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Abstract: The DF-SAPT-DFT interaction energies of 15 hydrogen-bonded systems were confronted with their
supermolecular counterparts obtained by combining the RI-MP2/CBS and CCSD(T)/aug-cc-pVDZ results. The former
were assumed to approach the CBS limit by the power law, whose exponent was estimated by fitting the two sets of

interaction energies in the least-squares sense.
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1 Introduction

The quantitative description of the properties of
hydrogen-bonded ~ complexes is vital for our
understanding of many phenomena involving physical,
chemical and biological processes in molecules and
clusters. Thus, considerable effort has been spent on
studying the characteristics of hydrogen-bonded systems
experimentally [1] and also by applying a variety of
theoretical techniques [2]. Generally, an application of
the wavefunction-based quantum chemical methods
which take into account electron correlation effects
(beyond-Hartree-Fock, beyond-HF, methods) [3] is
necessary to accurately describe the structure and
energetics of hydrogen bonds, because an alternative
teatment employing the standard techniques of the
density-functional theory (DFT) [4] has been shown to
suffer from the improper description of the London
dispersion contribution to the intermolecular interactions
(see [5] for the most recent discussion), and the HF
method does not cover the dispersion forces at all.
However, the application of beyond-HF methods
logether with sufficiently large basis sets is currently
possible only for relatively small systems, their size
being dependent on the level of sophistication of a given
le'chnique and not exceeding ca. 30 atoms in the case of
highly accurate coupled-cluster [3] (CC) calculations.
FDFtunately, due to the recent progress (see review
alicle [6]) in combining the cost-effective DFT
description of monomer properties with the symmetry-
ddapted perturbation theory (SAPT) of intermonomer
INferactions, an important alternative strategy for
Modeling  hydrogen-bonded systems emerged. In
Pﬂ}'ticular, the density-fitting (DF) approximation within
this approach [7] makes it possible to study the

| Meractions in sizeable (containing S0 atoms or more)
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systems with the reliability of the results comparable to
that of the CC methods [8], [9]. In this paper, two
sophisticated approaches for an assessment of
intermolecular interaction energies are combined. The
first one is the supermolecular calculation of the sum of
1) the MP2 [3] (second-order Moller—Plesset
perturbation theory) results extrapolated to the complete
basis set (CBS) limit and of 2) the correction term,
which approximates the higher-order correlation
contributions (see Methods for details and reference [10]
for a thorough discussion). This strategy has been
successfully employed to obtain accurate interaction
energies of relatively large systems including, for
example, base pairs of nucleic acids [11], [12], [13] or
complexes of benzene with hexafluorobenzene [14] and
nitrobenzene [15]. The second approach involves the
DF-SAPT-DFT calculations with two small augmented
correlation-consistent basis sets (¢f Methods), which can
be performed for even larger complexes. The set of the
DF-SAPT-DFT data is subsequently fitted using a
simple one-parameter form (Equation (4) below) to the
supermolecular results for 15 hydrogen-bonded dimers.
Importantly, the fit is shown to be robust and the
resulting expression works reasonably well for a
different kind of hydrogen-bonded systems not included
in the original data set, thus capturing the convergence
of the DF-SAPT-DFT results towards the most accurate
data.

2 Methods

The training set consists of the systems 1 — 15, which
can be subdivided into three structural classes. Thus, the
water homodimer 1, the water-methanol dimer 2, the
methanol homodimer 3 and the methanol-phenol dimer
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4 all feature one strong O—H...O hydrogen bond. The
next group contains the five formamide dimers first
studied by Vargas et al. [16] and later by Frey and
Leutwyler [17] and denoted as FA1 — FAS5 (here 5 — 9
accordingly) together with the structurally similar N-
methylacetamide dimer 10 (see ref. [16] for details). The
last group comprises fluorine-containing systems, i.e.,
the hydrogen fluoride homodimer 11, the HF-water
dimer 12, the HF-hydrogen cyanide dimer 13, the HF—
methanol dimer 14, and the Cy-symmetric arrangement
of the fluorobenzene homodimer 15 (the structure
designated A in ref. [18]). The testing system is the
coplanar complex of uracil and 4,6-diamino-1,3,5-
triazine, which features three hydrogen bonds and is the
model structure important in the description of
hydrogen-bonded polymers [19]. It will be further
referred to as 16.

