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Chapter 1

Introduction

One of the challenges electronic structure theory currently faces is to extend
the applicability of the highly accurate methods, that are nowadays well
established for small molecular systems, towards macromolecular systems.
The problem which these methods encounters when applied to larger systems
is that the computational costs required to carry out calculations increases
so steeply with system size that a wide range of systems is not accessible to
highly accurate calculations. Therefore, modifications to these methods that
lead to an improved scaling behavior are necessary with the ultimate goal to
develop methods which scale linearly.
Linear scaling methods for Hartree-Fock (HF) and density functional the-
ory (DFT) are well established. Due to the lack of systematic improvabil-
ity and the lack of adequate dispersion interaction representation found in
DFT[1, 2], wave function methods for electron correlation, like second or-
der Møller-Plesset perturbation theory (MP2) or the hierarchy of Coupled
Cluster methods (CC), are necessary but still under development. Since elec-
tron correlation is a predominantly local phenomenon, it has been proposed
already early on to use a local correlation ansatz[3, 4].
Various methods have been developed. For MP2, a Laplace transformed ap-
proach has gained some attention[5]. For local CC methods, different schemes
with different choices of local orbitals to replace the delocalized canonical
molecular orbitals have been presented[6, 7, 8, 9, 10]. Before the develop-
ment of the Divide-Expand-Consolidate (DEC)[11] scheme used here, the
problems with the previous models have been to control for the error in-
troduced by the local approximations and to represent virtual orbitals in a
way that is physically sound[12], while allowing for the desired reduction in
computational scaling.
In the DEC approach, which provides both linear scaling MP2[13] and CC
methods[11, 14], local orbitals are generated by new localization algorithms
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which have been specificly developed to yield virtual orbitals suitable for local
electron correlation[15, 16, 17]. Based on these local orbitals, the molecular
system can then be divided into subsystems, in the following referred to as
atomic fragments (AFs), among which the localized orbitals are distributed.
The correlation energy Ecorr of the system can then be described as the sum of
the correlation energy contributions of each AF and of pairs of AFs, referred
to as pair fragments (PFs), as shown in equation 1.1, where the indices P
and Q run over the set of AFs.

Ecorr =
∑
P

EP +
∑
P>Q

∆EPQ (1.1)

For this fragment-wise correlation energy approach to remain accurate, it
would be insufficient to limit the set of virtual orbitals, to which excitations
are included in the correlation energy calculation for each AF, to only those
virtual orbitals that were assigned to the respective this AF. Instead, error
control is introduced by expanding the virtual orbital spaces to also include
virtual orbitals from surrounding fragments until the threshhold for the de-
sired level of accuracy is reached. In the following, this threshhold will be
referred to as fragment optimization threshhold (FOT).
The localization and determination of orbital spaces in the DEC method will
be described in more detail in chapter 2. For a truly linear scaling method,
the pair fragment contributions in equation 1.1 must not contain all PFs,
because this would result in quadratic scaling. Therefore the sum needs to be
truncated. Since the PFs represent dispersion interactions they decay quickly
with increasing distance between the two fragments. The simplest approach
for the truncation is to choose some conservative distance threshhold and
only include PFs for which the distance between their AFs is below this
threshhold. In practise it has proven more efficient to generate estimates for
the expected contribution of each pair fragment and only then include those
fragments that are required to reach FOT precision in the overall calculation.
In chapter 3 a systematic investigation of this screening procedure is given.
Since the DEC procedure involves describing the overall correlation energy
of an electronic system as a combination of interactions within and between
subsystems, it appears natural to try to apply this approach to the calcu-
lation of interaction correlation energies. If successful, the resulting method
could provide highly accurate interaction energies for macromolecular sys-
tems for a fraction of the costs of the existing methods. In chapter 4, results
of preliminary investigations towards this goal are reported.

