond. Connection
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atoms have a dual character because they interact with the other (21) Hart, J. C.; Burton, N. A.; Hillier, I. H.; Harrison, M. J. Chem.

QM atoms as a specially parametrized QM atom, and with the
other MM atoms as a standard carbon MM atom. Semiempirical

Soc., Chem. Commuh997, 1431.
(22) Mulholland, A. J.; Richards, W. Q2roteins1997, 9, 27.
(23) Moliner, V.; Turner, A.; Williams, I. H.J. Chem. Soc., Chem.

connection atom parameters have been determined for MNDO,Commun1997 1271.

AM1, and PM3 by a calibration against theoretical reference

data, such that the adjusted connection atoms closely reproduc
the geometrical and electronic properties of methyl groups. The
corresponding deviations are small enough to validate their use

(24) Thompson, M. A.; Schenter, G. K. Chem. Physl995 99, 6374.

e (25) Thompson, M. AJ. Chem. Physl996 100, 14492.

(26) Gao, JJ. Am. Chem. S0d.994 116, 9324.
(27) Gao, J.; Byun, KTheor. Chem. Actd997, 96, 151.
(28) de Vries, A. H.; van Duijnen, P. Tat. J. Quantum Chenl996

in QM/MM calculations. The available evidence suggests that 57 1067.

connection atoms are superior to link atoms both conceptually

and numerically.
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