All the structures 1 — 16 were subjected to the full
geometrical optimization at the MP2(Frozen Core)/aug-
cc-pVDZ level and the resulting stationary points were
verified to be minima by calculating the harmonic
vibrational frequencies (all real for each structure). The
default algorithms and settings of Gaussian 03 [20] suite
of quantum chemical programs were used. The
coordinates of the structures can be obtained from the
author upon request. The supermolecular calculations of
the MP2 interaction energies of the complexes 1 — 16
were performed in the resolution of the identity (RI)
integral approximation [21] using the TURBOMOLE
V5-7-1 program package [22]. The frozen-core
approximation and the augmented correlation-consistent
polarized-valence X-tuple zeta basis sets, X = 2 (DZ), 3
(TZ) and 4 (QZ), where X is the cardinal number
associated with each basis set, were applied in the RI-
MP2 framework [23]. The complete basis set (CBS)
estimates of the MP2 interaction energies were obtained
using the mixed Gaussian/exponential form [24]:
E(X) =Egs +bexp[-(X —1)]+cexp[—(X ~1)*] (1
The parameters b and ¢ and, most importantly, the basis
set limit value of the RI-MP2 energy, E.,, are
determined uniquely from the three energies. Thus, the

o0

CBS-extrapolated MP2 interaction energies, AEy,,,
were obtained as the difference of the E .z of the dimer
and of the E_y data for the monomers, which were
corrected for the basis set superposition error (BSSE)
employing the scheme of Boys and Bernardi [25]. The
correction term approximating the contribution to the
correlation energy not covered by the MP2 treatment,
AE,. , was obtained by taking the difference between

the result provided by the coupled-cluster method with
singles, doubles and noniterative triples excitations
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[CCSD(T)] and by the canonical MP2 calculation, bog,
values computed with the standard aug-cc-pVDZ bagjg
set [26] using the default algorithms of the Molprg
program package [27], [28]. As in the case of the R
MP2 calculations, the frozen-core approximation and the
counterpoise correction for the reduction of the BSSE

[25] were adopted. The sum of the AEy,,, and AE,.
terms calculated as described above is often ,
satisfactory estimate of the CCSD(T) interaction energy
at the basis set limit, AE g, -

The DF-SAPT-DFT method was used g
implemented in the Molpro 2006.1 code [28]. The
PBEOAC asymptotically corrected exchange-correlation
functional [7] was applied and two sets of results were
obtained, the first one by applying the aug-cc-pVDZz

atomic orbitals basis set [26], the cc-pVTZ auxiliary JK-

fitting basis set [29] and the aug-cc-pVDZ MP2-fitting
basis set [30], and the second utilizing, respectively, the
analogous aug-cc-pVTZ, cc-pVQZ and aug-cc-pVTZ
basis sets (references [26], [29] and [30] accordingly),
The adiabatic local density approximation was adopted
in the perturbation treatment of the second-order
contributions, and the gradient-controlled shift procedure
was employed [31] (the values of the differences
between the vertical ionization potential and the energy
of the highest molecular orbital for each system and the
given combination of the basis sets can be obtained from
the author upon request). Thus, the results calculated
with the smaller and larger basis set will be denoted as

AENE and AESZ., respectively. They were optimized to
best-fit the supermolecular AE( ¢, values as follows.

Assuming that the DF-SAPT-DFT results approach their
CBS limit, AE, , by the power law:

ABZ = AE 4 AX™ @

and considering those obtained for the cardinal numbers
X =2 and 3 (ie, the AEJS and AE}:. data), we
eliminate the linear parameter 4 to get

o o DI A o
DFT — N9 .. 30

Then the optimal value of the parameter a in the least
squares sense is given by the solution to the
minimization problem

—ABS

#

15 DZ (- 2(1 "'“AETZ N\ na
min £ : fZZ(AEm (l)za 3 i (13
i=l
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with going over the energy-data for the complexes 1 —

5, The error bars for each i point representing the 95%
confidence intervals on the parameter a were generated
py the standard procedure [32], [33] on the assumption
¢ Student’s ¢ distribution of errors employing the
residuals and the covariance matrix as provided by the
wmmercial NAG® FORTRAN Numerical Library
qoutines EO4FCF and E04YCF, respectively.

3 Results and Discussion

31 The Supermolecular Results

Table 1 summarizes the values of the interaction
energies, which were obtained for the complexes 1 — 16
by the variational —supermolecular approaches as
described in Methods section. It should be mentioned
that while the AE__ values might seem to be small

(maximum absolute value 1.91 kJ/mol for the complex
4, maximum relative value 6.7% in the case of the
formamide dimer designated FAS5 in ref. [17] and 9 in
this work), they differ in sign and are expected to bring

. the MP2/CBS data to an almost-perfect. agreement with

the most accurate theoretical results. For example, a
series of the CCSD(T)/aug-cc-pVXZ, X = 2, 3, and 4,
inferaction energies was calculated for the hydrogen
fluoride homodimer 11, which were extrapolated using
Equation (1) to obtain an alternative estimate of the