2



Chapter 2

The
Divide-Expand-Consolidate
(DEC) Scheme

2.1 Localization

The localization of molecular orbitals for the purpose of electron correlation
calculations on macromolecular systems requires that occupied, as well as
virtual orbitals, are highly local and that the optimization procedure is ef-
ficient enough to be feasible for such large systems. To effectively minimize
the extend of orbital spaces required in the DEC procedure, the tails of the
orbital functions should decay quickly.
While various methods for molecular orbital localization with different ap-
proaches on how to measure the locality of an orbital have been developed[18,
19, 20, 21], only few yield sufficiently compact, if at all local, results for vir-
tual orbitals. Also the convergence of many localization algorithms is often
poor due to the presence of negative Hessian eigenvalues. The reliability of
any local orbital approach thus depends on combining a locality measure that
is adequate for virtual orbitals and enforces compactness of orbitals with an
algorithm that is sufficiently stable to avoid the shortcomings of previous
attempts.

µp
2 = 〈p| (r̂ − 〈p| r̂ |p〉)2 |p〉 (2.1)

µp
4 = 〈p| (r̂ − 〈p| r̂ |p〉)4 |p〉 (2.2)

In the localization approach chosen to be used for the DEC method, the lo-
cality of an orbital p is measured via the second and fourth central moment,
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given in equations 2.1 and 2.2, where small distribution moments indicate
high locality. To further improve locality the localization function of an or-
bital that is to be minimized can also be defined as the square (µp

2)2 (or (µp
4)2)

of the central moment so that an additional penalty is put on large moments.
As measure for the collective locality of ensembles of molecular orbitals, the
maximum of the locality measures of all orbitals has been chosen instead of
the arithmetic mean, because arithmetic means would possibly tolerate out-
liers in sets of otherwise well localized orbitals. For the purpose of modelling
local electron correlation it is preferable to ensure that the least local orbitals
are still as local as possible, because those could otherwise cause considerable
computational bottle-necks. The minimization of the locality function is then
carried out using a quasi-Newton-based trust region approach that is both
highly stable and efficient[22].

2.2 Fragment Optimization

The initial atomic fragment orbital spaces are generated by assigning each
molecular orbital to the atom on which it has the largest Löwdin charge.
Orbitals assigned to hydrogen atoms by this procedure may be reassigned
to the nearest non-hydrogen atom to give fewer and more evenly sized frag-
ments. In the following the occupied/virtual orbitals assigned to an atomic
site P will be denoted by P/P̄ . Using this notation the EP and ∆EPQ terms
in the correlation energy expression in equation 1.1 for the case of an MP2
calculation can be written as

Eo,MP2
P =

∑
ij∈P

∑
ab

tabij (2giajb − gibja) (2.3)

and

∆Eo,MP2
PQ =

∑
i∈P ,j∈Q

∑
ab

tabij (2giajb− gibja) +
∑

i∈Q,j∈P

∑
ab

tabij (2giajb− gibja), (2.4)

where the indices a and b run over all virtual orbitals, tabij denotes the MP2
amplitudes and giajb and gibja are two-electron integrals. At this point no
approximations with respect to a local treatment of electron correlation have
been made. In order to introduce computational savings, the indices of the
unoccupied orbitals can be restricted. Since both occupied and virtual or-
bitals are well localized, only orbitals that are spatially close to each other
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lead to non-vanishing two-electron integrals. Therefore energy and ampli-
tudes from a calculation restricted to the close spatial vicinity of the re-
spective fragment will yield a reasonable approximation. When writing the
set of occupied/virtual orbitals spacially close to P (which includes orbitals
assigned to P ) as [P ]/[P̄ ], the EP and ∆EPQ terms become

Eo,MP2
P =

∑
ij∈P

∑
a∈[P̄ ],b∈[P̄ ]

tabij (2giajb − gibja) (2.5)

and

∆Eo,MP2
PQ =

∑
i∈P ,j∈Q

∑
a∈[P̄ ],b∈[Q̄]

tabij (2giajb−gibja)+
∑

i∈Q,j∈P

∑
a∈[Q̄],b∈[P̄ ]

tabij (2giajb−gibja).

(2.6)
To further increase the accuracy of the calculation up to FOT precision
the orbital spaces are expanded step by step to include orbitals further and
further away from the central atom of the fragment. After each step an
energy calculation is carried out and compared to the previous iteration.
The expansion is finished when the change in energy is below the FOT.
After the expansion is completed a reduction of the orbital spaces is car-
ried out, where orbital are iteratively removed and the change in energy is
checked after each step until no more orbitals can be removed without losing
FOT precision. Multiple approaches for the specific expansion and reduction
procedures have been and are being tested and parameters, for example the
grouping in which orbitals are added or removed, are the topic of ongoing
research.
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2.3 DEC Correlation Energy

Figure 2.1: Overview over a DEC calculation (Adapted from [23]).

