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Quality of a calculation depends upon the quality of basis sets  
  Multi-electron basis: Slater determinants available to expand the wavefunction
  One-electron basis: atomic orbitals available to expand the molecular orbitals
  Full multi-electron basis recovers all correlation within a given one-electron basis
  Full one-electron basis recovers the SCF energy without limitation on the shape of MO

Two limitations to solving the Schrödinger Equation
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Basis Sets

• Generically, a basis set is a collection of vectors which

spans (defines) a space in which a problem is solved

• î, ĵ, k̂ define a Cartesian, 3D linear vector space

• In quantum chemistry, the “basis set” usually refers to the

set of (nonorthogonal) one-particle functions used to build

molecular orbitals

• Sometimes, theorists might also refer to N -electron basis

sets, which is something else entirely — sets of Slater

determinants

Basis Sets in Quantum Chemistry

• LCAO-MO approximation: MO’s built from AO’s

• An “orbital” is a one-electron function

• AO’s represented by atom-centered Gaussians in most

quantum chemistry programs — why Gaussians? (GTO’s)

• Some older programs used “Slater functions” (STO’s)

• Physicists like plane wave basis sets

Basis set in quantum chemistry



Slater-Type Orbitals (STO’s)

φSTO
abc (x, y, z) = Nxaybzce−ζr

• N is a normalization constant

• a, b, c control angular momentum, L = a + b + c

• ζ (zeta) controls the width of the orbital (large ζ gives

tight function, small ζ gives diffuse function)

• These are H-atom-like, at least for 1s; however, they lack

radial nodes and are not pure spherical harmonics (how to

get 2s or 2p, then?)

• Correct short-range and long-range behavior

Slater-type orbitals (STOs)

Radial Distribution
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Gaussian-Type Orbitals (GTO’s)

φGTO
abc (x, y, z) = Nxaybzce−ζr2

• Again, a, b, c control angular momentum, L = a + b + c

• Again, ζ controls width of orbital

• No longer H-atom-like, even for 1s

• Much easier to compute (Gaussian product theorem)

• Almost universally used by quantum chemists

Gaussian-type orbitals (GTOs)

Radial Distribution

too flat at r near 0

falls off too quickly at large r
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Contracted Gaussian-type orbitals (CGTOs)
Contracted Gaussian-Type Orbitals (CGTO’s)

• Problem: STO’s are more accurate, but it takes longer to

compute integrals using them

• Solution: Use a linear combination of enough GTO’s to

mimic an STO

• Unfortunate: A combination of n Gaussians to mimic an

STO is often called an “STO-nG” basis, even though it is

made of CGTO’s...

φCGTO
abc (x, y, z) = N

n∑

i=1

cix
aybzce−ζir2

(1)

Contracted GTO Primitive GTO
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Figure from Szabo and Ostlund, Modern Quantum Chemistry.

Contracted Gaussian-type orbitals (CGTOs), cont.

  Cost for HF scales as N4

  Optimizing all coefficients in 
the Gaussian expansion would be 
more accurate but costly

  CGTOs permit boost in 
computational efficiency by 
limiting number of coefficients in 
Gaussian expansion  

  CGTOs used most commonly 
for inner orbitals & GTO for outer 
shells



Designations of basis set size
  Minimal: one basis function (STO, GTO, or CGTO) for each atomic orbital in each atom
  Double-zeta (DZ): two basis functions for each AO
  Triple-zeta (TZ): three basis functions for each AO
  etc., for quadruple-zeta (QZ), 5Z, 6Z, ... 
  The presence of different-sized functions allows the orbital to get bigger or smaller when 

other atoms approach it, adds flexibility to adequately describe anisotropic electron 
distribution in molecules

Adding: add’l fns of varying sizes with valence ang. mom.
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Designations of basis set size
  Minimal: one basis function (STO, GTO, or CGTO) for each atomic orbital in each atom
  Double-zeta (DZ): two basis functions for each AO
  Triple-zeta (TZ): three basis functions for each AO
  etc., for quadruple-zeta (QZ), 5Z, 6Z, ... 
  The presence of different-sized functions allows the orbital to get bigger or smaller when 

other atoms approach it, adds flexibility to adequately describe anisotropic electron 
distribution in molecules

Adding: add’l fns of varying sizes with valence ang. mom.
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Designations of basis set size
  Minimal: one basis function (STO, GTO, or CGTO) for each atomic orbital in each atom
  Double-zeta (DZ): two basis functions for each AO
  Triple-zeta (TZ): three basis functions for each AO
  etc., for quadruple-zeta (QZ), 5Z, 6Z, ... 
  The presence of different-sized functions allows the orbital to get bigger or smaller when 

other atoms approach it, adds flexibility to adequately describe anisotropic electron 
distribution in molecules

Adding: add’l fns of varying sizes with valence ang. mom.



Split-valence basis sets

  A split-valence basis uses only one basis function for each core AO and a large basis for 
the valence AOs

  Flexibility more important for valence orbitals, which are chemically important
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Split-valence basis sets

  A split-valence basis uses only one basis function for each core AO and a large basis for 
the valence AOs

  Flexibility more important for valence orbitals, which are chemically important
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Split-valence basis sets

  A split-valence basis uses only one basis function for each core AO and a large basis for 
the valence AOs

  Flexibility more important for valence orbitals, which are chemically important
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Split-valence basis sets

  A split-valence basis uses only one basis function for each core AO and a large basis for 
the valence AOs

  Flexibility more important for valence orbitals, which are chemically important
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Split-valence basis sets

  A split-valence basis uses only one basis function for each core AO and a large basis for 
the valence AOs

  Flexibility more important for valence orbitals, which are chemically important



  QC programs which use symmetry can yield valuable efficiency gains for symmetry 
molecules (prefactor 1/point group order)

  Since there is no coupling between each subgroup (e.g., a1, b2, b1, a2) of orbitals, the 
program must guess an occupancy

  If guess is incorrect, SCF energies will never match ground-state values from other 
programs, as you have effectively calculated an excited state. If you’re trying to do a 
frequency analysis, you may have imaginary frequencies from optimizing to a non-global 
minimum

  This pitfall is more likely with larger extended basis sets
  Beware different ordering of symmetry subgroups between QC programs, esp. C2v

  Pitfall: for extended basis sets, when using symmetry, a QC program may allocate 
electrons to a non-ground state configuration of orbitals.