- (CSD(T)/CBS value. Resulting AE=-19.80 kJ/mol

lies closer to the AECqy, than to the AEy,, interaction

- energy thanks to the correct sign of the (small) AE,__ .

complex | AEQ,, AE .. AE;CSD(T)
1 2133 | +0.21 21,12
2 -21.37 | +0.11 -21.26
3 -25.16 | +0.44 —24.73
4 3730 | +1.91 —35.38
5 —68.80 | -0.36 -69.15
6 -45.62 | -1.10 —46.72
7 -35.13 | —0.06 -35.18
8 —30.86 | —0.14 -31.00
9 -23.35 | -1.70 -25.06
10 -7548 | +0.02 —75.46
11 -19.38 | -0.12 —-19.50
12 -38.11 | +0.44 -37.66
13 -32.03 | +1.38 —30.65
14 —-44.31 | 4+0.82 -43 .48
15 -10.76 | +0.02 -10.75
16 -88.44 | +0.36 —88.08

Table 1, The interaction energies (in kJ/mol) obtained
'om the supermolecular calculations. See the text for

details,
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3.2 The DF-SAPT-DFT and Optimized Results
The data resulting from the DF-SAPT-DFT calculations
and from the optimization process are collected in Table
2. Thus, the AEpZ and AE}Z interaction energies are
shown, which were employed (together with the set of
the AE( ., values) to solve the problem as formulated

by Equation (4). The value of a=1.90 was obtained by
an application of the nonlinear fitting procedure and
used to get the AE;.; results from Equation (3). The
residuals of the fit, ie., the
A(#) = AEpr (i) — AEgespe (7) differences for integer i =
1,2, ..., 15 are also given in Table 2 together with the A
value for the complex 16 not included in the parameter
estimation. A highly accurate fit of the DF-SAPT-DFT
data to their supermolecular counterparts was obtained
(the maximum and average absolute errors amount to
1.43 and 0.56 kJ/mol, respectively, and the average
relative error is just 1.6%). Significantly, the model
described by Equation (4) was applied to a wide range of
hydrogen-bonded systems, with various atoms involved,
and with the interaction energies spanning the interval
from ca. 10 to almost 80 kJ/mol. The model is robust:
from an inspection of Figure 1 it is apparent that no
outliers are present in the data. Moreover, the AE]..

result extrapolated for the dimer 16, while lying outside
the parametrized range of the interaction energies, is in a

fairly good agreement with the AEl.,. value (the

absolute error of about one half of kcal/mol).

complex AEgp{r AE;}%T AES A
1 -18.22 | -19.87 | -21.30 | —-0.18
2 —18.18 | -19.86 | -21.31 | -0.05
3 -20.37 | 2235 | -24.04 | +0.69
4 -28.82 | 31.72 | 3422 | +1.16
5 —61.39 | —-65.56 | -69.16 | —0.01
6 —41.86 | —44.73 | -47.21 | -0.49
7 -29.66 | -35.25 | -34.47 | +0.71
8 -27.72 | -29.67 | -31.34 | -0.34
9 -21.97 | -23.65 | -25.11 | -0.05
10 —68.57 | —73.04 | -76.09 | -1.43
11 —16.35 | -17.75 | —18.96 | +0.54
12 -32.87 | -35.54 | -37.84 | -0.18
13 -26.75 | -29.16 | —31.23 | -0.58
14 -37.27 | -40.21 | -42.74 | +0.74
15 —7.87 -8.75 -9.51 +1.24
16 -76.70 | -81.60 | —85.80 | +2.28

Table 2. The DF-SAPT-DFT-based interaction energies
and the AES. —AEl ¢, differences, A (all values are

in kJ/mol). See the text for details.
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Figure 1. The supermolecular vs. optimized results (open
circles, with the error bars shown in red; the filled circle
represents the point not included in the parameter
estimation, and the line would correspond to a perfect
fit). See the text for details.

4 Conclusion

The DF-SAPT-DFT interaction energies of the training
set of 15 hydrogen-bonded complexes of various
structural types, which covered the range of values from
ca. 10 to almost 80 kJ/mol, were confronted with their

AEesnry supermolecular counterparts estimated by

combining the RI-MP2/CBS and CCSD(T)/aug-cc-
pVDZ results. Thus, the DF-SAPT-DFT data calculated
with two smaller basis sets were assumed to approach
the CBS limit by the power law and successfully fitted to
the model (Equation (4)) to minimize the differences

from the AE(.q, results. The testing complex 16, not

included in the parameter estimation, was described by
the model well within the chemical accuracy (cf the
discussion of this term in ref. [34]).
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