After all fragments are optimized, the resulting orbital spaces are used to
evaluate the pair fragment energies. The overall energy of the system is then
given by equation 1.1. While the equations used describe a MP2 calculation
the DEC scheme can be applied analogously to a CC calculation. An overview
over a DEC calculation is given in Figure 2.1.
The local, fragment-wise approach to electron correlation allows for well par-
allelized algorithms. All fragment optimizations and pair fragment calcula-
tions can be carried out independently. As a consequence, a massively parallel
implementation of the DEC approach for MP2 and CCSD has been imple-
mented which uses three levels of parallelization[23]:

1. Coarse-grained (independent fragment calculations)

2. Medium-grained (MPI-parallelization for each fragment)

3. Fine-grained (OpenMP-parallelizatin for each MPI-process)
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Chapter 3

Pair Fragment Screening

3.1 Computational Savings From PF Screen-

ing

As explained in the introduction, the number of pair fragments scales quadrat-
icly with system size. Therefore pair fragments need to be discarded to yield
a linear scaling algorithm which can be easily achieved, because the pair
fragments describe dispersion type interactions that decay with the inter-
fragment distance to the power of minus six. This means that a conservatively
chosen distance cutoff already leads to a stable linear scaling algorithm.
However the use of the inter-fragment distance as a criterion is inefficient. As
Figure 3.1 shows using the example of the peptide Valinomycin, in a typical
macromolecular system pair fragment energies fall in a broad range for most
inter-fragment distances. Any distance cutoff that is certain to include all
relevant pairs adds many unnecessary ones at the same time. The ideal dis-
tance cutoff that includes all pair fragments exactly up to the most distant
that meaningfully contributes to the calculation is not known prior to the
calculation. Therefore the distance cutoff has to be chosen rather conserva-
tively to ensure error control, where a cutoff value of 10 Å has been reported
to form a viable compromise between safety and efficiency[24]. Since the pair
fragment calculations are very numerous for the macromolecular systems the
DEC scheme is intended for, they become the most time-consuming part of
the total calculation.
The inclusion of unnecessary pair fragments can be avoided by the use of
a prescreening procedure. The procedure calculates a rough estimate of the
energy contribution of each pair using an MP2 calculation on a limited set of
orbitals. Since the estimates do not depend on optimized orbital spaces, they
can be carried out in parallel with the fragment optimization, so that their
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Figure 3.1: Distribution of Pair Fragment Energies as a Function of Inter-
Fragment Distance

results are available before pair fragment calculations are started. Because
of very limited orbital spaces used for the estimates, the calculations will be
much faster than calculations in the large fragment spaces required for high
precisions. For the same reason, they can obviously only provide an order of
magnitude approximation.
Using these estimated pair fragment energies for each atomic fragment P , the
set of substantially contributing pair fragments containing P is determined.
For this purpose all fragments which include P are sorted by energy (in
decreasing order) and a cutoff energy value, below which all contributions
are discarded, is determined. The cutoff is given by the pair fragment energy
of the last pair fragment PK needed to ensure that the sum of the missing
contributions is below the FOT:

1

2

N∑
Q=K+1

|∆Eest
PQ| < FOT, (3.1)

where N is the number of pair fragments that contain P . In the following
results of an investigation of this pair fragment screening approach will be
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reported which are concerned with the questions whether the estimates gen-
erated are sufficiently accurate, whether the errors produced by this pair
screening procedure meet the accuracy targets and whether, and to what de-
gree, the procedure as it is described above leads to computational savings.
For this purpose conventional and DEC type MP2 calculations have been car-
ried out for Palmitic Acit, a carbon acid, and for the peptide valinomycin.
Palmitic Acid allows for a wide range of inter-fragment distances, while at
the same time being computationally accessible for full conventional MP2
calculations, so that the accuracy of DEC results can be checked. The Vali-
nomycin molecule is chosen as a typical moderate sized example for the type
of systems that the DEC scheme is intended for and too large for standard
MP2.