  Solution: (1) Specify the correct allocation by transferring from a QC program you trust. 
(2) Start the SCF with a small (STO-3G, 6-31G) basis, then direct the program to project into 
a larger (desired) basis set.

Pitfall: Occupancy



Polarization Functions
  As other atoms approach, an atom’s orbitals might want to shift to one side or the other 

(polarization). Polarization of an s orbital in one direction can be represented by mixing it 
with a p orbital

  p orbitals can polarize if mixed with d orbitals
  In general, to polarize a basis function with angular momentum l, mix it with basis 

functions of angular momentum l + 1
  This gives “polarized double-zeta” or “double-zeta plus polarization” basis sets

Adding: add’l fns with higher-than-valence ang. mom.
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  We know there should be 5 d functions; these are called “pure angular momentum” 
functions (even though they aren’t really eigenfunctions of the AM operator)                                                           

  Computers would prefer to work with 6 d functions; these are called “6 Cartesian d 
functions”

                               looks like a s orbital
  Similar answers are obtained using 5 or 6 d functions
  For f functions, it’s 7 versus 10 f functions

d
x2
+ d

y2
+ d

z2

d
x2 −y2

, d
z2
, dxy , dxz , dyz

d
x2
, d

y2
, d

z2
, dxy , dxz , dyz

  Pitfall: a basis set is designed by its author to use one or the other (5/6 d & 7/10 f) 
schemes; whereas, a QC program may also default to one or the other. If a QC program is 
aware of a basis set’s predilection, it may forget if the basis set is specified with variations or 
in combination. You can very easily get wrong answers that look about right

  Solution: (1) Pay attention to the output- check that the number of orbitals and the 
resultant energy is the same as for a QC program you are confident is handling the basis set 
correctly. (2) If the output is wrong, read the manual and find out how to specify the d and f 
functions.

Pitfall: Counting polarization functions
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Diffuse Functions

  When electron density exists far from nuclear centers, normal basis sets are inadequate
  Diffuse functions have small zeta exponents to hold the electron far away from the nucleus
  Necessary for anions, Rydberg states, very electronegative atoms (fluorine) with a lot of 

electron density
  Necessary for accurate polarizabilities or binding energies of van der Waals complexes 

(bound by dispersion)
  It is very bad to do computations on anions without using diffuse functions; your results 

could change completely!

Adding: add’l fns with valence ang. mom. and smaller-than-valence exponents
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Pitfall: Linear Dependency

  Large basis sets (particularly, large basis sets with diffuse functions) are prone to “near 
linear dependency,” where the description of space spanned by the basis functions is over-
complete

  With a loss in uniqueness in the molecular orbital coefficients, SCF may be slow to 
converge or behave erratically

  Usually diagnosed from eigenvalues of the overlap matrix; thereafter near-degeneracies 
can be projected out according to a cutoff value

  Pitfall: (1) SCF is having difficulty converging and the output warns of linear dependency. 
(2) You are dealing with a potential energy curve or systems along a reaction path and linear 
dependency is being treated differently in each.

  Solution: (1) Tighten up the cutoff value (<10–5) for projecting out LD. (2) Adjust cutoff 
or turn off projection until same number of orbitals dropped along curve and potential energy 
surface is smooth.



A few basis sets

  A partial listing by a practitioner irritated by basis set acronyms
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Meet the basis sets: Pople-style bases

  Developed by the late Nobel Laureate, John Pople, and popularized by the Gaussian set of 
programs

  Basis set notation looks like:  k-nlm++G**  or  k-nlm++G(idf,jpd)
  Core/Valence functions

  k primitive GTO for core electrons
  n primitive GTO for inner valence orbitals
  l primitive GTO for medium valence orbitals
  m primitive GTO for outer valence orbitals

  Polarization functions
  * indicates one set d polarization functions added to heavy atoms (non-H), alt. (d)
  ** indicates one set d polarization functions added to heavy atoms and one set p 

polarization functions added to H atom, alt. (d,p)
  idf indicates i set d and one set f polarization functions added to heavy atoms
  idf,jpd indicates i set d and one set f polarization functions added to heavy atoms and j set p 

and one set d polarization functions added to H atom
  Diffuse functions

  + indicates one set p diffuse functions added to heavy atoms (non-H)
  ++ indicates one set p diffuse functions added to heavy atoms and 1 s diffuse function 

added to H atom

e.g., 3-21G, 6-31G, 6-311G

e.g., 6-31G*, 6-311G(d,p)

e.g., 6-311++G



Meet the basis sets: Dunning-style bases

  Pople-style basis sets generally optimized from HF calculations on atoms and small 
molecules

  Thom Dunning (UT,ORNL) utilized higher order correlated methods, CISD, hence 
“correlation-consistent”

  Designed to systematically converge the correlation energy to the basis set limit
  Basis set notation looks like:  (aug)-cc-p(C)VXZ, X=D,T,Q,5,6,7
  Valence & Polarization functions

  cc-pVXZ is a polarized valence X-zeta basis
  functions are added in shells such that all orbitals with a similar contribution to the energy 

are added together. For C, cc-pVDZ is 3s2p1d, cc-pVTZ 4s3p2d1f, cc-pVQZ is 5s4p3d2f1g
  Diffuse functions

  prefix “aug” indicates one set of diffuse functions added for every angular momentum 
present in the basis. For C, aug-cc-pVDZ has diffuse s,p,d

  extra diffuse functions available with “d-aug”
  Core functions

  letter “C” indicates presence of core correlation functions

e.g., cc-pVTZ

e.g., aug-cc-pVTZ

e.g., cc-pCVTZ



Meet the basis sets: Others

  J. Amlof and P. R. Taylor at NASA Ames

  ANO designed to reproduce the natural orbitals for correlated (CISD) calculations on atoms