3.2 Results and Discussion

3.2.1 Accuracy of Pair Fragment Energy Estimates

In Figure 3.2 the energies of all possible pair fragments for the Palmitic
Acid molecule are plotted against inter-pair distances. The pair energies have
been constructed from the results of a standard MP2 calculation, which have
afterwards been divided into fragments that are equivalent to the unrestricted
∆EPQ terms given in equation 2.4. These pair fragment energies will be
referred to as full pair energies in the following. The plot shows a linear
decay of the pair fragment energies with distance. Since both axes are scaled
logarithmically, the linear decay of the energies corresponds to the expected
power law decay predicted for dispersion forces. Due to the regular linear
shape of the Palimitic Acid molecule the range of energies encountered for a
given inter-fragment distance is much narrower than the ones for Valinomycin
seen in Figure 3.1.
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Figure 3.2: Distribution of Pair Fragment Energies as a Function of Inter-
Fragment Distance for Palmitic Acid (C16H3202) constructed from conven-
tional MP2 calculation

Plotting the estimated pair fragment energies against distance as a measure
for the error of the estimation yields a distribution that is superficially so
similar to the one shown in Figure 3.2, that it is not shown here. Instead
the difference between the estimates and the full pair energies is plotted in
Figure 3.3. The plot shows that the energy differences decay with a similar
slope than the full pair energies shown in Figure 3.2, but with the pair energy
differences for inter-fragment distances less that 4 Å shifted to lower energy
difference values.
For further analysis of the difference between estimated and full pair energies,
the relative error, i.e. the ratio between the difference and the full pair energy,
is plotted in Figure 3.4. The plot shows that below inter-fragment distances
of 4 Å the relative error is below 5 percent. Between distances of 4 and 5
Å the relative error steeply increases to roughly 40 percent and remains on
average at that level for distances larger than 5 Å, with relative errors ranging
between 25 and 50 percent.
The increase in relative error for pairs in which the fragments are more than 4
Å appears as a shift in energy difference between estimate and full calculation.
This can be explained by the radius up to which orbitals are included in the
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Figure 3.3: Difference between Estimated Pair Fragment Energies and Pair
Fragment Energies Constructed From Full MP2 Calculation for Palmitic Acid

virtual spaces of the estimates, which is by default set to 2 Å. This means
that beyond a distance of 4 Å orbitals spaces are no longer overlapping and
poorer results for estimates are to be expected in those cases. This has been
confirmed by repeating the calculations with modified radii for the estimates
leading to the same increase in error for pairs with non-overlapping spaces
compared to pairs with overlapping spaces.
For the validity of the pair screening process, this means that for the pair
fragments with the highest energy contributions for which shorter fragment
separations occur the estimates are of comparatively high quality. For further
separated fragments, the quality of the estimate falls to a reliable order of
magnitude approximation.

3.2.2 Comparison of DEC with Energy Screening and
Full Calculation

In light of the result that the quality of estimated pair fragment energies
decreases significantly when the orbital spaces of the involved fragments no
longer overlap, the question arises whether the energies of DEC optimized
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Figure 3.4: Relative Error of Estimated Pair Fragment Energies Compared to
Pair Fragment Energies Constructed From Full MP2 Calculation for Palmitic
Acid

fragments are subject to a similar limitation for non-overlapping optimized
orbital spaces.
In Figure 3.5 the relative error of the DEC pair energies compared to the
full pair energies is plotted against the full pair energy for a DEC calculation
on Palmitic Acid with the FOT 10−5. In addition the degree of orbital space
overlap is indicated. The blue squares are used when the unextended orbital
spaces of the fragments overlap, the yellow circles when the optimized orbital
spaces overlap and the crosses when no overlap occurs. Furthermore the blue
vertical lines indicate ideal cutoff values for the pair fragment screening,
determined by applying the criterion described previously in equation 3.1 to
full MP2 pair energies instead of estimated ones.
The relative errors found between DEC and full pair energies are overall
much lower than the ones found in the comparison of estimated and full pair
energies, with the maximum error less than 5 percent. For higher energy pair
fragments the relative errors are at the order of 0.1 percent, thus still signif-
icantly lower. For pair fragment energies below 10−5 Eh the relative errors
begin to increase and become larger for smaller pair energies. The overlap

12



Figure 3.5: Relative Error of Estimated Pair Fragment Energies Compared
to DEC Pair Fragment Energies with FOT 10E-5 for Palmitic Acid with
Fragment Space Overlaps and Ideal Cutoffs

indicators show that orbital spaces no longer overlap for pair fragments with
energies lower than 10−4 Eh. The cutoff values are all grouped around 10−5

Eh.
These observations show that all DEC pair fragment energies which are used
in the calculation of the total energy accurately approximate the full MP2
values regardless of whether orbital spaces do or do not overlap. As seen
before for the estimated pair fragment energies the errors are largest for
the least relevant contributions and because of the optimized orbital spaces
used it is ensured that all significant contributions are included regardless of
whether they originate from overlapping or non-overlapping spaces. Further
investigations for different FOT values have shown that the cutoff values
calculated are close to the FOT and all pair fragment energies larger than
the FOT are of high accuracy.
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3.2.3 Computational Savings

It remains to be discussed whether the pair fragment screening leads to sub-
stantial savings in computational effort which are worth the added computa-
tional costs for the calculation of pair energy estimates. For this purpose DEC
calculations on Valinomycin have been carried out, one using the pair screen-
ing described above and one calculating all possible pair fragment energies.
Additionally the computational effort required for calculating the estimated
pair energies has been determined. Since the pair estimates are calculated
in parallel with the fragment optimizations, the required time has been ob-
tained as the difference in time to solution between the optimization with
and without calculation of pair energy estimates.

Figure 3.6: Distribution of Pair Fragment Energies as a Function of Inter-
Fragment Distance

In Figure 3.6 relative errors of estimated pair fragment energies compared
to DEC pair energies are shown together with cutoff energies based on the
pair estimates. The distribution of relative errors approximately resembles a
gaussian distribution centered around 10−5 Eh. The cutoff values are spread
around 10−5 Eh as well and thus roughly split the distribution of pair frag-
ments in half.
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As the plot already indicates a significant number of pair fragments do not
need to be calculated accurately in this specific model system. A detailed
analysis shows that of the total 3003 pair fragments only 979 remain to be
calculated when using the energy screening criterion whereas 2250 remain
when a 10 Å distance cutoff is used. The timing analysis shows that the cal-
culation of the pair estimates has required 180 seconds more for the fragment
optimization/estimate procedure than was required for a pure optimization
procedure. The computational savings from the pair screening can only be
extrapolated from the number of pairs and timings of calculations that ei-
ther included all pairs (8 h 18 m 19 s) or only those remaining after energy
screening (1 h 52 m 26 s). In conclusion, the use of estimated pair energies
saves between two and three hours of calculating unnecessary pair fragment
energies while costing itself only three minutes for calculating the estimates.
The savings and timings discussed here are obviously highly specific to the
molecular system chosen. In particular the exact costs of calculating the
pair estimates depends heavily on details in the scheduling of the fragment
optimization. Because of the large decrease in computational costs shown for
a model system that well represents the intended use of the DEC scheme,
this nevertheless demonstrates the advantage of the pair fragment energy
screening approach over the distance cutoff criterion.
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Chapter 4

Interaction Energies

4.1 Interaction Energies From Conventional

And From Local Calculations

The DEC scheme describes the total correlation energy of a molecular sys-
tem as a combination of correlation within fragments and the interaction
between fragments. As a natural consequence the question arises whether
this approach could also be used to efficiently calculate interaction correla-
tion energies for large molecular systems.
The interaction energy between two systems ∆E with given positions of the
systems relative to each other is defined as the difference between the energy
of the combined system EAB and the energy of the systems at a distance
where the systems do not interact. In practice the energy for non-interacting
systems is obtained by separate calculation on each of the systems yielding
EA and EB. The interaction energy is thus calculated as:

∆E = EAB − EA − EB. (4.1)