  Generally contracted- more complicated scheme to implement

  well-suited for harmonic and anharmonic force fields of correlated methods

  Very large basis sets (consequently very expensive) but thorough and numerous levels of 
truncation are available

Atomic Natural Orbitals (ANO)

  PBS: polarized basis set of Sadlej, double-zeta + diffuse, developed for calculation of 
electrical properties, good for dipole moments, polarizabilities, excited states

  WMR: generally contracted basis sets by Widmark, Malmqvist, and Roos for atomic and 
molecular properties, rather large

Properties Basis Sets



Effective Core Potentials / Pseudopotentials

  Core orbitals generally not affected by changes in 
chemical bonding but require many basis functions to 
describe accurately

  Treat core electrons as averaged potentials rather than 
actual particles– pseudopotentials

  Advantages of greater efficiency since calculation not 
dominated by unnecessary integrals

  Advantage of incorporating relativistic effects

  Developed by removing core-dominated basis functions, 
then reoptimizing the remaining basis functions in the 
presence of the pseudopotential

  Potential is linear combination of Gaussians chosen to 
model the core electrons, orthogonal to valence electrons in 
basis functions

  Very important for heavy atoms, especially transition 
metals
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Acquiring basis sets– the EMSL library

  Locate website by searching “EMSL Gaussian”
  Search by basis set name
  Search by element
  Available for many QC programs
  Stores basis sets and pseudopotentials



Acquiring basis sets– the EMSL library



Acquiring basis sets– the EMSL library



Basis set superposition error (BSSE)
  “In a system comprising interacting fragments A and B, the fact that in practice the basis 

sets on A and B are incomplete means that the fragment energy of A will necessarily be 
improved by the basis functions on B (and vice versa), irrespective of whether there is any 
genuine binding interaction in the compound system or not.”

  Correct with Counterpoise method of Boys and Bernardi (use ghost atoms to obtain 
monomer energies in dimer basis)

EunCP = Edimer
AB − Emono A

A − Emono B
B

ECP = Edimer
AB − Emono A

AB − Emono B
AB



Properties and basis sets



of MP2 and MP3. Clearly, the CCSD wave function is not
particularly well suited for the calculation of bond distances.
Only with the addition of triples corrections at the CCSD�T�
level does the coupled-cluster model yield satisfactory re-
sults. Indeed, at the cc-pVTZ and cc-pVQZ levels, the
CCSD�T� model performs excellently, with sharply peaked
distributions close to the origin. From these investigations, it
appears that the inclusion of doubles amplitudes to second
order at the MP2 level yields satisfactory results, but that the
inclusion of doubles to higher orders �as in MP3, CISD, and
CCSD� without the simultaneous incorporation of triples �as
in MP4 and CCSD�T�� yields bond distances in worse agree-
ment with the exact solution. We finally note that CISD per-
forms less satisfactorily than any other correlated method,
with the possible exception of MP3.

E. Mean absolute deviations

We now consider the mean absolute deviations �̄abs
listed in Table V and plotted in Fig. 4. In Table VI, the mean

absolute deviations �̄abs are scaled such that the CCSD�T�
error in the cc-pVQZ basis is equal to one. With the obvious
exceptions of MP3 and CISD at the cc-pVDZ level, Fig. 4 is
very similar to what we would obtain by plotting the abso-
lute values of the mean values �̄ �compare with Fig. 1�,
confirming the systematic nature of the errors usually ob-
tained in ab initio calculations. From Fig. 4, the different

FIG. 3. Normal distributions �(R) for the errors in the calculated bond distances. The distributions have been calculated from the mean errors in Table III and
the standard deviations in Table IV �pm�. For easy comparison, all distributions have been normalized to one and plotted on the same horizontal and vertical
scales.

TABLE V. The mean absolute deviations �̄abs relative to experiment for the
calculated bond distances �pm�.

cc-pVDZ cc-pVTZ cc-pVQZ

HF 2.11 2.80 2.91
MP2 1.29 0.58 0.54
MP3 0.88 1.16 1.30
MP4 1.77 0.51 0.41
CCSD 1.09 0.72 0.89
CCSD�T� 1.59 0.23 0.22
CISD 0.93 1.57 1.80

6434 Helgaker et al.: Molecular equilibrium structures

J. Chem. Phys., Vol. 106, No. 15, 15 April 1997

Downloaded¬24¬May¬2006¬to¬130.132.143.49.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp

Balancing methods and basis sets
DZ TZ QZ

HF

MP2

CISD

CCSD(T)



Basis Set Limit

  As the number of basis functions increases, the wavefunction is better represented and the 
energy decreases to approach the complete basis set (CBS) limit

  Convergence with respect to size is very slow

  Actually employing an infinite number of basis functions is impossible, but we can try to 
estimate the energy at the CBS limit

  Can use hierarchical basis sets to extrapolate to CBS



Basis Set Extrapolation
  Extrapolations between two AM adjacent basis sets are good (e.g., cc-pVTZ & cc-pVQZ 

or heavy-aug-cc-pVDZ & heavy-aug-cc-pVTZ)
  Extrapolate HF and correlation energies separately
  Two schemes

  Exponential Form
  Power Form

  X–3 term remedies only basis set incompleteness error, not BSSE, so CP-correction 
recommended

  DZ is erratic so avoid when possible
  Two-step extrapolation is excellent when a high-quality method like CCSD(T) is 

affordable at TZ & QZ, but this is often impossible, and correlation extrapolation at the MP2 
level is not the best