Even though this definition is very simple and intuitive, complications arise
with the basis set approximations used for practical calculations. The naive
approach when using finite basis sets would be to use one basis set with
functions located on nuclei in system A when calculating the energy of system
A, functions on B for the energy of B and the combination of both basis sets
for the combined system. This however results in an imbalance in the quality
of basis sets used. In the combined system the additional basis functions
on one subsystem improve the description of the wave function of the other
subsystem and vice versa, while this improvement does not occur for the
calculations on the isolated systems. As a result, unphysical stabilization
of the combined system occurs that leads to an error for interaction the
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energy (too attractive interaction energies). This error is denoted the basis
set superposition error (BSSE).
One approach to resolve the basis set imbalance is to include the basis set of
subsystem B in the calculation of subsystem A (and vice versa). These basis
functions would be located at the same relative positions as in the calculation
for the combined system, just without the nuclei. This approach is called the
counterpoise correction (CPC)[25]. The corrected interaction energy is given
by

∆ECP = E
{AB}
AB − E{AB}

A − E{AB}
B , (4.2)

where {AB} is used to emphasize that the basis used contains both the
functions of both system A and B.
An alternative, potentially very efficient approach for calculating the cor-
relation part of interaction energies arises from the DEC scheme. Here the
interaction correlation energy is calculated as the sum of those pair fragment
energy contributions where the two fragments are located in different sub-
systems, leading to the following expression for the interaction correlation
energy:

∆EDEC =
∑

P∈A,Q∈B

∆EPQ. (4.3)

In the following this approach is investigated by comparing DEC interaction
correlation energies to counterpoise-corrected interaction correlation energies
for the neon dimer and the water dimer with a range of basis sets. For these
calculations the pair fragment energies are obtained by carrying out full MP2,
CCSD and CCSD(T) calculations using local orbitals and afterwards recon-
structing the pair fragment contributions. This approach is equivalent to a
DEC calculation with unrestricted virtual orbital spaces. It has been chosen
for these preliminary investigations for the simplicity of implementation and
eliminations of errors that the truncations of virtual spaces in DEC calcu-
lations introduce. The molecular geometries used are taken from an earlier
publication[26, 27] on interaction energies.

4.2 Results and Discussion

4.2.1 Comparison of Counterpoise-Corrected and DEC
Interaction Correlation Energies

Calculations of both DEC, counterpoise-corrected and uncorrected interac-
tion correlation energies have been carried out on the neon dimer at the MP2,
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Table 4.1: MP2 Interaction Correlation Energies for Neon Dimer

Basis InteractE InteractE CPC InteractE DEC
DZ -2.84929000e-05 -1.24003000e-05 -2.16874535e-05
TZ -1.06024500e-04 -4.54909000e-05 -7.53574075e-05
QZ -1.40647800e-04 -8.60588000e-05 -1.49145520e-04
5Z -1.39284000e-04 -1.16213600e-04 -1.55332607e-04
6Z -1.50015400e-04 -1.36658000e-04 -1.76240000e-04

Table 4.2: CCSD Interaction Correlation Energies for Neon Dimer

Basis InteractE InteractE CPC InteractE DEC
DZ -2.61270000e-05 -1.34532000e-05 -2.31156652e-05
TZ -9.08456000e-05 -4.59278000e-05 -7.91620165e-05
QZ -1.29650300e-04 -8.90665000e-05 -1.32620017e-04
5Z -1.44494000e-04 -1.23766600e-04 -1.70794487e-04
6Z -1.60164700e-04 -1.48158300e-04 -1.98278789e-04

Table 4.3: CCSD(T) Interaction Correlation Energies for Neon Dimer

Basis InteractE InteractE CPC InteractE DEC
DZ -2.73537000e-05 -1.39647000e-05 -2.33684607e-05
TZ -1.00310600e-04 -4.83648000e-05 -8.12112010e-05
QZ -1.45758700e-04 -9.69199000e-05 -1.38226449e-04
5Z -1.61783900e-04 -1.37763700e-04 -1.79728168e-04
6Z -1.80901500e-04 -1.66958100e-04 -2.10081138e-04

CCSD, and CCSD(T) levels and with basis sets ranging from double to hex-
tuple zeta. The results are shown in Table 4.1 for the MP2 calculations, in
4.2 for CCSD and in 4.3 for CCSD(T).
On all levels of theory both the CPC corrected and the DEC interaction
correlation energy can be seen to slowly converge with increasing basis set
size, but not to the same value. The DEC values are for larger basis set
between 30 to 40 percent larger than the CPC corrected values and thereby
also significantly larger than the uncorrected values. The exact interaction
correlation energy is usually larger than the uncorrected but smaller than the
counterpoise-corrected value. Since the relative difference between the DEC
and the CPC values appears to be stable with basis set size the error seems
to be systematic.
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4.2.2 Connection between Imperfect Localization and
Quality of DEC Interacion Correlation Energies

One possible explanation for the incorrect DEC interaction energies is the
imperfect localization of molecular orbitals. Even localized orbitals on sub-
system A still overlap to a small degree with subsystem B. This leads to
unphysical energy contributions from small charge contributions to the other
subsystem that could be sizeable enough to cause the errors found for the
DEC interaction energies.
Another explanation for the errors of the DEC interaction energies is that the
pair fragment energies do not necessarily contain all contributions relevant to
the calculation of interaction energies. From investigating the influence of the
localization error conclusions hat be drawn to what degree the localization
error and to what degree contributions missing in the DEC interaction energy
are to blame for the error.
As a measure for the charge contribution to the other subsystem the summed
up Löwdin charges of orbitals from one system on the other system are cal-
culated. For a water dimer the Löwdin charges are calculated at equilibrium
distance and doubled equilibrium distance separation and for different local-
ization methods (fourth moment, second moment and Pipek-Mezey).
In Table 4.2.2 the uncorrected, CPC and DEC interaction correlation ener-
gies for the water dimer are compared for different the different localization
methods, for equilibrium and double equilibrium distance and for double
zeta, augmented double zeta, quadruple zeta and augmented quadruple zeta
basis sets. For the same set of calculations for each subsystem the Löwdin
charges on the other subsystem are shown in Table 4.2.2 as well as the com-
bined total Löwdin charge on other subsystems and the DEC interaction
correlation energy.
For the interaction correlation energies in Table 4.2.2 the same slow conver-
gence of the energies with basis set size is visible that was already observed for
the neon dimer calculations. The localization method used appears to have
very little influence on the resulting interaction energies. For doubled equi-
librium distance calculations the uncorrected and CPC energies are positive
for both uncorrected and CPC calculations, indicating that the correlation
part of the interaction energy acts repulsive in these cases, while the DEC
energies are of similar absolute value but negative. For equilibrium distances
the DEC energy shows the same error as for the neon dimer and gives close to
twice the CPC energy for the QZ and augQZ and worse for DZ and augDZ.
The Löwdin charges in Table 4.2.2 increase with basis set size and depend
more strongly on the localization method that the energies. The charges are
much lower for the calculation carried out at doubled equilibrium distance. In
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Table 4.4: Water Dimer Interaction Correlation Energies

Calculation InteractE InteractE CPC InteractE DEC
DZ pfm -2.54104050e-03 -4.09998800e-04 -2.36311566e-03
DZ psm -2.54104050e-03 -4.09998800e-04 -2.34136908e-03
DZ pml -2.54104050e-03 -4.09998800e-04 -2.31884328e-03
augDZ pfm -2.24086730e-03 -1.27427240e-03 -3.33553812e-03
augDZ psm -2.24086730e-03 -1.27427240e-03 -3.31774115e-03
augDZ pml -2.24086730e-03 -1.27427240e-03 -3.28388460e-03
DZ pfm dist2 5.89340000e-05 6.05417000e-05 -1.23834987e-05
DZ psm dist2 5.89340000e-05 6.05417000e-05 -1.23833574e-05
DZ pml dist2 5.89341000e-05 6.05418000e-05 -1.24203598e-05
augDZ pfm dist2 3.62735000e-05 5.49908000e-05 -2.84544811e-05
augDZ psm dist2 3.62735000e-05 5.49908000e-05 -2.84546346e-05
augDZ pml dist2 3.62735000e-05 5.49908000e-05 -2.84950623e-05
QZ pfm -2.54152160e-03 -1.81736960e-03 -3.74890275e-03
QZ psm -2.54152150e-03 -1.81736950e-03 -3.72620365e-03
QZ pml -2.54152150e-03 -1.81736930e-03 -3.71425541e-03
augQZ pfm -2.36122370e-03 -2.03111940e-03 -3.94093734e-03
augQZ psm -2.36122390e-03 -2.03111960e-03 -3.91984295e-03
augQZ pml -2.36122360e-03 -2.03111990e-03 -3.88785212e-03
QZ pfm dist2 2.89423000e-05 4.38978000e-05 -2.55276445e-05
QZ psm dist2 2.89421000e-05 4.38973000e-05 -2.55261127e-05
QZ pml dist2 2.89419000e-05 4.38974000e-05 -2.55618086e-05
augQZ pfm dist2 3.55496000e-05 4.29065000e-05 -3.09175457e-05
augQZ psm dist2 3.55495000e-05 4.29063000e-05 -3.09180661e-05
augQZ pml dist2 3.55495000e-05 4.29067000e-05 -3.11194087e-05