  Use three-step extrapolation
  HF and MP2 correlation extrapolation as before with large basis sets
  deltaCCSD(T) “coupled-cluster correction” with smaller basis to recover correlation 

between MP2 and CCSD(T)
  With large enough basis sets (6Z) can achieve within 0.1 mHartrees of the CBS limit

infinite AO basis set.3,4 The infinite basis set calculations are
realized by extrapolation to the complete basis set (CBS)
limit.5,6 The CCSD(T) method is accurate enough and repre-
sents a compromise in accuracy and economy of the calcula-
tions. We have shown recently7 that the CCSDT and
CCSD(T) interaction energies of several model complexes
(H-bonded and stacked ones) agree very well. The computa-
tional time for the former method is prohibitively large and the
respective calculations can be thus performed for small and
highly symmetric complexes only. On the other hand, the
calculations with the CCSD(T)/infinite basis set can be rea-
lized even for extended complexes and these calculations
represent the new benchmark level. The existence of the
benchmark data for a broad set of extended complexes is
extremely important since this set can be used for the testing of
new computational procedures. It is clear that progress in
material and biological sciences requires the application of
accurate computational methods allowing us to tackle systems
with thousands of atoms at both static and dynamic levels.
Since 2003 when we presented our first paper on accurate
stabilization energies of DNA base pairs we have published
several papers with accurate stabilization energies of H-
bonded and stacked DNA and RNA base pairs8–13 as well
as amino acid pairs.2 We systematically used the same com-
putational philosophy that now allows us to collect all these
data and publish the accurate interaction energies for the
whole set. There is a good reason to do it—we were frequently
asked by our colleagues from different computational labora-
tories to provide our accurate stabilization energies for H-
bonded and stacked pairs. We are aware that each benchmark
set requires an acronym; we used the initials of our family
names and named the set as JSCH. Since the set will be
extended in the future we named the present one as JSCH-2005.
We expect that the JSCH-2005 benchmark set will be used

mainly for estimating the accuracy of less reliable theoretical
approaches such as empirical force fields, semiempirical meth-
ods, or density functional based methods. In some cases,
working with the whole set counting over 100 complexes
may be impractical. Therefore, we decided to separate a
smaller set of 22 mostly small complexes, which could be
conveniently used as a training set (Set 22, S22). The remain-
ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18

EX
HF=EHF

CBSþA exp("aX) and EX
corr=E corr

CBSþBX"3 (1)

EX
HF=ECBS

HF þBX"a and EX
corr =ECBS

corr þ BX"b. (2)

We have chosen the scheme of Helgaker et al., in which EX and
ECBS are energies for the basis set with the largest angular
momentum X and for the complete basis set respectively, and a
is a parameter fitted in the original work. The two point
extrapolation form is preferable as it was shown that the
inclusion of an additional lower quality basis set results often
spoils the quality of the fit, especially in case of the smallest
basis sets like cc-pVDZ.15 The most problematic are the
stacked clusters for which the double-z basis sets yield strongly
underestimated stabilization energies and first reasonable re-
sults are obtained with aug-cc-pVDZ (or similar) basis set. The
extrapolation can only be performed if systematically im-
proved AO basis sets are applied. Throughout this study we
used the Dunning’s AO basis sets and both augmented as well
as non-augmented ones were applied. The HF and correlation
interaction energies were corrected for the basis set super-
position error (BSSE)19 and extrapolation was applied to the
total energies as well as to the BSSE corrected subsystem
energies. Frozen-core approximation was applied throughout
this study.
The question arises at which level the extrapolation should

be performed. The choice of a method is determined by the
fact that it is necessary to perform calculations at two sub-
sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:

DECCSD(T)=DEMP2
CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
stacked13 clusters but recently even for H-bonded and stacked
structures of the smallest NA base pair–uracil dimer.21

We have shown that extrapolation can be done only at three
different levels where the first one (aug-cc-pVDZ - aug-cc-
pVTZ) is the easiest. To prove its validity it is, however,
necessary to compare it with higher-level extrapolation (aug-
cc-pVTZ - aug-cc-pVQZ). The MP2/aug-cc-pVQZ calcula-
tions for clusters of size of DNA base pairs or amino acid
pairs with present computer resources is difficult—if not
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infinite AO basis set.3,4 The infinite basis set calculations are
realized by extrapolation to the complete basis set (CBS)
limit.5,6 The CCSD(T) method is accurate enough and repre-
sents a compromise in accuracy and economy of the calcula-
tions. We have shown recently7 that the CCSDT and
CCSD(T) interaction energies of several model complexes
(H-bonded and stacked ones) agree very well. The computa-
tional time for the former method is prohibitively large and the
respective calculations can be thus performed for small and
highly symmetric complexes only. On the other hand, the
calculations with the CCSD(T)/infinite basis set can be rea-
lized even for extended complexes and these calculations
represent the new benchmark level. The existence of the
benchmark data for a broad set of extended complexes is
extremely important since this set can be used for the testing of
new computational procedures. It is clear that progress in
material and biological sciences requires the application of
accurate computational methods allowing us to tackle systems
with thousands of atoms at both static and dynamic levels.
Since 2003 when we presented our first paper on accurate
stabilization energies of DNA base pairs we have published
several papers with accurate stabilization energies of H-
bonded and stacked DNA and RNA base pairs8–13 as well
as amino acid pairs.2 We systematically used the same com-
putational philosophy that now allows us to collect all these
data and publish the accurate interaction energies for the
whole set. There is a good reason to do it—we were frequently
asked by our colleagues from different computational labora-
tories to provide our accurate stabilization energies for H-
bonded and stacked pairs. We are aware that each benchmark
set requires an acronym; we used the initials of our family
names and named the set as JSCH. Since the set will be
extended in the future we named the present one as JSCH-2005.
We expect that the JSCH-2005 benchmark set will be used

mainly for estimating the accuracy of less reliable theoretical
approaches such as empirical force fields, semiempirical meth-
ods, or density functional based methods. In some cases,
working with the whole set counting over 100 complexes
may be impractical. Therefore, we decided to separate a
smaller set of 22 mostly small complexes, which could be
conveniently used as a training set (Set 22, S22). The remain-
ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18
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ECBS are energies for the basis set with the largest angular
momentum X and for the complete basis set respectively, and a
is a parameter fitted in the original work. The two point
extrapolation form is preferable as it was shown that the
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sults are obtained with aug-cc-pVDZ (or similar) basis set. The
extrapolation can only be performed if systematically im-
proved AO basis sets are applied. Throughout this study we
used the Dunning’s AO basis sets and both augmented as well
as non-augmented ones were applied. The HF and correlation
interaction energies were corrected for the basis set super-
position error (BSSE)19 and extrapolation was applied to the
total energies as well as to the BSSE corrected subsystem
energies. Frozen-core approximation was applied throughout
this study.
The question arises at which level the extrapolation should

be performed. The choice of a method is determined by the
fact that it is necessary to perform calculations at two sub-
sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:

DECCSD(T)=DEMP2
CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
stacked13 clusters but recently even for H-bonded and stacked
structures of the smallest NA base pair–uracil dimer.21

We have shown that extrapolation can be done only at three
different levels where the first one (aug-cc-pVDZ - aug-cc-
pVTZ) is the easiest. To prove its validity it is, however,
necessary to compare it with higher-level extrapolation (aug-
cc-pVTZ - aug-cc-pVQZ). The MP2/aug-cc-pVQZ calcula-
tions for clusters of size of DNA base pairs or amino acid
pairs with present computer resources is difficult—if not
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Benchmark sets

Several sets of binary complexes have been assembled that (i) strive to be typical of

“real-world” nonbonding interactions, (ii) encompass a span of structural arrangements and

intermonomer distances, and (iii) support high-level interaction energy benchmarks. Ob-

taining these reference values typically involves estimation of the complete basis set (CBS)

limit either though independent extrapolation of the HF and CCSD(T) correlation energies,

ECBS
CCSD(T)

= ECBS
HF

+ ECBS
corr CCSD(T)

, or more affordably, through independent extrapolation of

HF and MP2 correlation energies followed by application of a “coupled-cluster correction”

at a small basis set,

ECBS
CCSD(T)

≈ ECBS
MP2

+ ∆CCSD(T) = ECBS
HF

+ ECBS
corr MP2

+ (Esmall
corr CCSD(T)

− Esmall
corr MP2

). In

describing the benchmark values for the following test sets, specification of the many vari-

ants of CBS extrapolation will take the following form: CBS(HF; MP2; CCSD(T)), where

each method is replaced by the basis employed for the respective level of theory. Further

modifiers include “H:”, whose arguments are the basis sets for a two-point Helgaker[23] ex-

trapolation and “∆:”, whose arguments are the “small basis” in a ∆CCSD(T) correction.

All CCSD(T)/CBS estimations utilized counterpoise-corrected interaction energies. Consult

the Supplementary Materials[24] for a tabulation of the exact CBS treatment for each test

set member.

S22 Jurečka and coworkers designed a compact test set representative of nonbonded

interactions, denoted S22.[25] The set is constructed from balanced contributions by 7

hydrogen-bonded (HB), 8 dispersion bound (DD), and 7 mixed influence (MX) complexes

varying in size from very small (e.g., water dimer) to substantial (e.g., adenine·thymine

complex). As S22 was intended for training approximate methods, the authors took care to

evaluate these systems at a robust level of theory; however, advances have enabled Takatani

and coworkers[26] to reassess the published interaction energies, thereby correcting some

values by up to 0.6 kcal/mol. The present work retains the molecular geometries from the

original S22 formulation while using the revised reference energies of Takatani (formally

designated S22A). The CBS estimation procedure was performed for the smaller systems

through a direct extrapolation of the CCSD(T) correlation energy, CBS(aQ; – ; H:aT-aQ),

and for the larger systems with the conventional two-step approach, CBS(aQ; H:aT-aQ;

∆:H:aD-aT). S22 comprises 22 molecular systems at independent (near-equilibirum) geome-
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Basis Set Extrapolation
  Extrapolations between two AM adjacent basis sets are good (e.g., cc-pVTZ & cc-pVQZ 

or heavy-aug-cc-pVDZ & heavy-aug-cc-pVTZ)
  Extrapolate HF and correlation energies separately
  Two schemes

  Exponential Form
  Power Form

  X–3 term remedies only basis set incompleteness error, not BSSE, so CP-correction 
recommended

  DZ is erratic so avoid when possible
  Two-step extrapolation is excellent when a high-quality method like CCSD(T) is 

affordable at TZ & QZ, but this is often impossible, and correlation extrapolation at the MP2 
level is not the best

  Use three-step extrapolation
  HF and MP2 correlation extrapolation as before with large basis sets
  deltaCCSD(T) “coupled-cluster correction” with smaller basis to recover correlation 

between MP2 and CCSD(T)
  With large enough basis sets (6Z) can achieve within 0.1 mHartrees of the CBS limit

infinite AO basis set.3,4 The infinite basis set calculations are
realized by extrapolation to the complete basis set (CBS)
limit.5,6 The CCSD(T) method is accurate enough and repre-
sents a compromise in accuracy and economy of the calcula-
tions. We have shown recently7 that the CCSDT and
CCSD(T) interaction energies of several model complexes
(H-bonded and stacked ones) agree very well. The computa-
tional time for the former method is prohibitively large and the
respective calculations can be thus performed for small and
highly symmetric complexes only. On the other hand, the
calculations with the CCSD(T)/infinite basis set can be rea-
lized even for extended complexes and these calculations
represent the new benchmark level. The existence of the
benchmark data for a broad set of extended complexes is
extremely important since this set can be used for the testing of
new computational procedures. It is clear that progress in
material and biological sciences requires the application of
accurate computational methods allowing us to tackle systems
with thousands of atoms at both static and dynamic levels.
Since 2003 when we presented our first paper on accurate
stabilization energies of DNA base pairs we have published
several papers with accurate stabilization energies of H-
bonded and stacked DNA and RNA base pairs8–13 as well
as amino acid pairs.2 We systematically used the same com-
putational philosophy that now allows us to collect all these
data and publish the accurate interaction energies for the
whole set. There is a good reason to do it—we were frequently
asked by our colleagues from different computational labora-
tories to provide our accurate stabilization energies for H-
bonded and stacked pairs. We are aware that each benchmark
set requires an acronym; we used the initials of our family
names and named the set as JSCH. Since the set will be
extended in the future we named the present one as JSCH-2005.
We expect that the JSCH-2005 benchmark set will be used

mainly for estimating the accuracy of less reliable theoretical
approaches such as empirical force fields, semiempirical meth-
ods, or density functional based methods. In some cases,
working with the whole set counting over 100 complexes
may be impractical. Therefore, we decided to separate a
smaller set of 22 mostly small complexes, which could be
conveniently used as a training set (Set 22, S22). The remain-
ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18

EX
HF=EHF

CBSþA exp("aX) and EX
corr=E corr

CBSþBX"3 (1)

EX
HF=ECBS

HF þBX"a and EX
corr =ECBS

corr þ BX"b. (2)

We have chosen the scheme of Helgaker et al., in which EX and
ECBS are energies for the basis set with the largest angular
momentum X and for the complete basis set respectively, and a
is a parameter fitted in the original work. The two point
extrapolation form is preferable as it was shown that the
inclusion of an additional lower quality basis set results often
spoils the quality of the fit, especially in case of the smallest
basis sets like cc-pVDZ.15 The most problematic are the
stacked clusters for which the double-z basis sets yield strongly
underestimated stabilization energies and first reasonable re-
sults are obtained with aug-cc-pVDZ (or similar) basis set. The
extrapolation can only be performed if systematically im-
proved AO basis sets are applied. Throughout this study we
used the Dunning’s AO basis sets and both augmented as well
as non-augmented ones were applied. The HF and correlation
interaction energies were corrected for the basis set super-
position error (BSSE)19 and extrapolation was applied to the
total energies as well as to the BSSE corrected subsystem
energies. Frozen-core approximation was applied throughout
this study.
The question arises at which level the extrapolation should

be performed. The choice of a method is determined by the
fact that it is necessary to perform calculations at two sub-
sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:

DECCSD(T)=DEMP2
CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
stacked13 clusters but recently even for H-bonded and stacked
structures of the smallest NA base pair–uracil dimer.21

We have shown that extrapolation can be done only at three
different levels where the first one (aug-cc-pVDZ - aug-cc-
pVTZ) is the easiest. To prove its validity it is, however,
necessary to compare it with higher-level extrapolation (aug-
cc-pVTZ - aug-cc-pVQZ). The MP2/aug-cc-pVQZ calcula-
tions for clusters of size of DNA base pairs or amino acid
pairs with present computer resources is difficult—if not
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infinite AO basis set.3,4 The infinite basis set calculations are
realized by extrapolation to the complete basis set (CBS)
limit.5,6 The CCSD(T) method is accurate enough and repre-
sents a compromise in accuracy and economy of the calcula-
tions. We have shown recently7 that the CCSDT and
CCSD(T) interaction energies of several model complexes
(H-bonded and stacked ones) agree very well. The computa-
tional time for the former method is prohibitively large and the
respective calculations can be thus performed for small and
highly symmetric complexes only. On the other hand, the
calculations with the CCSD(T)/infinite basis set can be rea-
lized even for extended complexes and these calculations
represent the new benchmark level. The existence of the
benchmark data for a broad set of extended complexes is
extremely important since this set can be used for the testing of
new computational procedures. It is clear that progress in
material and biological sciences requires the application of
accurate computational methods allowing us to tackle systems
with thousands of atoms at both static and dynamic levels.
Since 2003 when we presented our first paper on accurate
stabilization energies of DNA base pairs we have published
several papers with accurate stabilization energies of H-
bonded and stacked DNA and RNA base pairs8–13 as well
as amino acid pairs.2 We systematically used the same com-
putational philosophy that now allows us to collect all these
data and publish the accurate interaction energies for the
whole set. There is a good reason to do it—we were frequently
asked by our colleagues from different computational labora-
tories to provide our accurate stabilization energies for H-
bonded and stacked pairs. We are aware that each benchmark
set requires an acronym; we used the initials of our family
names and named the set as JSCH. Since the set will be
extended in the future we named the present one as JSCH-2005.
We expect that the JSCH-2005 benchmark set will be used

mainly for estimating the accuracy of less reliable theoretical
approaches such as empirical force fields, semiempirical meth-
ods, or density functional based methods. In some cases,
working with the whole set counting over 100 complexes
may be impractical. Therefore, we decided to separate a
smaller set of 22 mostly small complexes, which could be
conveniently used as a training set (Set 22, S22). The remain-
ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18
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We have chosen the scheme of Helgaker et al., in which EX and
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sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:
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CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
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Benchmark sets

Several sets of binary complexes have been assembled that (i) strive to be typical of

“real-world” nonbonding interactions, (ii) encompass a span of structural arrangements and

intermonomer distances, and (iii) support high-level interaction energy benchmarks. Ob-

taining these reference values typically involves estimation of the complete basis set (CBS)

limit either though independent extrapolation of the HF and CCSD(T) correlation energies,

ECBS
CCSD(T)

= ECBS
HF

+ ECBS
corr CCSD(T)

, or more affordably, through independent extrapolation of

HF and MP2 correlation energies followed by application of a “coupled-cluster correction”

at a small basis set,

ECBS
CCSD(T)
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MP2

+ ∆CCSD(T) = ECBS
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+ (Esmall
corr CCSD(T)

− Esmall
corr MP2

). In

describing the benchmark values for the following test sets, specification of the many vari-

ants of CBS extrapolation will take the following form: CBS(HF; MP2; CCSD(T)), where

each method is replaced by the basis employed for the respective level of theory. Further

modifiers include “H:”, whose arguments are the basis sets for a two-point Helgaker[23] ex-

trapolation and “∆:”, whose arguments are the “small basis” in a ∆CCSD(T) correction.
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S22 Jurečka and coworkers designed a compact test set representative of nonbonded

interactions, denoted S22.[25] The set is constructed from balanced contributions by 7

hydrogen-bonded (HB), 8 dispersion bound (DD), and 7 mixed influence (MX) complexes

varying in size from very small (e.g., water dimer) to substantial (e.g., adenine·thymine

complex). As S22 was intended for training approximate methods, the authors took care to

evaluate these systems at a robust level of theory; however, advances have enabled Takatani

and coworkers[26] to reassess the published interaction energies, thereby correcting some

values by up to 0.6 kcal/mol. The present work retains the molecular geometries from the

original S22 formulation while using the revised reference energies of Takatani (formally

designated S22A). The CBS estimation procedure was performed for the smaller systems

through a direct extrapolation of the CCSD(T) correlation energy, CBS(aQ; – ; H:aT-aQ),

and for the larger systems with the conventional two-step approach, CBS(aQ; H:aT-aQ;