general increased Löwdin charges coincide with more attractive DEC inter-
action correlation energies but the relation is clearly not linear. The relative
size of the error of the DEC interaction energy compared to the CPC en-
ergy decreases with basis set size and is larger of double distance while the
opposite is true for the Löwdin charges.
The most plausible explanation is that the changes in both the Löwdin
charges and the DEC interaction energies are both caused by changes in
the basis set size. The data discussed suggests that the localization error
is not the main contribution to the error of the DEC interaction correla-
tion energy. Instead the investigation of missing contributions to the DEC
interaction energy should be further investigated.
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Table 4.5: Löwdin Charges on other subsystem

Basis AF1 LOWDIN AF2 LOWDIN LOWDIN TOTAL InteractE DEC
DZ pfm 5.03872000e-03 5.25533400e-02 5.75920600e-02 -2.36311566e-03
DZ psm 4.67458000e-03 5.21891400e-02 5.68637200e-02 -2.34136908e-03
DZ pml 4.16508000e-03 5.16797200e-02 5.58448000e-02 -2.31884328e-03
augDZ pfm 2.66629800e-02 9.52887400e-02 1.21951720e-01 -3.33553812e-03
augDZ psm 2.63951800e-02 9.50209000e-02 1.21416080e-01 -3.31774115e-03
augDZ pml 2.58517000e-02 9.44774200e-02 1.20329120e-01 -3.28388460e-03
DZ pfm dist2 2.00000000e-07 1.19200000e-05 1.21200000e-05 -1.23834987e-05
DZ psm dist2 1.80000000e-07 1.19200000e-05 1.21000000e-05 -1.23833574e-05
DZ pml dist2 5.20000000e-07 1.22200000e-05 1.27400000e-05 -1.24203598e-05
augDZ pfm dist2 3.14400000e-05 3.17920000e-04 3.49360000e-04 -2.84544811e-05
augDZ psm dist2 3.14600000e-05 3.17880000e-04 3.49340000e-04 -2.84546346e-05
augDZ pml dist2 3.15400000e-05 3.17980000e-04 3.49520000e-04 -2.84950623e-05
QZ pfm 1.05916600e-02 9.39267000e-02 1.04518360e-01 -3.74890275e-03
QZ psm 1.02448400e-02 9.35799000e-02 1.03824740e-01 -3.72620365e-03
QZ pml 9.68528000e-03 9.30203800e-02 1.02705660e-01 -3.71425541e-03
augQZ pfm 5.63507000e-02 2.28765560e-01 2.85116260e-01 -3.94093734e-03
augQZ psm 5.61310000e-02 2.28545880e-01 2.84676880e-01 -3.91984295e-03
augQZ pml 5.57448800e-02 2.28159780e-01 2.83904660e-01 -3.88785212e-03
QZ pfm dist2 2.20000000e-06 1.03340000e-04 1.05540000e-04 -2.55276445e-05
QZ psm dist2 2.16000000e-06 1.03260000e-04 1.05420000e-04 -2.55261127e-05
QZ pml dist2 2.10000000e-06 1.03180000e-04 1.05280000e-04 -2.55618086e-05
augQZ pfm dist2 5.24200000e-05 3.05000000e-04 3.57420000e-04 -3.09175457e-05
augQZ psm dist2 5.23800000e-05 3.05000000e-04 3.57380000e-04 -3.09180661e-05
augQZ pml dist2 5.36200000e-05 3.06220000e-04 3.59840000e-04 -3.11194087e-05
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