∆:H:aD-aT). S22 comprises 22 molecular systems at independent (near-equilibirum) geome-

7

5-6

2-3



Basis Set Extrapolation
  Extrapolations between two AM adjacent basis sets are good (e.g., cc-pVTZ & cc-pVQZ 

or heavy-aug-cc-pVDZ & heavy-aug-cc-pVTZ)
  Extrapolate HF and correlation energies separately
  Two schemes

  Exponential Form
  Power Form

  X–3 term remedies only basis set incompleteness error, not BSSE, so CP-correction 
recommended

  DZ is erratic so avoid when possible
  Two-step extrapolation is excellent when a high-quality method like CCSD(T) is 

affordable at TZ & QZ, but this is often impossible, and correlation extrapolation at the MP2 
level is not the best

  Use three-step extrapolation
  HF and MP2 correlation extrapolation as before with large basis sets
  deltaCCSD(T) “coupled-cluster correction” with smaller basis to recover correlation 

between MP2 and CCSD(T)
  With large enough basis sets (6Z) can achieve within 0.1 mHartrees of the CBS limit

infinite AO basis set.3,4 The infinite basis set calculations are
realized by extrapolation to the complete basis set (CBS)
limit.5,6 The CCSD(T) method is accurate enough and repre-
sents a compromise in accuracy and economy of the calcula-
tions. We have shown recently7 that the CCSDT and
CCSD(T) interaction energies of several model complexes
(H-bonded and stacked ones) agree very well. The computa-
tional time for the former method is prohibitively large and the
respective calculations can be thus performed for small and
highly symmetric complexes only. On the other hand, the
calculations with the CCSD(T)/infinite basis set can be rea-
lized even for extended complexes and these calculations
represent the new benchmark level. The existence of the
benchmark data for a broad set of extended complexes is
extremely important since this set can be used for the testing of
new computational procedures. It is clear that progress in
material and biological sciences requires the application of
accurate computational methods allowing us to tackle systems
with thousands of atoms at both static and dynamic levels.
Since 2003 when we presented our first paper on accurate
stabilization energies of DNA base pairs we have published
several papers with accurate stabilization energies of H-
bonded and stacked DNA and RNA base pairs8–13 as well
as amino acid pairs.2 We systematically used the same com-
putational philosophy that now allows us to collect all these
data and publish the accurate interaction energies for the
whole set. There is a good reason to do it—we were frequently
asked by our colleagues from different computational labora-
tories to provide our accurate stabilization energies for H-
bonded and stacked pairs. We are aware that each benchmark
set requires an acronym; we used the initials of our family
names and named the set as JSCH. Since the set will be
extended in the future we named the present one as JSCH-2005.
We expect that the JSCH-2005 benchmark set will be used

mainly for estimating the accuracy of less reliable theoretical
approaches such as empirical force fields, semiempirical meth-
ods, or density functional based methods. In some cases,
working with the whole set counting over 100 complexes
may be impractical. Therefore, we decided to separate a
smaller set of 22 mostly small complexes, which could be
conveniently used as a training set (Set 22, S22). The remain-
ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18

EX
HF=EHF

CBSþA exp("aX) and EX
corr=E corr

CBSþBX"3 (1)

EX
HF=ECBS

HF þBX"a and EX
corr =ECBS

corr þ BX"b. (2)

We have chosen the scheme of Helgaker et al., in which EX and
ECBS are energies for the basis set with the largest angular
momentum X and for the complete basis set respectively, and a
is a parameter fitted in the original work. The two point
extrapolation form is preferable as it was shown that the
inclusion of an additional lower quality basis set results often
spoils the quality of the fit, especially in case of the smallest
basis sets like cc-pVDZ.15 The most problematic are the
stacked clusters for which the double-z basis sets yield strongly
underestimated stabilization energies and first reasonable re-
sults are obtained with aug-cc-pVDZ (or similar) basis set. The
extrapolation can only be performed if systematically im-
proved AO basis sets are applied. Throughout this study we
used the Dunning’s AO basis sets and both augmented as well
as non-augmented ones were applied. The HF and correlation
interaction energies were corrected for the basis set super-
position error (BSSE)19 and extrapolation was applied to the
total energies as well as to the BSSE corrected subsystem
energies. Frozen-core approximation was applied throughout
this study.
The question arises at which level the extrapolation should

be performed. The choice of a method is determined by the
fact that it is necessary to perform calculations at two sub-
sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:

DECCSD(T)=DEMP2
CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
stacked13 clusters but recently even for H-bonded and stacked
structures of the smallest NA base pair–uracil dimer.21

We have shown that extrapolation can be done only at three
different levels where the first one (aug-cc-pVDZ - aug-cc-
pVTZ) is the easiest. To prove its validity it is, however,
necessary to compare it with higher-level extrapolation (aug-
cc-pVTZ - aug-cc-pVQZ). The MP2/aug-cc-pVQZ calcula-
tions for clusters of size of DNA base pairs or amino acid
pairs with present computer resources is difficult—if not
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ing part of our benchmark database can then serve as a
realistic validation set of the ‘‘real life’’ molecules. We believe
that our S22 set will manage to represent non-covalent inter-
actions in biological molecules in a balanced way and that it
will help to design and test fast computational tools for
biologically oriented applications.

2 Methods

Complete basis set limit calculations

Since the total interaction energy is constructed as a sum of the
Hartree–Fock (HF) and correlated (COR) interaction ener-
gies, the extrapolation to the CBS limit can be done separately
for both components. The reason for the separated extrapola-
tion is the fact that the HF interaction energy converges with
respect to the one-electron basis set already for relatively small
basis sets while the correlation interaction energy converges to

its CBS limit unsatisfactorily slow. Several extrapolation
schemes were suggested in the literature, for instance those
of Helgaker et al.14,15 and Truhlar16 (eqn (1) and (2)) and
others.17,18
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We have chosen the scheme of Helgaker et al., in which EX and
ECBS are energies for the basis set with the largest angular
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sults are obtained with aug-cc-pVDZ (or similar) basis set. The
extrapolation can only be performed if systematically im-
proved AO basis sets are applied. Throughout this study we
used the Dunning’s AO basis sets and both augmented as well
as non-augmented ones were applied. The HF and correlation
interaction energies were corrected for the basis set super-
position error (BSSE)19 and extrapolation was applied to the
total energies as well as to the BSSE corrected subsystem
energies. Frozen-core approximation was applied throughout
this study.
The question arises at which level the extrapolation should

be performed. The choice of a method is determined by the
fact that it is necessary to perform calculations at two sub-
sequent levels and the only tractable combinations are aug-cc-
pVDZ, aug-cc-pVTZ; aug-cc-pVTZ, aug-cc-pVQZ and cc-
pVTZ,cc-pVQZ. In the case of the S22 set we have used also
larger basis sets (up to cc-pV5Z) whenever possible. Since the
systems considered are extended, it becomes evident that
CCSD(T) calculations are above the possibilities of the present
computer resources and extrapolation can only be performed
at the MP2 level. The role of the higher-order correlation
energy contributions can not be neglected and the CBS limit
CCSD(T) interaction energies were determined using the
following scheme:

DECCSD(T)=DEMP2
CBSþ(DECCSD(T)"DEMP2)|smallbasis set. (3)

The use of eqn (3) is based on the assumption that the
difference between the CCSD(T) and MP2 interaction energies
(DECCSD(T)–DEMP2) depends only negligibly on the basis set
size and can thus be determined with small or medium basis set
only. This assumption was shown to be valid and supporting
results were obtained not only for model H-bonded20 and
stacked13 clusters but recently even for H-bonded and stacked
structures of the smallest NA base pair–uracil dimer.21

We have shown that extrapolation can be done only at three
different levels where the first one (aug-cc-pVDZ - aug-cc-
pVTZ) is the easiest. To prove its validity it is, however,
necessary to compare it with higher-level extrapolation (aug-
cc-pVTZ - aug-cc-pVQZ). The MP2/aug-cc-pVQZ calcula-
tions for clusters of size of DNA base pairs or amino acid
pairs with present computer resources is difficult—if not
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Benchmark sets

Several sets of binary complexes have been assembled that (i) strive to be typical of

“real-world” nonbonding interactions, (ii) encompass a span of structural arrangements and

intermonomer distances, and (iii) support high-level interaction energy benchmarks. Ob-

taining these reference values typically involves estimation of the complete basis set (CBS)

limit either though independent extrapolation of the HF and CCSD(T) correlation energies,

ECBS
CCSD(T)

= ECBS
HF

+ ECBS
corr CCSD(T)

, or more affordably, through independent extrapolation of

HF and MP2 correlation energies followed by application of a “coupled-cluster correction”

at a small basis set,

ECBS
CCSD(T)

≈ ECBS
MP2

+ ∆CCSD(T) = ECBS
HF

+ ECBS
corr MP2

+ (Esmall
corr CCSD(T)

− Esmall
corr MP2

). In

describing the benchmark values for the following test sets, specification of the many vari-

ants of CBS extrapolation will take the following form: CBS(HF; MP2; CCSD(T)), where

each method is replaced by the basis employed for the respective level of theory. Further

modifiers include “H:”, whose arguments are the basis sets for a two-point Helgaker[23] ex-

trapolation and “∆:”, whose arguments are the “small basis” in a ∆CCSD(T) correction.

All CCSD(T)/CBS estimations utilized counterpoise-corrected interaction energies. Consult

the Supplementary Materials[24] for a tabulation of the exact CBS treatment for each test

set member.

S22 Jurečka and coworkers designed a compact test set representative of nonbonded

interactions, denoted S22.[25] The set is constructed from balanced contributions by 7

hydrogen-bonded (HB), 8 dispersion bound (DD), and 7 mixed influence (MX) complexes

varying in size from very small (e.g., water dimer) to substantial (e.g., adenine·thymine

complex). As S22 was intended for training approximate methods, the authors took care to

evaluate these systems at a robust level of theory; however, advances have enabled Takatani

and coworkers[26] to reassess the published interaction energies, thereby correcting some

values by up to 0.6 kcal/mol. The present work retains the molecular geometries from the

original S22 formulation while using the revised reference energies of Takatani (formally

designated S22A). The CBS estimation procedure was performed for the smaller systems

through a direct extrapolation of the CCSD(T) correlation energy, CBS(aQ; – ; H:aT-aQ),

and for the larger systems with the conventional two-step approach, CBS(aQ; H:aT-aQ;

∆:H:aD-aT). S22 comprises 22 molecular systems at independent (near-equilibirum) geome-
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General Comments

• The bigger the basis, the better? Usually — need to

balance with correlation method; e.g., cc-pVQZ is great for

CCSD(T), but overkill for Hartree-Fock

• STO-3G should not be used: too small

• Hard to afford more than polarized double-zeta basis sets

except for small molecules

• Anions must have diffuse functions

• In our experience, cc-pVDZ is not necessarily better than

6-31G(d,p); however, cc-pVTZ is better than 6-311G(d,p)

or similar

• Convergence of ab initio results is disappointingly slow

with respect to basis set for non-DFT methods (see, for

example, papers by Helgaker or Dunning)

• DFT is less dependent on basis set size than wavefunction-

based methods (see, for example, papers by Angela Wilson)

• Best resource for getting basis sets:

http://www.emsl.pnl.gov/forms/basisform.html

• I couldn’t mention all the important basis sets — others

are out there!
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